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We propose a new “hybrid” method for calculating the aggregate decay heat from fission product nuclides after

a fission burst. The decay heat from a given fissioning system is expressed as a linear combination of macroscopic-
measurement data for other fissioning systems with a small residual term. This method is based on the linearity of the
decay heat to the fission yield. The coefficients in the linear combination are obtained from fitting the fission yield
of the given fissioning system with a linear combination of fission yields of other fissioning systems. To demonstrate
usefulness of this method, it is applied to examining the consistency among measured decay heat powers of five fast and
three thermal neutron induced fissions. The hybrid-method calculations agree well with the measurements and usual
summation calculations at cooling times before 4,000's, except focanponent measurement of tF8U thermal
fission at about 2,000s. These results indicate the consistency and reliability of the decay heat evaluation for these
systems with the above exception. Furthermore, they also imply usefulness of the present method in predicting the
decay heat of other fissioning systems, for which no measurements have been performed so far.
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have been compiled for summation calculations. Now, vari-
ous measurements and calculations come to give more or less

The aggregate fission product (FP) decay heat is one of thimilar results.
most important nuclear properties required in all systems thatHowever, the reliability of the present decay heat evalu-
utilize the nuclear fissions. The decay heat should be evalation in the two methods could be worse than we have ex-
ated not only to operate nuclear reactors but also to reprocesected. In the summation calculations, most of the FP’s are
transport and dispose radioactive materials produced in the short-lived that their fission yields and decay data in the
reactors. It should be noted that the evaluations should not imput nuclear database are not known well. Actually, many of
limited to fissile nuclides in the initial inventory since otherthe input data have to be estimated theoretically or from sys-
fissile nuclides are produced through transmutation process¢ematics so that their uncertainties are not known. Hence, the
in nuclear reactors. success of summation calculations might be a consequence

In this paper, we focus on the aggregate FP decay hexdtcancellation effects among wrong input FP data thanks to
power after a fission burst of a fissile nuclide. The neutrosome gross nuclear properties. Moreover, as we will see later,
absorptions in FP’s, which are dependent on irradiation hithe measurements (and/or calculations) for some cases still
tory, never occur in this case. In the following, the FP decaghow distinct deviations beyond their uncertainties. There-
heat after a fission burst is referred to as the decay heat fore, it is essential, even in the latest decay heat evalua-
simplicity. tion, to find out consistent values from various macroscopic-

The evaluations of the decay heat have been performedrireasurement data and summation calculations obtained from
two methods. One is the macroscopic measurement in whigkany uncertain FP data.
we directly measure the aggregate decay heat from a samplén this paper, we propose a new method for calculating
containing a fissile nuclide after appropriate irradiation. Ththe aggregate decay heat power, which can be used to ex-
other is the (microscopic) summation method, in which wamine consistency among macroscopic-measurement data.
calculate the decay and buildup of about thousand FP nuclidEise present method can be used to choose a set of reliable
from their fission yields and decay data. To date, severaleasurement data, to find out potential inconsistency among
measurements have been performed in limited cooling tinteem, and/or to obtain some information about fission yields
ranges for major fissile nuclides while input nuclear databasesdecay data of FP nuclides for summation calculations.

The present method is based on the fact that the decay heat
after a fission burst is a linear function of the fission yields of
*Present address: Nihon Unisys, Ltdoyosu, Koto-ku, Tokyo the FP nuclides. We utilize the fact that the fission yields are

135-8560 more or less similar among different fissioning systérs.
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Sennan-gun, Osaka 590-0481 is written as a linear combination of those of other fissioning
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systems with a small residual term. The coefficients of the
combination are calculated from the fission yields. Then, the
residual term is obtained from summation calculations using
both the fission yields and decay data of FP's.

To demonstrate usefulness of the hybrid method, it is
applied to examining the consistency among macroscopic-
measurement data of contemporary use. They are the decay
heat powers for five fast and three thermal fissioning systems,
that were measured at YAYOI reactor of the University of
Tokyo®® and at Oak Ridge National Laboratory (ORNL),”®
respectively. The FP fission yields and decay data needed for
this analysis are taken from ENDF/B-V1.29

This paper isarranged as follows. In Chap. 11, the summa-
tion method is briefly reviewed in the matrix representation.
In Chap. 111, our new method, referred to as hybrid method,
is developed using formula in the matrix representation. In
Chap. 1V, the consistency analysis in the hybrid method
is demonstrated among the macroscopic-measurement data.
Chapter V is devoted to discussions. Finally, the conclusion
of this paper isgivenin Chap. V1.

1. Summation Method in the Matrix Representa-
tion

In this chapter, we briefly review the summation calcula-
tion of the decay heat power after afission burst in the matrix
representation. The decay heat power P(t) at a cooling time
t is given as the sum of energy releases per unit time from
individual FP nuclides,

M
Pt) =) ExiNi(b), )
i=1
where ) and E; arethe decay constant and average decay en-
ergy per decay of nuclidei, respectively. The number of the
FP nuclides is denoted by M. The atom number of nuclide
i at cooling timet, N;(t), is a solution of coupled differen-
tial equations that describe decays and buildups of the M FP
nuclides;

d

aNi(t)=—)»i Ni(t)‘i‘;bj—ﬂMNj(t), (2
with

N; (0) = ;. )

Here, y; and bj_,; (> 0) are the independent fission yield of
nuclide i, and the branching ratio to nuclide i per decay of
nuclide j, respectively.

It is noted that Eq. (2) is a linear differential equation.
Therefore, we can solve them formally using vectors of
Ni (t)’'sand y;'s, and matrices of the decay constants A;’s and
branching ratiosbj_,;’s. The vectors of the atom numbers and
the fission yields are given by

Na(t)

Na(t)
N(t) = : (4)

N (t)
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and

yi(t)
y2(1)

y= , )

ym(®)

respectively. The matrices of the decay constants and branch-
ing ratios are defined as

M 0 -0
0 4 --- O
Ao=1|. . . : (6)
0 0 AM
and
0 bo_1 bm-1
b1 0 - buoo
B= ) ) , ) , (7
biom bom - 0

respectively. Then, Eq. (2) can be written ssimply as
d
aN(t)=(B— 1 AoN (1), )

where the symbol | denotes the unit matrix of order M. The
initial condition (3) is now given by

N©) =y. )

The formal solution of Eg. (8) with initial condition (9) is
simply written as

N(t) = exp((B — 1)AoD)y. (10)

Here, the exponential function of amatrix A isdefined as

A=+ A+ 1asy s 11
&Xp(A) = | + A+ S AT+ S AT+ ZA - (10)

We note that the solution (10) is a linear function of the
fission yield (vector) y. Furthermore, the decay heat power
P(t) is aso alinear function of the fission yield y. In fact,

Eq. (1) can be written, using Eq. (10), as

P(t) = (E1E2--- Em)Agexp((B — ) Aqt)y. (12)

From theformal solutions (10) and (12), we see clearly that
N (t) and P(t) are obtained as products of the fission yield
(y) and linear operators composed of decay data (Ao, B and
average decay energies). It is only the fission yield y that
distinguishes fissioning systems. It is also noted that we use
the same decay operatorsindependently of fissioning systems.

1. Hybrid Method for Calculating Decay Heat
Power

The hybrid method makes full use of the fact that the de-
cay heat is alinear function of the fission yield y. We note
that the fission yield vector y for a mgjor fissile nuclide is
a gradua and relatively regular function of the atomic mass
and proton number in low energy neutron fissions (below a
few MeV). Hence, the dominant part of the fission yield y is
common among major fissioning systems and thus can be ap-
proximated well by alinear combination of fission yield vec-
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tors of other fissioning systems. Consequently, thanks to the
linearity, we can write the decay heat power of a fissioning
system as a linear combination of others' with a small resid-
ual term.

Initially, we approximate a fission yield vector y of afis-
sioning system by a linear combination of fission yield vec-
tors of other fissioning systems. For example, let us write y
with alinear combination of fission yield vectors of four other

a Yi-Y1 Y1 Y2 Vi
Q| _ | YarY1r Yar Y2 Y2
a3 Ya- Y1 Y3-Y2 Vs
a Ya- Y1 Ya-Y2 VYa-
The derivation of Eq. (14) is described in Appendix. The

coefficient values are determined from the inner products of
the vectors. Hence these values reflect differences in gross
properties of the fission yield vectors.

Then, from the linearity to the fission yield vy, the decay
heat power P(t) can aso be given, using the same coeffi-
cients, by alinear combination of decay heat powers of the
four fissioning systems, Py(t) — Py(t);

P(t) = a1 Pi(t) + axPo(t) + azP5(t) + aaPa(t)
+ Pr(t). (15)

Here, theresidual term Pgr(t) can be calculated from the resid-
ual yield yg in the summation method;

Pr(t) = (E1E>... EM)Aoexp((B — DAgt)yg.  (16)

The Pr(t) valueis expected to be small because | yg| is mini-
mized. Practically, we do not have to use Eq. (16) to calculate
the residual term Pr(t). Instead, once we calculate P(t) and
P1(t) — P4(t) inthe summation method, Pr(t) isgiven by

Pr(t) = a1 Py (t) + @ Py (t) + agPs(t) + a4 Py (t)

— PE(1). 17)

The superscript “c” denotes the summation calculation.

Equations (14), (15) and (17) congtitute a set of working
formulato calculate the decay heat power P(t) in the present
method. From the fission yields of the five systems, we can
calculate the coefficient values using Eq. (14). Then, the de-
cay heat power P(t) isobtained from Eq. (15) by putting the
measured decay heat powers of the other four systems into
P1(t) — P4(t). The value of the correction term, Pr(t), can
be calculated from Eq. (17) using both the fission yields and
decay data. In the present method, we do not need the yg
value to calculate P(t). If necessary, yg can be calculated
from Eq. (13).

The present method is hybrid between the macroscopic
measurement and the summation calculation. The measured
decay heat powers implicitly contain the true values of fis-
sion yields and decay data while the summation calculation
of P(t) requires evaluated fission yields and decay datafor all
FP nuclides. In the hybrid method, a dominant part of P(t)
is calculated from the measured decay heat powers of other
fissioning systems, Py(t) — P4(t). Only itssmall fraction, Pg,
is calculated in the summation method. It is remarked that
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fissioning systems, y; — VYa;

y=aiy; + @Y, +a&Y;+ays + Yr (13)

Here, yg denotesthe residual term that cannot be represented
by the four fission yield vectors. Values of the four coeffi-
cients, a; — a4, are determined to minimize the absolute value
of the residual term, |yg|. Then, the coefficients are written
explicitly as

-1

Y1 Y, Yi-y
y2'y4 y2y (14)
Y3 Yy Y3+ Y
Ya-Ya Ya-Y

the decay data is minimally used only in the small residual
term, Pr. This means that the hybrid method makes full use
of the true decay data values that are implicitly contained in
the measured decay heat powers. To make this clear, Table 1
summarizes the relevant FP nuclear data to the decay heat
evaluationsin the three methods.

IV. Applications

The hybrid method is used to examine consistency among
measured decay heat powers of fast and thermal neutron fis-
sions. The measured powers in this chapter are given as the
valuesfor afission burst so that the present method is directly
applicable. Figure 1 shows the outline of the consistency
analysis schematically. A measurement data of a fissioning
system is compared with a hybrid calculation (i.e., calcula
tion in the hybrid method) using data of the other fissioning
systems. Furthermore, the hybrid calculations are also com-
pared with summation calculations to see whether the overall
consistency is satisfied among the values obtained in the three
method. In the following, al values of the fission yields and
decay data are taken from ENDF/B-V|.%9

Table 1 The fission product properties relevant to the decay heat
evaluations in the three method

In the hybrid method, “evaluated” decay data are used only

minimally so that the word “evaluated” istyped in the lower case.

Summation M t Hybrid
method easuremen method
F.' ssion Evaluated True Evaluated
yields
Decay Evaluated True True+evaluated
constants
Brgnchl ng Evaluated True True+evaluated
ratios
A"e“’?ge decay Evaluated True True+evaluated
energies
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1. Consistency among YAYOIl Measurements for Fast

Neutron Fissions

Thedecay heat powers after fast neutron induced fissions of
232Th, 233y, 235y, 238y and 2*°Pu were measured by Akiyama
et al. at YAYOI reactor of the University of Tokyo.>® Us-
ing the results of these measurements, we calculate a decay
heat power of one of these fissiles from the rest in the hy-
brid method. We denote the measured (calcul ated) decay heat
powers of 222Th, 23U, 25U, 28U and 2°Pu as P", P", Py",
P, and P (Pf, Py, P, Py and PY), respectively. Then, the
relations among the decay heat powers (Eq. (15)) are written
as

P(*%Th) =
P(233U) = an le
P(**U) = ag P]" + ag P}

P(**U) = au P[" + 212" + a4 Py

P(**Pu) = a5 P]" + a5 Py + ass Py + agy Py

K. OYAMATSU et al.

[Macroscopic Measurement]

P, P2, P L B

|

|

|

|

| \
|

|

|

|

|

| measurement data of n-1 fissioning systems 4 |

c pc pc c 1
P, P, P o P o

[Summation Calculation]  ©

[Hybrid Calculation]
P=aPl+..+a_,P i +a.,P% +.. +aPr+Py

Fig. 1 Theconsistency analysisof macroscopic-measurement data
of n fissioning systems
The symbol P™ denotes a measured decay heat power of the
i-th fissioning system while P? is the calculated one in the sum-
mation method.

ao P 4 agaP + aa P + ays P + Pr(%2Th), (18)
+ agg P + au P + aps P + Pr(*RU), (19)

+ 83 P + ags Py + Pr(*PU), (20)

+ays P + Pr(*PU), (21)

+ Pr(®Ph). (22)

In these equations, the cooling timet issuppressed for simplicity. Theresidual terms are obtained from summation cal cul ations;

PR(**Th) =
Pr(®PU) = —an PP
Pr(®°U) = —ag Pf — anPs

Pr(®BU) = —an Pf — anPs — assPs

PR(***Pu) = —ag1 P{ — as2P; — assP5 — as4P;

Values of coefficients, a;j, are calculated from the inde-
pendent fission yields of these five systems using Eq. (14).
Table 2 lists the coefficient values. These values are not al-
ways positive. Asaresult, there are appreciable cancellations
among measured decay heat powers, P" — P{", in Egs. (18),
(19), (21) and (22).

The decay heat powers calculated from Egs. (18)—22) are
showninFig. 2 for their 8 and y components, separately. The
residual term Pg is shown as the difference between the solid
and dotted lines. From this figure, we see that the hybrid cal-
culations agree with the macroscopic measurements reason-
ably within the experimental uncertainties except for cooling
timeslonger than 4,000 s. The values of Pr/P aresmall, typ-
icaly 10—20%, so that the above results are not very sensitive
to uncertainties of the P values. Therefore we conclude that
the measured decay heat powersat YAY Ol are consistent with
each other before 4,000s.

On the contrary, after 4,000s, there are systematic devia-
tions from the measured values for al fissioning systems ex-
cept for y components of 22Th and 2®Pu. This may imply
that some of the measured values are inconsistent although
the reason is not known at present.

Asfor the decay heat before 4,000 s, the results of the three

—a12P2C—a13P3° — a14P4° —a15P5°+ Pf,

(23)

—anPs — auP; —axPs + Py, (24)
— ag Py — agsPS + Py, (25)
—agsPS + Py, (26)

+ Ps. (27)

methods agree reasonably with each other in Fig. 2. There-
fore, we see that the decay heat powers in this cooling time
range are established both experimentally and theoreticaly
almost within the experimental uncertainties.

2. Consistency with ORNL Measurements for Thermal
Neutron Fissions

Now we examine whether the ORNL measurements for the
thermal fissions”® are consistent with the YAYOI measure-
ments for the fast fissions.

There has been no direct way to analyze the difference of
decay heat powers between the thermal and fast fissioning
systems. Conseguently, it has often been assumed naively that
the difference due to the neutron energy is small. In fact, the
results of the YAYOI (ORNL) measurements have been used
to discuss the decay heat powers of the thermal (fast) neutron
fissions.

The hybrid method enables us to compare directly decay
heat powers of fissioning systems with different neutron en-
ergies. Now, from the YAYOI values for the five fast systems,
we calculate decay heat powers of thethermal neutron fissions
of 235U, 239py and 2*1Pu, which were measured at ORNL

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY
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Fig. 2 Decay heat powers from pulse fast fissions of 52Th, 22U, 25U, 23U and Z°Pu
The solid lines show the P(t) values obtained from Egs. (18)—(22) while the dotted lines show the P(t) — Pr(t) val-
ues. Also shown for comparison are the results of YAY Ol measurements (open circles with error bars) and summation
calculations with ENDF/B-V1 (dash-dotted lines).
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Table 2 Values of the coefficients &; to give relations among five fast fissioning systems of YAY Ol measurement

i

(fissile) 1 @2Th) 2(®U) 3(®U) 4(U) 5P
1(%?Th) 0 04196  0.3591 0.7948 —-0.7115
2 (Z3U) 0.1515 0 0.8166 —0.5385 0.4458
3(®U) 0.0805 05069 O 0.3888 0.1514
4 (38U 0.3567 —0.6692 0.7783 0 0.3761
5(**Pu) —0.3063 0.5316  0.2909 0.3608 0

P(®U(t)) = b P + b1 Py + bisPf + bia Py + bisPE + Pr(*PU(Y)),
P(ZPu(t)) = by P™ + bpa PS4 g P + bps P + s P + Pr(Z°Pu(t)),
PYPu(t)) = g P™ + bga Py + bga P + bag P + bgs P + Pr(**Pu(t)).

(28)
(29)
(30)

Here, the symbol “t” denotes the thermal neutron induced fission. The residual terms are given by

PrZEU(Y) = PC(*PU(1) — b1 Pf — biaPS — bigP§ — by P — bysPE,
Pr(ZPu(t)) = PC(**Pu(t)) — by Pf — by P§ — bpgP§ — g P§ — bysPE,
PrZ*Pu(t)) = PC(*Pu(t)) — bay Pf — beaP§ — bagPS — bay P — basPE.

The superscript “c” denotes the summation calculation. The
coefficients, by, are calculated in the same way as Eq. (14).
From their valuesin Table 3, we see that the decay heat pow-
ers of the thermal systems are nicely covered by those of the
fast systems. It is remarkable that the decay heat of *°Pu(t)
is almost completely covered by that of the 2%°Pu fast fission.
Itisalso interesting that there islittle cancellation due to neg-
ative coefficients in Egs. (28) and (29), in which the linear
combinations include the same fissiles with the different neu-
tron energy.

Figure 3 showsthe 8 and y components of the decay heat
powers obtained from Egs. (28)—(30), together with the re-
sults of the ORNL measurements and summation calcula-
tions. Except for the y decay heat of 23U(t), there is rea-
sonable agreement between the hybrid calculations and the
ORNL measurements. A distinct deviation from the ORNL
values is seen at about 2,000s for the y decay heat power of
235U(t). It is reasonable to rule out the ORNL values at these
cooling times because the summation cal cul ation supportsthe
hybrid calculation. Except for this case, the other ORNL val-
ues are reasonably consistent with the hybrid and summation
calculations almost within the experimental uncertainties.

The residual terms, Pr(*®U(t)) and Pr(**°Pu(t)), reflect
the neutron energy dependence of the decay heat power. In
Fig. 3, the residua term is shown as the difference between
the solid and dotted lines. Their values are 4-9% for 2°U(t)

yr(¥Th) =y,
Yr(®PU) =y, —any;
YRCPU) = y; — aa1y; — any,
Yr(PU) =y, — any; — a2, — au3Ys

Yr(®PU) = y: — as1y; — as2Y, — @s3Y3 — 884 Ys-

—any, —aizyz —

—axgys —

(31)
(32)
(33)

and 1-2% for 2°Pu(t). Thisimplies that the neutron energy
dependence is actually small but can be significant even for
low energy neutron fissions.

From the analyses in the above two sections, we see the
reasonable consistency among the decay heat measurements
of the five fast (YAYOI) and three therma (ORNL) fission-
ing systems between 20 and 4,000s except for the y decay
heat of the 2®°U thermal fission at about 2,000s. In this way,
the present method can be used to examine the consistency
among the decay heat measurements even if the fissile nu-
clides and/or neutron energies are different.

V. Discussion

In the previous chapter, we see that the residual term Pr is
relatively small, typicaly 10-20% when the fissile nuclides
are different, and less than 10% when only the neutron ener-
gies are different. From this result, we may treat the resid-
ual power as a small correction term. However, this power
is defined as a difference of the decay heat powers of differ-
ent fissioning systems (Egs. (23)—«27) and (31)—(33)), each
of which is actually large. In the following, we examine the
values of the residual term in more detail.

To begin with, we examine yg values that are not used in
the previous chapter. Table 4 lists | yg|/|y| values of the five
fast fissioning systems in the YAY Ol measurement;

4Y4 — A15Ys, (34)
84Ys — A5Ys, (35)

— a4y, — ABYs, (36)
— aus s, (37)

(39)
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Table 3 Values of coefficients by; for three thermal fissioning systems of ORNL measurement in terms of five fast fis-

sioning systems of YAY Ol measurement

i j (fissile)
(fissile (energy)) 1 @2Th)  2(®U) 3(®U) 4(3U)  5((%°Pu)
1 (35U(t) 0.0620 0.2843 0.5963 0.1127 0.0224
2 (Z°Pu(t)) —0.0222 0.0070 0.0194 0.0146 0.9754
3 (***Pu(t)) —0.0522 —-0.2618 0.1491 0.4221 0.7775
T ™ T RALLL B Ry T T
0.8 fﬁ L . 07+
< orpf °§ 235 - o6}
ol H uoB |5 L N
s 06 2 05 -
§ 051 N ? —— hybrid method 3
X .4 |— hybrid method ¥ | x 041 (nybrid method)-Pg -
— Dl gty (hybrid method)-Pg - O ORNL measurement
0.3 __O- - souFi\‘rrl;a?s:ScL;im:S;n . _ 03 -—-- summation calculation _
Lol il il e covd ol il 4l
10" 10? 10° 10* 10* 10? 10° 10*
t(s) t(s)
0.6 %ﬁ 13, 236 _
] Pu(t
ol O8] -
[} I [}
= $z537 =
; 04+ 3 g - ;
T ] a
X 0.3 -4 X
0.2 R
wl ol il e
10" 102 10° 10*
t(s)
N N
[} [}
= =
4 4
X X

Fig. 3 Decay heat powers from pulse thermal fissions of 2°U, 2°*Pu and 2**Pu
The solid lines show the P (t) values obtained from Egs. (28)—30) while the dotted lines show the P(t) — Pr(t) val-
ues. Also shown for comparison are the results of ORNL measurements (open circles with error bars) and summation

calculations with ENDF/B-V1 (dash-dotted lines).

From the |yg|/|y| value, we can estimate the portion of the
fission yield which is not covered by the linear combination.
It ranges from 0.27 to 0.54 and tends to be large for the heavi-
est and lightest fissiles. This suggeststhat the linear combina-
tion coverswell thefission yields of the medium massfissiles
while the extrapolations to lighter or heavier fissiles become
worse. Similarly, Table 5 lists |yg|/|y| values of the three
thermal fissioning systemsin the ORNL measurements;

Yr(ZPU() = y(*°U(t) — biry; — bioy, — bizy,

— b1y, — bisys, (39)
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YRPPU() = yPU(D) — barys — ba2Yp — baYs

— baay, — bosys, (40)
YRCHPU(D) = yPU(D) — bar Yy — ba2 Y, — basys

— baay, — bssys. (41)

The values for 25U(t) and 2%°Pu(t) reflect the difference from
their fast systems. These values are much smaller, 0.17 for
235(t) and 0.12 for 2°Pu(t), than the others in Tables 4 and
5 that reflect the differences due to fissile nuclides. Neverthe-
less, one should be aware that the fission yield vector varies
appreciably even with the neutron energy.
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Table 4 The absolute values of residua yield vectors and their
dominant components (FP's) among fast neutron fissions of
YAY Ol measurement

The FP's cover 50% of |yg|, and are listed in the descending
order of importance. For those which are typed in bold, FP's in
the same mass chains are listed in Table 6 for Pg.

Fissle  [ysl/lYl > (YR)/2 Dominant FPin yg

k
22Th 05388 0.1379 137 Cs, 865g, 87Sg, 1027y
2y 0.3485 01246 88K, 9y, 89K, 1007y, 92g¢
2y 02747 —0.1280 133Tg, 134Tg, 1007y, 132Tg, %Gy
238y 0.4091 0.1581 1087y, 1027y, 100y, 135Tg, 136Tg
29py  0.4088 0.1230 104Mo, 193Mo

Table 5 The absolute values of residua yield vectors and their
dominant components (FP's) for thermal fissions of ORNL mea-
surements in terms of five fast fissions of YAY Ol measurements

The FP's cover 50% of |yg|, and are listed in the descending
order of importance. For those which are typed in bold, FP's in
the same mass chains are listed in Tables 7-9 for Pg. The FP's
with underscore are also listed in Tables 8 and 9.

Fissle (energy)  |Yrl/IYl Y (Yr)/2  Dominant FPin yg
k

25(t) 0.1743 —0.0780  1%Bg, 13Te, 25,

140CS 134Te 1OOZI’

239Pu(t) 0.1239 0.0059 132gh 132Tg, 140Bg,
136xe

241py(t) 0.2513 —0.0350  1%8T¢, 1%Mop, 197M o,
138Xe

Then, why is Pr/P much smaller than |yg|/|y|? This
stems from cancellations among FP contributions to Pr be-
cause the components of yg can be negative. Actualy, the
sum of all components of yp is sufficiently small. Thisvalue
can be calculated from the coefficients of the linear combina-
tion. For 2%2Th, it is given by

Z(VR)k/Z =1-ap—a3—au—as. (42)
k

Here, we consider half of the sum for convenience because
the sum of the independent fission yields is normalized to be
two in ENDF/B-VI. Aslisted in Tables 4 and 5, the values of
> «(Yr)k/2 are much smaller than the | yg|/|y| values. This
implies the smallness of Pr/P values, that are differences
between the solid and dotted linesin Figs. 2 and 3.

Infact, there are substantial cancellations among FP contri-
butionsin Pg. Dominant FP’sin Pg at typical cooling times
arelistedin Tables6-9whilethosein yg arelisted in Tables 4
and 5, too. The FP's which appear in both the Pr and yg
tables are typed in bold with underscore. Except for 2°U and
238U in Table 6 and 23°U(t) in Table 7, we see from these
tables that the smallness of | Pg| is a consequence of cancel-
lations among individual contributions with different signs. It
is aso noteworthy that the dominant FP's in yg do not a-
ways give dominant contributionsto Pr due to the smallness
of their decay data. In fact, most of the FP's and their mass
chainsin the yg tables do not appear in the Pr tables.

K. OYAMATSU et al.

It is more difficult to evaluate uncertainties in hybrid cal-
culations than in usual summation calculations because the
key formula (15) has complicated dependence onfissionyield
vectors of five fissioning systems. Here, we give a brief qual-
itative discussion of the uncertainties in hybrid calculations.
The uncertainties stem from three kinds of input data; mea-
sured decay heat powers, FP fission yields and FP decay data.
We believe that the uncertainties primarily stem from mea-
sured decay heat powers and secondly from fission yields be-
cause of the following two observations.

(i) Theuncertaintiesfrom the FP decay data are expected to
be much smaller than those in usual summation calcula
tions. A rough estimate of thisratiois|yg|/|y|, whichis
usually less than 1/2 as shown in Tables 4 and 5. In ad-
dition, the strong cancellations among the FP decay heat
contributions work to reduce the uncertainties in hybrid
calculations. If we notice that the uncertainty from the
decay dataisonly 1-2% in usua summation calculations
even for minor actinides,’*? the one in hybrid calcula-
tions would be negligibly small.

(if) Uncertainties in the FP fission yield data can affect hy-
brid calculations through Pr and the coefficients of the
linear combination. From the smallness of the Pr values,
we may also neglect the uncertainties in Pg. Then, the
primary uncertainties from the fission yields are brought
about through the coefficients of the linear combination.
However, detailed behaviors of the fission yields are not
very important because these coefficients reflect gross
properties of the fission yields. Therefore, for the fis-
sioning systems in the previous chapter whose fission
yields are relatively well known, the uncertainties due
to the fission yields are expected to be small.

We can aso calculate the decay heat of minor actinidesin
the hybrid method. Because their fission yields are not pre-
cisely known, the prediction power will not be so good as
the one for the cases in the previous chapter. However, the
present method still has an advantage over the usual summa-
tion calculation because we can utilize the true decay data
vaues implicitly contained in the measured decay heat val-
ues. Therefore, with the present method, we could improve
the decay heat evaluation of any fissioning systems even if no
measurement has been performed so far for the systems.

V1. Conclusion

We propose a hybrid method for calculating the aggre-
gate decay heat power making full use of its macroscopic-
measurement data. The term hybrid means that this method
bridges the macroscopic measurements and summation cal-
culations. The method is derived from the linearity of the
decay heat power to the fission yields and based on an exact
mathematical relation among decay heat powers of different
fissioning systems.

The hybrid method enables us to calculate an aggregate
decay heat power of a fissioning system from measured de-
cay heat powers of other fissioning systems. The method is
first applied to analyze the consistency among the decay heat
measurements at YAY Ol of the fast neutron induced fissions
of 2%2Th, 23y, 25U, 238U and ?*Pu. Specifically, the de-
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Table 6 Thedominant FP'sin Py in Egs. (23)+27)

The absolute values of their individual contributionsto Pr from the listed FP's are larger than 20% of Pk.
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TheFP's

are listed in the descending order of importance. For those which are typed in bold, FP’'s in the same mass chains are

listed in Table 4 for yg.

© B component y component
t(s
Pr/P (%) Dominant FP in Pg Pr/P (%) Dominant FPin Pg
Eg. (23) (32Th) 19 1539 8By, 1ONb 26.17
110 2257 86y 25.90 8By, 87Br
1,200 10.25 1027 ¢, 8RDb, 3Br, 1*Cs 7.795  ®RDb, 1Mo, #Br, 12T¢
11,000 26.84  ®Rb, ¥Kr 13.47 8Ky, 142 g, 134 87Ky
Eq. (24) (>3U) 19 2.633 135Te, 8By, 17|, 10Np, 104N, 4996  %my 8pr 104Np, 136Tg, 91Rp
QGY, 136Te, 91Rb, 134msb, 96mY
110 7.781 °'Rb 9323 “Rb
1,200 10.83 oy 13.34 %Rb
11,000 17.02 %Rb 17.12
Eg. (25) (Z°U) 19 —7.749 —12.57
110 —-12.75 —-12.61
1,200 -10.33 —10.68 047C
11,000 -11.57 —9.053
Eq. (26) (*8U) 19 15.74 11.55
110 12.43 10.82 8y, 136, 87y
1,200 15.77 18.16
11,000 6.183 %RDb, &Kr, 13 14.31 134
Eq. (27) (3°Pu) 19 8745 1%Tg 15.20 1067
110 15.92 13.33 106T¢
1,200 11.49 1047¢, 105T¢ 8.365 %Tc, ®Rb
11,000 —2.123 8Rp, 2Y, 105Ry, VY, 139983, 915y, 0.3091 925y, 105Ry, 88K, 135] 91gy, 142 g,

141|_a1 88KI’, QZSr’ MSPI’, 142La

134| 88Rb lSSmTe 138CS leY 92Y
104TC 848r 135Xe 149Nd 87Kr
146Pr l33| 133Te 134Te 128msb 93Y

Table 7 The dominant FP’sin Pg for 2°U(t) in Eq. (31)

The absolute values of their individual contributionsto Pg from
the listed FP's are larger than 20% of Pg. The FP's are listed in
the descending order of importance. For those which are typed in
bold, FP's in the same mass chains are also listed in Tables 5 for

YRr-

B component y component
235U(t) - .
t () 0 Dominant o Dominant
P/PCO mpinp,  PR/PCO mpinp,
19 —4.009 —5.982
110 —6.667 —6.963
1,200 —6.299 —6.318
11,000  —8.609 ¥Rb —4.668 11, %Kr

cay heat power of one of these fissioning systems is calcu-
lated from the rest in the hybrid method. The method works
well in these calculations. Typically, 80-90% of the decay
heat power is covered by the measured values. The results
obtained in the hybrid method agree well with the measured
powers before 4,000s. Furthermore, the present results are
also consistent with the summation calculations. Therefore,
we conclude that the decay heat evaluations of the five sys-
tems in the three methods are reliable before 4,000 s while
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thereisinconsistency after 4,000 s due to an unknown reason.

The present method also works well for systems with dif-
ferent neutron energies. We examine the decay heat pow-
ers of the thermal neutron fissions of 23U, 2*Pu and ?*'Pu
measured at ORNL, using the YAYOI values of the five fast
fissioning systems. The decay heat powers of these thermal
fissioning systems are covered well by the fast fissioning sys-
tems. The hybrid as well as summation calculations agree
well with the ORNL values, except that the ORNL valuesdis-
tinctively differ from these two calculations for the y decay
heat of the 255U thermal fission at about 2,000s. Therefore,
we can conclude reliability of the decay heat evaluations for
the five fast and three thermal systems before 4,000s, except
for the y decay heat measurement of the 22U thermal fission
at about 2,000s.

We can improve the decay heat evaluations by accumu-
lating consistent decay heat measurements using the hybrid
method. This method works best when fissioning systems
have similar fission yields. Therefore, from the decay heat
measurements for minor actinide fissiles being performed by
Japan Nuclear Cycle Development Institute,'® we will be
able to improve the decay heat evaluation in the wide range
of thefissile.

The effectiveness of the hybrid method essentially depends
on the smallness of the residual term Py due to strong can-
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Table 8 Thedominant FP'sin Pg for 2°Pu(t) in Eg. (32)

K. OYAMATSU et al.

The absolute values of their individual contributionsto Pr from the listed FP's are larger than 20% of Pg. The FP's
are listed in the descending order of importance. For those which are typed in bold, FP's in the same mass chains are
listed in Tables 5 for yg. The FP'sin bold with underscore are also listed in Table 5 for yg.

239Pu(t) ﬂ Component Y Component
tS)  py/P (%) Dominant FPin Pg Pr/P (%) Dominant FPin Pg
19 0.9400 l37| 101Nb 100Nb 96Y l38| 1.314 96mY 138| 140CS l37| 136|
141CS 91Kr 140CS, 136|
lOSMO lOQRu
110 0.8260 l36| 140CS 1325b lOQRh 137Xe 105M0 0.4800 1325b 136| 140CS, 144|_a1 91Rb 106TC SGBr
144La 137| 109@ Qle 102-|'C QQme 148mPr lSZSn 105M0 132me 101M0
lOZTC 109Ru 104Mo QOmRb l37| 94S|'
108RK 109RK 48py 133Ta 129G 1047
130msb, 141CS, 98Nb
1,200 —0.4016  102T¢, 1047¢, 105T¢, 101\, 132G, —0.7958  101\MQ, 1%4T¢, 102T¢, 182gh 131gh 133Tg,
1017 183Tg 138y @ 102\1o 131G 1388y @ 130mgpy 134 1057 133mTg 1017
137Xe 130msb 143La1 14lBa,
95Y, 139Cs’ 1°8Rh, 94Yl 134|
11,000 1364  ¥2Lg 28mgp 11| g 1781 M2La 1],

Table 9 The dominant FP’sin Pg for 2*Pu(t) in Eqg. (33)

The absolute values of their individual contributionsto Pg from the listed FP's are larger than 20% of Pg. The FP's
are listed in the descending order of importance. For those which are typed in bold, FP's in the same mass chains are
listed in Tables 5 for yg. The FP'sin bold with underscore are also listed in Table 5 for yg.

24lpu(t) /3 Component Y Component
te  py/P (%) Dominant FPin Pg Pr/P (%) Dominant FPin Pg
19 —1.419 100Nb, %Y, 108E, 1O7TC, 106TC, IOGMI 2.827 108E, 106TC, 107TC, 953.’ glKl’, 98Nb,
92Rb 93Rb 101Nb 91Kr 98Nb 109Ru IOGMO 110mRh 96Y
9%gy 105\ 0 1007 139xa B7p FNp T
14388, 137| 1O7M0
110 4620  %Tc, 1%Rn, 1%Rh 3151  1%Tc, 1OMRh, 9Rb, 1%8Rh, 132mgp, 103\,
140Cs
1,200 -1172  192Tc, %y, %Y, 18Ry, 107Rp, 139Cs, ~3804 Mo, S, 192Tc, B, 1BXe
101Mo 138Xe lOlTC 1O7Ru QBSr 108Ru
102\ 105T¢
111000 —0.7296 92Y, SBRb, 93Y, 1398a1 138(:5, 87Kr, 142|_a1 —0.4813 928[’, 138(:5, 142|_a1 88Kr, 1295b, 134|’ 128msb’

109Pd, 97Z|’, ler’ 141La 129Te, lBlTe,

128msb, 12933' QZSr’ 97Nb, 135Xe’ SSKI',
105Ru 134| 133|

91Sr 97mNb 133mTe 13OSb 88Rb 87Kr
97Nb 105Ru 133| 92Y 134Te 91mY 135Xe
131Te 127Sn

cellations among individual FP contributions. Consequently,
the decay datais minimally used in this method. Actually, we
see significant cancellations among components of the resid-
ual yield vector yg athough the absolute value of the residual
vector isrelatively large.

The present method is derived from amathematical relation
among the fission yields of different fissioning systems. The
fissionyield isthe only quantity that characterizes afissioning
system. Therefore, it is highly desirable to perform precise
determination of the fission yields systematically in the wide
range of the fissile. Unfortunately, the present evaluations are
largely dependent on systematics.

Uncertainties in hybrid calculations are more complicated
than those for usual summation calculations. In this paper,
we demonstrate only a qualitative argument. However, fur-
ther study is necessary to use this method in more precise

guantitative analyses.

Lastly, we note that the hybrid method is also applicable
to other aggregate FP properties, such as the average delayed
neutron yield (vg), and its time dependence. So far we have
applied the hybrid method to them and obtained a preliminary
result. The detailed analyses for the delayed neutron proper-
tieswill be reported in a separate paper.
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Appendix

Derivation of Eq. (14)
The coefficient values of the linear combination in Eq. (13)
is chosen to minimize

|YR|2= |y—a1y1—a2y2—a3y3—a4y4|2. (A1)

From the condition that |yg|? is minimum against the varia-
tion of g, we have

dlygrl®

va (A2)

4

2> vy —yi-y| =0
j=1

This condition can be written in a compact form in the matrix

representation;

Yi- Y1 Y1 Y2 Yi-¥z Y1 Y4\ (&
Yo:-¥1 Y2 Yo Y2rV¥z Yo Vsl |
Y3:-¥1 Y3 Yo Y3- ¥z Y3 Va4l |
Ya Y1 Ya- Y2 Ya-¥z Ya-Yi4) \H

(A3)

~
<< <<

Ya-
Then, by multiplying the inverse of the matrix from the left
side, wefinaly obtain Eq. (14).

VOL. 38, NO. 7, JULY 2001



