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Background 
•  Historically U.S. used 238Pu in RTG(1) and RHU(2) 
•  U.S. 238Pu production ended 1988 with the shutdown of SRS(3) reactors 
•  Since 1993, 16.5 kg 238Pu purchased from Russia (ended 2009) 
•  Domestic supply necessary (DOE request in 2009) 
•  DOE goal is to produce 1.5 to 2 kilograms of 238Pu/year within the DOE 

complex (at HFIR and ATR) by 2018 Curiosity's RTG is fueled by 4.8 kg (11 lb) 
of 238Pu dioxide supplied by the U.S. DOE 
 
125 watts of electrical power from about 2,000 watts of 
thermal power at the start of the mission 

Radioisotope within a graphite 
shell goes into the generator 238Pu oxide pellet 

(1) Radioisotope Thermoelectric Generators to generate electrical power 
(2) Radioisotope Heater Units to produce heat for electronics and environmental control for deep space missions 
(3) In the late ‘50s Savannah River Site began generating, collecting 237Np targets that were then irradiated with 
neutrons to produce 238Pu (Fuller et al. WM2013 Conference, Phoenix, Arizona) 
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238Pu Production Diagram 
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238Pu Production Diagram 
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238Pu Production Diagram 
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238Pu Production in HFIR 
•  237NpO2–Al targets irradiated in HFIR reflector VXF locations 

•  Analyses required for both production (cross section) and safety 
(fission product) 

•  Thermal limits(*) primarily from the fission of 238Np and 239Pu isotopes 
(current target loading is limited to 20% of 237NpO2) 

•  Radiochemical measurements of fission products in irradiated 1-
cycle targets found large discrepancies between predictions and 
measurements (> 30%) in fission products suggesting possible 
overestimate of fission rates  

 
•  However, validation of calculated fission rates used in the safety 

analysis is difficult due to uncertainties in nuclear data 

(*) Heat generation also due to gammas from capture, prompt- and delayed-gammas, beta and alpha decay. 
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Nuclear Data – Fission Product Yields 
•  Large discrepancies between predicted and 

measured individual FPs is likely due to poor 
fission yield data for 238Np used in 
calculations 

–  ENDF/B-VII.1 does not contain fission product yields 
for 238Np thermal fission – only fast fission (not 
appropriate for thermal VXF sites) 

–  Use of 238Np fast fission yields for targets can result 
in 10 to 30% errors 

–  Yields have very large uncertainties (10-40%) for 
measured fission products, e.g., 137Cs (±30%), 148Nd 
(±28%), 144Ce (±55%) 

–  These uncertainties make it very difficult to use 
individual FP measurements to validate                 
238Np fission rates 

Comparison of 238Np thermal and fast 
fission sum yields (data from JEFF 3.1) 
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Nuclear Data – Thermal Cross Sections 
•  There are also large uncertainties in the cross section data for 238Pu 

production from 238Np (+/-10%) 

 

•  Changes from ENDF/B-VII.0 → -VII.1  
–  237Np(nth,γ)  +8% 
–  238Pu(nth,γ)  -26% 
–  238Np(nth,γ) +6% 

•  238Np(nth,f) 
–  Spencer et al. (1969)  σ = 2070 +/- 30 b  
–  Abramovich et al.(1995)  σ = 2110 +/- 74 b 
–  Danon et al. (1996)  σ = 2641 +/- 58 b 
–  Furutaka et al. (2008)  σ = 2201 +/- 34 b 

•  Better overall agreement between calculated and measured actinides (238Pu 
and 239Pu) observed when using ENDF/B-VII.1 cross sections 

Data  
Library 

237Np 238Np 238Pu 
(n,f) (n,γ) (n,f) (n, γ) (n,f) (n, γ) 

ENDF/B-VII.1 0.0203±5(%) 175.4±8(%) 2201.6±10(%) 479.5±10(%) 17.7±1.6(%) 412.8±10(%) 
ENDF/B-VII.0 0.0203 161.7 2071.0 450.3 17.0 560.9 
JEFF-3.0/A 0.0180 181.1 2028.8 203.0 17.2 546.62 
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Decay data and cumulative FPY 
Black dots : ratio of  cumulative FPYs obtained by independent FPY and decay  
data in ENDF/B-VII.1 to cumulative FPYs in ENDF/B-VII.1.  
 

Although deviations are small, ratios should be one!! 
 

In red uncertainties (%) of cumulative yields in ENDF/B-VII.1 
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TABLE I. FPY evaluations in the ENDF-B/VII.1 library.

# Nuclei Year(s) Author(s)

1 227,229,232Th 1994 Ref. [5]

2 231Pa 1994 Ref. [5]

3 232�238U 1994 Ref. [5]

4 237,238Np 1994 Ref. [5]

5 238�242Pu 1994/2011 Ref(s). [5] [6]

6 241,242m,243Am 1994 Ref. [5]

7 242�248Cm 1994 Ref. [5]

8 249,251Cf 1994 Ref. [5]

9 254Es 1994 Ref. [5]

10 255Fm 1994 Ref. [5]

variance data for 235U (thermal, 500 keV), 238U (ther-
mal), and 239,241Pu (thermal). The results were used
to validate the ORIGEN code with experimentally mea-
sured cumulative FPYs in the particular case of krypton
and xenon isotopes. Moreover, our results are already
finding use in practical applications that go beyond the
original scope of this project. The most striking is the
ORNL SCALE reactor licensing code that, in its latest
beta3 release (@Ian is there already any reference for the
beta release?), adopted our FPY estimates and related
covariance data. Certainly, this will be a step forward in
validating our results.

The paper is organized as follows. In Sec. II, we de-
scribe the methodology, while Sec. III presents and dis-
cusses the results. Our conclusions are summarized in
Sec. IV.

II. METHODOLOGY

Our methodology to estimate independent FPYs is
based on a sequential Bayesian method developed by T.
Kawano [7] but with a major substancial di↵erence. This
consists on applying the Bayesian method not only on the
long-lived or stable element(s) at the end of a mass chain
but also on each cumulative yield along the chain. This
allows to include entirely the statistical information of the
cumulative FPY data (central values and uncertainties)
in the estimation of the related independent FPYs. In
doing this, we took particular care of eliminating those
independent/cumulative FPY(s) no longer present in the
ENDF/B-VII.1 decay scheme. Most of these cases were
related to metastable nuclei whose independent FPYs
were added to the corresponding independent FPY in the
ground state (e.g., 84mAs and 86mBr).

In defining the method, we start from the relation be-
tween cumulative and independent yields,

Ci(I) = Ii +
X

j2ki

Cj(I) bi,j (1)

where the index i refers to each independent and cumula-
tive yields identified by the triplet (A,Z,M). Here, A and
Z are the mass and charge number, respectively, while M
represents the isomeric state (M = 0 for the ground state,
M = 1, 2, . . . for the 1st, 2nd, . . . meta states). The index
j refers to all possible decay modes (��, delayed neutron,
isomeric transition, . . . ) for the formation of the nucleus
labeled by i. The index j can be seen as running over
the components of a vector ki containing the pointers to
specify the decaying nucleus identified by j and the re-
lated fraction bij to the daughter nucleus i. The total
number of nuclei decaying to the i-th nucleus is given by
the dimension of vector ki, i.e., ni = dim(ki). In ma-
trix notation, the vector of the cumulative yields can be
written as

C = S I , (2)

where the vector I contains the independent FPYs or-
dered accordingly to the elements of the lower triangular
matrix S. In the simplest case where a set of nuclei in the
ground state are decaying by ��, the matrix elements of
S can be written as

skl =
k�1Y

j=l

bj+1,j . (3)

Eq. (2) can be seen as a system of coupled linear equa-
tions. The coupling among di↵erent equations depends
on decay modes like delayed neutron or ↵-particle emis-
sions and the coe�cients of the equations are defined by
the branching ratios b. Therefore, the elements of the
matrix S coincide with the partial derivatives of the i-
th cumulative yield Ci with respect to j-th independent
yield as

sij =
@Ci(I)

@Ij
. (4)

In the present work, the matrix S was computed on the
basis of the ENDF-B/VII.1 decay sub-library and ar-
ranged according to the list of independent and cumu-
lative FPY found in the ENDF-B/VII.1 library.

Here, we define the quantities relevant to the discussion
of this work, using a notation similar to that one found
in Ref. [7]. Using the evaluated cumulative yields ⇣ and
related (diagonal) covariance matrix Z in the ENDF/B-
VII.1 library, one can obtain an updated set of values for
independent yields I0 by

P0 = P�PSt(SPSt + Z)�1SP ,

(5)

I0 = I+P0S
t
Z�1(C� ⇣) ,

where P is the covariance matrix (diagonal in this specific
case) of I generated from ENDF/B-VII.1 uncertainties.
In the sequential Bayesian update, the components of
the vector I are considered as parameters and the decay
scheme is the model to define the cumulative yields. The

2

Cumulative yields 
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Branching ratios 

Stable cum. FPYs 
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Summary 
•  Improvement of 238Np nuclear data evaluations (cross sections 

and fission product yields) are needed for 238Pu production 

•  Cross sections and fission product uncertainties and 
correlations: 238Np thermal cross section has 10% uncertainty, 
fission products very high uncertainties    

•  Fission product yields: large discrepancies (>30%) between 
predicted and measured 

•  Develop improved and reliable fission yield models for 238Np  

 


