
AN ABSTRACT OF THE THESIS OF

BRIGHT M.K. WONG for the degree of MASTER OF SCIENCE

in Nuclear Engineering presented on May 9, 1978

Title: CORRELATION ANALYSIS OF DECAY HEAT EXPERIMENTS AND

SUMMATION CALCULATIONS

Abstract approved:
Redacted for privacy

Bernard II. Spinrad

There are two primary methods of determining the decay

heat generated after the shutdown of a nuclear reactor. One

of these methods is integral experimental measurement of

decay heat from the products of thermal-neutron fission of

235
U. The other method is a summation calculation (compu-

ter codes) based on nuclear data files. Confidence bounds

for the best estimate of the decay heat can be calculated

from a comparative analysis of experimental measurements

and summation results. In the analysis, smoothing proce-

dures were used to minimize the random variation in the

data.

Currently, the specification of decay heat relies on

the American Nuclear Society (ANS) standard [l] which has

very large uncertainties. The goal of this report is to

provide accurate decay heat specifications which are compo-

site predictions from the most recent integral experiments.
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CORRELATION ANALYSIS OF DECAY HEAT EXPERIMENTS
AND SUMMATION CALCULATIONS

I. INTRODUCTION

There is a great deal of interest in the operational

reliability of the Emergency Core Cooling System (ECCS). In

the event of an abnormal occurrence, such as a Loss of Cool-

ant Accident (LOCA), the ECCS should be able to remove the

residual heat generated in the fuel after shutdown of the

reactor. The major contributors to the decay heat in the

first 10,000 seconds after shutdown are the fission pro-

ducts. Therefore, an accurate knowledge of the fission pro-

duct decay power is essential in the design of the ECCS and

related systems. There are both safety and economic impli-

cations. A large uncertainty in the amount of decay heat

calculated would require unnecessarily large residual heat

removal systems to be within the conservative uncertainty

bound of the estimated decay heat. Here, the economic im-

plications are brought into the limelight. A more precise

determination of the amount of decay heat generated, that

is, a smaller uncertainty associated with the calculated

decay heat, would reduce the capacity required of the resi-

dual heat removal system (all other factors held constant).

This, in turn would reduce the amount of capital invested

in the residual heat removal system. At the other extreme,
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the more publicized situation, large uncertainties of decay

heat could possibly lead to underestimating the decay power

which would pose serious safety problems. An accurate

determination of the amount of decay heat generated is im-

portant when evaluating the consequences of a LOCA in the

unlikely event of an ECCS failure.

The two primary methods of determining the decay heat

generated in a nuclear reactor after shutdown are experimen-

tal measurements and summation calculations. Confidence

bounds for the best estimate of the decay heat can be cal-

culated from analysis of experiments assisted by comparison

with the summation method.

Summation calculations have the flexibility of modeling

the buildup of fission products during operation and their

decay after shutdown, and thus predict the decay heat after

a particular power history. The accuracy of the theoretical

calculations (and their data base), must be validated by ex-

perimental measurements.

Decay heat experiments were performed as early as the

1940's for decay times greater than several hours. However,

the decay times of interest (for the design requirements of

the ECCS) are in the range of a few seconds to several hours

after shutdown.

During the 1960's and early 1970's, several experiments

were performed to measure the spectra of beta particles and

gamma rays from the thermal fission of 235
U. Unfortunately,



the main objectives of these experiments were not the meas-

urement of decay heat. Few of the experiments had any

extensive uncertainty analysis, and few incorporated opti-

mization of experimental design. The result was a fairly

large range of uncertainties (10 to 20 percent). The ANS-5

standards committee evaluated the experiments and concluded

that for time periods of less than 10 3 seconds after shut-

down, the recommended uncertainty bounds are +20% and -40%

[1]. These values were supported by a review of experiments

on thermal neutron fission of 235U by Perry, Mainenschein,

and Vondy [2]. However, some of the older beta experiments

and the calorimetric experiment of Lott [3], did have good

uncertainty analysis and experimental optimization. The

same set of experiments was later reviewed by Wei [4] and a

further review was done by Berke [5], which included pre-

liminary data from more recent experiments.

This report deals with three main data sets, all of

which have been presented in final form. The integral ex-

periments are: Dickens et al. at ORNL [6], Friesenhahn et

al. at the IRT Corporation [7], and Yarnell and Bendt at

LASL [8].

As previously mentioned, summation codes are the other

primary method of determining decay heat. This method con-

sists of setting up and solving the differential Bateman

equations for concentration of all fission products as a

function of time. From these results, the activities and
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released energies can be derived. A number of computer pro-

grams have been written to solve these equations. Some of

these computer programs are CINDER [9], FISP [10], RIBD [11],

and ORIGEN [12]. However, the analysis in this report is

based on the summation computer program, ROPEY [13], de-

veloped and in use at Oregon State University. The nuclear

data used in the ROPEY system come from a corrected version

of ENDF/B-IV [14]. The uncertainty was evaluated at OSU

[15]. The parameters of interest derived from the ROPEY

system are:

H
o (t) = Decay power from a single fission event at

decay time t. The units are MeV/sec of

decay heat per fission event.

H1(t,T) = Decay heat produced when the reactor has

been operating at steady power for a given

time T, and shutdown for a given time t.

The units are [(MeV/sec)/fission/sec)].

H2(t,T) = Decay energy which has been released up to

shutdown time t, after a period of constant

power reactor operation T. Units are in

shutdown energy per operating power, MeV-

sec/fission.

The ROPEY program is based on a simplifying assumption

of ignoring neutron capture in the fission products in the

equations for production and loss of radioactive nuclides.

The capture effect greatly complicates the decay scheme. It



has been shown [16], that the total effect of the capture

is less than a few percent of the decay heat in the 0 to

10,000 second after shutdown, the period of interest typi-

cally for LWR calculation.

Currently, the specifications of decay heat rely on

the ANS standard [1], which in turn relies on a review done

by K. Shure [17]. As implied earlier, the error bounds

which are recommended for times less than 1,000 seconds

after shutdown are fairly wide, +20% and -40%. There is no

confidence level associated with these values. Therefore,

the specification of decay heat in this time period is

almost qualitative.
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II. ORNL [6] AND OLDER FISSION
PULSE EXPERIMENTS

ORNL used a classical scintillation spectrometer to

measure the fission product decay heat. These experimental

results consisted of separate differential energy measure-

ments as a function of time for beta and gamma rays. In

addition to providing integral energy-release data, this ex-

periment yielded spectral distributions for computing high-

energy gamma-ray leakage and also provided a more stringent

test of the validity of the "microscopic" calculational

approach.

This experiment closely approximates the differential

energy release rates (Ho(t)), for a time t after a pulse of

fissions except for the shortest time intervals. The advan-

tages of using short irradiation times is evidenced by the

fact that about half of the decay energy observed 100

seconds following shutdown of an infinite operation is

emitted from nuclei formed in fission in the last 2000

seconds of operation [2]. The decay heat generated during

the early stages of irradiation become negligible as the

irradiation time increases.

To perform the experiments, small samples, =1, 5 and

10 ligm of uranyl oxide enriched to 93.5% 235U, were irra-

diated for short periods of time. The Oak Ridge Research
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Reactor was used as the source of thermal neutrons. After

irradiation, the samples were transferred to the spectro-

meter by means of a pneumatic system.

The gamma ray spectrometer employs a large NaI(Tl)

crystal and a magnetic field to deflect the beta rays.

Measurements of the beta spectra (employing an NE110 crys-

tal), were taken both with (measuring y's only), and with-

out (measuring y + the magnetic field on. The dif-

ference of these two measurements is the beta spectrum.

This operation is essentially equivalent to:

(13) = + y) (y) (II-la)

(13) = (without magnetic field) - (with magnetic field)
(II-lb)

The experimental results were obtained by detecting and

measuring individual events for several irradiation times

(T
irr), waiting times following the end of irradiation

(twait), counting times starting at the end of the waiting

Er). These sepa-

rately measured beta and gamma spectra were then integrated

and combined to yield the, total decay heat generated.

Following irradiation and spectral measurements, the

number of fissions that had occurred were determined by

allowing the samples to cool for varying periods and then
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measuring the characteristic gamma rays associated with the

decay of 97
Zr,

99Mo, and 132
Te.

The experimental data, as it is presented in its raw

form may be represented by:

where:

Hx (TI, t
w'

T
c

) = H2 (TI, tw + Tc) H2 (TI, tw ) (I1-2)

T/ = irradiation time

T
c = counting time

tw = waiting period between end of irradiation
and beginning of the counting period

H
2

( ) = ROPEY nomenclature after-heat function

Hx ( ) = raw experimental data

We may also represent the experimental data in terms of a

single fission event Ho(t) (ignoring the complication due

to capture effects) as:

t +Tw c
Hx (T1, tlwr_'T ) '

f H
o

-t
1
)dt dt

1
(I1-3)

-TI tw

where: H
o (t) = decay power from a fission burst at some

decay time t.

Using the mean value theorem yields:

t +Tc
Hx = Ho( f f dt

2
ti

-T t.7

H
x = Ha C-0[T (t

w + Tc t )]
Tel
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Tc) =Ho (t) T T
c

(II-4)

Therefore, we may derive a value for the decay energy

generated by a single fission event using the finite irradi-

ation, experimental data by:

Hx(TI, tw, Tc)
H
o
(t) =

c

The right hand side of equation (II-5) may be represented

as:

H
- x

(TI tw, c)
H

T T
I c

,tw+ T c ) H2 (T
I'

tw )

TI Tc

(11 -6)

Using these time parameters (Tv tw, Tc), a ROPEY run was

made with the H
o beta output displayed on Table 1 and

the H
o (t) gamma output displayed on Table 2.

To determine t, a plot was made of the standard Ho(t)

[18] versus decay time, t, from which values of t were ex-

tracted by determining at which time Holt) occurred on the

plot. The beta and gamma results are also displayed in

Table 1 and Table 2.

An effective decay time can be defined as:

+ T1
teff

2
+ tw
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Table 1. Computed values of t, H(), H(teff) and f() for
ORNL beta experiments.

H(t)
.(MeVliss/

sec) (sec)

H(teff)
4PleV/Llisa/

sec)
Jeff
-(sec)

.2104E+00 2.E0 .2178E+00 2.70 .98776

.1672E+00 3.70 .1.g65S+00 3.76 .99562

.1401E+03 4.70 .1393E+00 4.76 .99445

.1129E+00 6.20 .1121E+00 6.20 .99324

.8551E-01 1.65 .8475E-01 8.70 .99114

.6.091E-01 12.40 .6131E-01 /2.70 .99006

.4391E-11 17.50 .4355E-Ot 17.70 .99180,?

.33'71E-01 22.50 .3362E-01 22..70 .99730,

.2501E-01 79,04 .2476E-01 30.20' .99013

.1830E-01 29.50 .1.819E-01 40.20 .99414

.1367E-01 52,50 .1357E-Ot 52.70 .99289

.1054E-01 6.30 .1029E-01 67.70 .97643

.81.67E-02 82.70 .8i49E-02 83.00 .99785'

.6525E -0 2 101.00 .6539E-02 100.00 1.00215

.4255E-Gi 11.10 .411TE-01 18.70 .96741

.3006E-31 /4.50 .2945E-01 25.70 .97974

.2171E-01 33.50 .2132E-01 34.70 .98240

.1635E-01 44.00 .1622E-01 44.76 .99207

.1310E-01 51..00 .1303Z-01 54.70 .99477'

.1005E-01 E9.100 .9955E-02 69.70 .99044

.7600E-12 11.50- .7412E-02 89.76 .97519

.5825E-02 110.00 .5827E-02 110.06 1.06036

.4388E-02 140-.00 .4325E-02 140.10 .98574

.2983E-02 189.00 .2947E-02 /93.00 .98782

.2006E -02 255.00 .1992E-Ga 260.00 .99291

.1405E-02 330.10 .1389E-02 350.00 .98359'

.9350E-G3 490.00 .9190E-03 500.00 .98284

.6399E-03 E95.00 .6331E-03 700.00 .99062

.4638E-02 133.00 .4325E-02 /40.00 .93260

.3086E-02. 117.20 .2947E-02 190.00 .95502

.2063E-02 250.30 .1992E-02 260.30 .96580

.1410E-02 335.00 .1389E-02 350.ao .98514

.9426E-03 490.00 .9190E-03 503.00 .97498

.6399E-03 690.33 .6339E-03 700.06 .99653

.4386E-03 970.00 .4324E-03 1000.00 .98581

.3035E-03 1400,00 .3006E-03 1400.0e .99042

.2261E-03 1800.00 .22535 -03 1800.00 .99860

.1737E-03 2150.10 .1720E-03 2250.00 .99025

.1337E-03 7600.00 .1326E-03 2750.00 .99203

.9681E-04 3350.00 .9567E-04 3500.00 .98816

.5958E-04 4900.00 .5850E-04 5000.30 .98177

.3279E-04 7750.00 .3168E-04 8000.-00 .96615

.1981E -0 4 11300.00 .1962E-04 12000.00 .99C56



Table 2. Computed values of
ORNIL gamma experiments.

H(teff) and f(i.) for

13()
(MeV/fiss/

sec] (sec)

H(teff)
(MeV/fiss/

sec)

teff
(sec) f()

.1507E+00 2.50 .1487E+00 2.70 .98722-,

.1188E +00 3.50 .1183E4-00 3.70 .99606

.9894E-01 4.60 .9352E-01 4.74- .99573

.8012E-01 E.10 .7938E-01 6.20 .99081

.6116E-01 8.50 .60'85E-01 8.74 .99495

.4569E-01 11.50 .4509E-01 12.70 .98699

.3449E-01 17.50 .3438E-01 17.74 .99682

.2789E-01 22.50 .2778E-01 22.7C .99609

.2169E-0/ 25.04 .2155E-01 30.20 .9934.8..

.1660E-01 40.00 .1655E-01 40.20

.1287E-01 52-.70 .1277E-01 52.70 .99252-

.1011E-01 E7.00 .9924E-02 67.70 .47944

.8033E-02 e2.aa .7991E-02 83.00 .99472

.6475E-02 1c1.00 .649/E-02 100.00 1.00247

.3351E-4/ 19.50 .3212E-01 18.70 .97550

.2531E-01 25.30 .2491E-01 25.70 .98396

.1919E-01 34.00 .1898E-01 34.70 .988,65

.1505E-01 46.00 .1497E-01 44.70 .99466

.1240E-01 54.00 .1231E-01 54.70 .99263

.9699E-02 eg.7a .9625E-02 69.70 .99234

.7500E-02 er.5a .7309E-02 89.70 .97448

.5925E-02 las.aa .5813E-02 110.30 .99793

.4388E-02 125.00 .4353E-02 140.00 .99147

.3000E-02 le7.aa .2953E-02 190.00 .98767

.2106E-02 255.00 .1982E-02 260.04 .98790-

.1385E-02 345.00 .1359E-02 350.00 98847

.9250E-03 490.'00 .9/10E-03 500.00" .98491

.6551E-03 680.00 .6481E-03 700..00. .98932

.4638E-02 182.00 .4350E-02 140.00 .93802

.3114E-02 183.00 .2963E-02 190.30 .95144

.2037E-02 250.00 .1982E-02 260.30 .97278

.1400E-02 345.00 .1369E-02 350.00 .97782

.9324E-03 481.00 .9110E-03 5C0.00 .97703

.6551E-03 680.00 .6481E-03 700.00 .98941

.4739E-03 9E4.00 .4677E-03 1000.00 .98697

.3515E-03 14C0.00 .3492E-03 1400.00 .99348

.2789E-03 181C.30 .2 790E -G3 1800.00 1.00042

.2263E-03 22CC.00 .2256E-03 2250.00 .9968'1

.1843E-03 27C0.00 .1836E-03 2750.00 .99601

.1412E-03 3500.00 .1435E-03 3500.00 .99603

.9342E-04 4900.00 .9180E-04 5000.00 .98273

. 5121E -0 4 7500.00 .4967E-04 8000.00 .96993

.2919E-04 114i21.00 .2763E-04 12000.40 .98003



12
Another ROPEY run was performed from which beta and gamma

values of H
o
(teff ) were extracted. These results are also

shown on Tables 1 and 2. The values of t are slightly

smaller (with a few exceptions), than the values of teff.

Therefore, H(t) should be slightly larger than H(teff) as

shown in the tables.

From these results, a correction factor may be derived

as (see Tables 1 and 2):

Ho(teff)
f(t)

Provided that the shape of the experimental and summa-

tion curves for H
o (t) are locally similar (which they are),

this factor f() can be applied to the experimental data to

correct the experimental value given at a time t, to a value

given at a time t
eff' which is easily computed for each ex-

perimental point. Table 3 lists the ORNL beta experimental

data, and their values as so corrected. Table 4 lists the

ORNL gamma experimental data, and their values as so cor-

rected.

The original experimental data were given in three data

sets: 1, 10, and 100 second irradiations. Each data set

was converted from a finite irradiation value to the decay

power from a fission burst, and then corrected to teff.

Theoretically, any experimental data with the same value of

Leff from any of the three data sets should yield the same
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Table 3. ORNL beta experiments. Hx (corrected)
permental data multiplied by f(t).

is the ex

teff
(sec)

Hx (raw data)

(MeV/fiss/sec)
Hx (corrected)
(MeV /fiss /sec)

Uncertainty
(MeV /fiss /sec)

2.70 .2380E+00 .2351E+00 .2000E-01
3.70 .1920E+00 .1912E+00 .1200E-01
4.70 .1590E+00. .1581E+00 .8080E-02
6.20 .1255E+00 .1247E+00 .6000E-02
8.70 .9300E-01 .9218E-01 .4000E-02

12.70 .6040E-01 .5980E-01 .2600E-02
17.70 .4080E-01 .4047E-01 .1600E-02
22.70 .3060E-01 .3052E-01 .1200E-02
30.20 .2210E-01 .2188E-01 .9000E-03
40.20 .1570E-01 .1561E-01 .6000E-03
52.70 .1153E-01 .1145E-01 .4667E-03
67.70 .8667E-02 .8463E-02 .3333E-03
83.00 .6873E-02 .6858E-02 .2667E-03

100.00 .5410E-02 .5422E-02 .2100E-03
18.74 .4050E-01 .3918E-01 .1667E-02
25.70 .2700E-01 .2645E-01 .1125E-02
34.70 .1900E-01 .1867E-01 .8000E-03
44.70 .1400E-01 .1389E-01 .6000E-03
54.70 .1130E-01 .1124E-01, .5000E-03
69.70 .8600E-02 .8518E-02 .3500E-03
89.70 .6400E-02 .6241E-02 .2500E-03

110.00 .4805E-02 .4807E-02 .1850E-03
140.00 .3625E-02 .3573E-02 .1500E-03
190.00 .2533E-02 .2402E-02 .1000E-03
260.00 .1675E-02 .1663E-02 .6250E-04
350.00 .1210E-02 .1196E-02 .5000E-04
500.00 .8400E-03 .8256E-03 .3500E-04
700.00 .6250E-03 .6191E-03 .2500E-04
140.00 .4150E-02 .3870E-02 .1750E-03
190.00 .2733E-02 .2610E-02 .1167E-03
260.00 .1825E-02 .1763E-02 .7500E-04
350.00 .1280E-02 .1261E-02 .5000E-04
500.00 .8800E-03 .8480E-03 .3500E-04
700.00 .6350E-03 .6290E-03 .2500E-04

1000.00 .4525E-03 .4461E-03 .2000E-04
1400.00 .3175E-03 .3145E-03 .1250E-04
1800.00 .2378E-03 .237rE-03 .9750E-05
2250.00 .1840E-03 .1822E-03 .7400E-05
2750.00 .1390E-03 .1379E-03 .5800E-05
3500.00 .1009E-03 .9971E-04 .4300E-05
5000.00 .6100E-04 .5989E-04 .3000E-05
8000.00 .3200E-04 .3092E-04 .1400E-05

12000.00 .1958E-04 .1939E-04 .1250E-05
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Table 4. ORNL gamma experiments. Hx (corrected) is the
experimental data multiplied by f(t).

teff
(sec)

Hx (raw data)
(MeV/fiss/sec)

Hx (corrected)
(MeV/fiss/sec)

Uncertainty
(MeV/fiss/sec)

2.70 .1860E+00 .1836E+00 .1100E-01
3.70 .1440E+00 .1434E+00 .8000E-02
4.70 .1180E+00 .1175E+00 .6000E-02
6.20 .9300E-01 .9215E-01 .4500E-02
8.70 .6930E-01 .6895E-01 .3330E-02

12.70 .4900E-01 .4836E-01 .2000E-02
17.70 .3600E-01 .3589E-01 .1400E-02
22.70 .2820E-01 .2809E-01 .1200E-02
30.20 .2210E-01 .2195E-01 .9000E-03
40.20 .1680E-01 .1675E-01 .7000E-03
52.70 .1313E-01 .1303E-01 .5330E-03
67.70 .1013E-01 .9925E-02 .4000E-03
83.00 .8200E-02 .8157E-02 .3333E-03

100.00 .6500E-02 .6516E-02 .2500E-03
18.70 .3567E-01 .3483E-01 .1667E-02
25.70 .2613E-01 .2571E-01 .1125E-02
34.70 .1960E-01 .1938E-01 .8000E-03
44.70 .1430E-01 .1532E-01 .6000E-03
54.70 .1260E-01 .1251E-01 .5000E-03
69.70 .9750E-02 .9675E-02 .4000E-03
89.70 .7400E-02 .7211E-02 .3000E-03

110.00 .5800E-02 .5788E-02 .2500E-03
140.00 .4325E-02 .4288E-02 .1750E-03
190.00 .2917E-02 .2881E-02 .1167E-03
260.00 .1963E-02 .1939E-02 .7500E-04
350.00 .1360E-02 .1344E-02 .6000E-04
500.00 .9200E-03 .9061E-03 .4000E-04
700.00 .6550E-03 .6480E-03 .3000E-04
140.00 .4500E-02 .4221E-02 .2250E-03
190.00 .2983E-02 .2838E-02 .1500E-03
260.00 .1938E-02 .1885E-02 .1000E-03
350.00 .1330E-02 .1301E-02 .6000E-04
500.00 .8900E-03 .8696E-03 .4500E-04
700.00 .6200E-03 .6134E-03 .3000E-04

1000.00 .4375E-03 .4318E-03 .2000E-04
1400.00 .3125E-03 .3105E-03 .1500E-04
1800.00 .2400E-03 .2401E-03 .1175E-04
2250.00 .1886E-03 .1880E-03 .9400E-05
2750.00 .1528E-03 .1522E-03 .8000E-05
3500.00 .1160E-03 .1155E-03 .7000E-05
5000.00 .7750E-04 .7616E-04 .5000E-05
8000.00 .4625E-04 .4486E-04 .3750E-05
12000.00 .2825E-04 .2769E-04 .3250E-05
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result. However, this was not the case due to experimental

and statistical variations.

A plot was made of the ratio of the experimental re-

sults to ROPEY summation code results versus decay time.

smooth curve was drawn to the data points from which

"smoothed" values of the decay energy from a fission burst

were extracted. See Figure 1 for beta results and Figure 2

for gamma results. This smoothing procedure attempts to

eliminate the random or statistical variation from the ex-

perimental results while preserving the basic shape of the

experimental curve due to systematic variations. If the

data fell on a relatively smooth curve, a high degree of

correlation between measurements made at adjacent decay

times is indicated. This "smoothing" procedure attempts to

do this. The uncertainties for the ORNL experimental data

are displayed in Table 5 for the beta measurements and in

Table 6 for the gamma measurements.

Three older beta pulse experiments of Wyman [19],

McNair [20], and MacMahon [21] were used in this analysis.

These older experiments were included in the analysis due

to the fact that these experiments did incorporate a fairly

extensive uncertainty analysis and were generally considered

of higher quality. The data was taken from a compilation of

Wei [4]. A breakdown of the uncertainties for each of these

older experiments is displayed in Table 7.
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Figure 1. Ratio of ORNL corrected beta to ROPEY summa-

tion results.
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Figure 2. Ratio of ORNL gamma experiment to ROPEY summa-

tion results.o
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Table 5. ORNL experimental beta uncertainty (1a)

1. Fission number, NF; 1.5%.

2. Dead time corrections; 3% at short cooling times,

negligible for longer cooling times.

3. Detector response; 2% for primary Ef3 between 0.3 and 1.5

MeV where the response is dominated by experimental res-

ponses measured using conversion-electron sources, 3%

for E < 0.3 MeV and E between 1.5 and 3 MeV, and 4%

and larger for E > 3 MeV.

4. Background subtraction; negligible for all data, even at

long cooling times, since the background was determined

to be constant with time unless there was a change in

reactor operating power.

5. Counting statistics; unlike the gamma-ray data the count-

ing statistics do contribute some amount to the integral

data because of the subtraction of the "magnet-up" data

from the "magnet-down" data. These uncertainties vary

between 1 and 3% for the present data, and are included

in the confidence interval.

6. Energy-gain calibration; 1% for ES between 0.3 and 1

MeV, increasing by about 1% for each 0.75 .MeV above 1

MeV due mostly to the lack of well-defined end-points

observed for beta-ray spectrum, but also partly due to

undertainties in the maximum beta energies for high-

energy beta decay spectra.
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Table 5 (continued)

7. Contribution for E < 0.16 MeV addition; for the total

yield 30% of the fraction added, for the total energy 3%

of the fraction added.

8. Fission gas loss; 50% of the estimated fraction lost.
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Table 6. ORNL experimental gamma uncertainty (16)

1. Fission number, nf; 1.5%.

2. Dead-time corrections; 3% for short cooling times (where

the count rate exceeded 10,000 pulses/second and the

correction was -15%) to <1% for long cooling times.

3. Detector response; 1% for primary E between 0.5 and 2

MeV, which is the important region for integral energy-

release data, to 5% for E > 4 MeV.

4. Background subtraction; this correction in yield is

taken as 20% of the fraction of the total spectrum due

to background as measured by blank rabbits. For all of

the 1-sec irradiation data and most of the 10- and 100-

sec data the background was <5% of the total spectrum;

hence, the uncertainty is <1% for these data. For

longer waiting times for 10- and 100-sec irradiations,

the uncertainty increases to a maximum of 7% of net

yield for last entry, where the background is -35% of

the total spectrum. The uncertainty for net energy is

0.5 that for yield because the background is mostly

<0.2 MeV.

5. Counting statistics; insignificant for integral data.

6. Energy gain calibration; 1% for E between 0.5 and 2

MeV, 2% for E between 2 and 4 MeV, 3% for E between

0.1 and 0.5 MeV, and 5% to 10% for E < 0.1 MeV and for

E > 4 MeV.
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Table 6 (continued)

7. Contribution for E1 between 0.025 and 0.05 MeV; for the

total yield 40% of fraction added; for the total energy

1.4% of the fraction added.

8. Fission-gas loss; 50% of the estimated fraction lost.



Table 7. Summary of Errors for three beta experiments,

Source of Error
Experiment

Wyman et al. (B1) McNair et al. ,(132) MacMahon et al. (B3)

Number of Steady power 2.0% 1.3% 4.5%
fissions Pulse mode 6.0% 1.3%

Gamma Transmission counter 0.8% 1.2%
Contribution Coincidence efficiency 0.7%

Energy 0.5% Mean energy of Sr9° 2.9%
Calibration Y90 spectra 2.1%

Calibration 1.0%

Scintillator Scintillator efficiency 1.5% Non-linear response of
Scintillator resolution 3.0% NE102 +0.2%,-1.7%

Supporting
Instruments

Analyzer dead time 1.0% Gain factor 1.0% Photomultiplier anode
current
t < 5 sec 5.0%
t> 10 sec 2.0%

Other Beta energy loss 1.0% Relative position between
Background 1.0% curves <4.0%

Summary Relative (reproduci- Relative 4.1-12.08%* Relative 3.0%
bility) 6.0%

Absolute 4.0-5.0% Overall .

Absolute (Potential
*4-5% for all but the t < 5 sec 6.5%bias)

Overall

7.2%
shortest cooling time

t < t < 104 sec 5.0%
7.2% Overall 5.8% t > 10

4
sec 9.0%
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A similar smoothing procedure was done for each of

these beta experiments. See Figures 3 through 5.

The uncertainties presented so far, are made up of two

basic components, the uncertainty due to systematic varia-

tions and the uncertainty due to random or statistical

variations. The smoothing procedure eliminates the varia-

tions due to the random variations. Therefore, the proper

uncertainties associated with each experimental data set

are now just the systematic one. The "smoothed" values for

each of these older beta experiments are listed on Tables 8

through 10 with the corrected uncertainties.

At this stage, there are four, separate beta pulse ex-

periments; ORNL's, Wyman's, McNair's, and MacMahon's. A

reciprocal variance weighted merging procedure was done with

these four data sets of the form:

N H.(t )eff

i=1 a
2

sys.

eff)
1

i=1 a 2

sys.

where the merged or averaged associated uncertainties are

given by:

-2 x.1 /2

I
sys.i=1
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Figure 3. Ratio of Wyman beta experiment to ROPEY summa-
tion results.
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Figure 4. Ratio of McNair beta experiment to ROPEY summa-

tion results.
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Figure 5. Ratio of MacMahon beta experiment to ROPEY
summation results.
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Table 8. Wyman's beta experiment smoothed experimental
values.

t
.(sec)

Igo (t)

(MeV/fiss/sec)
asys

(MeV/fiss/sec)

1.00E+01 9.9803E-02 7.1358E-03
1.50E+01 6.3063E-02 4.5409E-03
2.00E+01 4.6003E-02 3.3122E-03
3.00E+01 2.7853E-02 2.0056E-03
4.00E+01 1.9539E-02 1.4104E-03
6.00E+01 1.2017E-02 8.6524E-04
8.00E+01 8.3519E-03 6.0134E-04
1.00E402 6.3670E-03 4.5843E-04
1.50E+02 3.8956E-03 2.8148E-04
2.00E+02 2.7630E-03 1.9394E-14
3.10E+02 1.7171E-03 1,2363E-04
4.0CE+02 1.2345E-03 8.8383E-05
5.00E+02 7.8460E-04 5.6492E-05
8.00E+02 5.7624E-04 4.1489E-05
1.00E+03 4.5435E-04 3.2713E-05
1.5CE+03 2.9872E-04 2.1508E-05
2.00E+03 2.2368E-04 1.6105E-15
3.00E+03 1.4030E-04 1.0102E-05
4.00E+03 9..5436E-05 6,8714E-06
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Table 9. McNair's beta experiment smoothed experimental
values.

t
(sec)

Ho (t)
(MeV/fiss/sec)

asys
(MeV/fiss/sec)

1.0CE+01
1.50E+01
2.00E+01
3.00E+01

8.164E-,02
!i.14a3F-02
.j..72E-0?
2.2621E-02

4.7353E-01
2.n312E-03
2.1270E-07
1.3120E-03

4.00E+01 1.004E-02 '/.222E-04
6.00E+01 5. 7456E -0 5.6524E-04
3.00E+01 6.71826E-.03 4.04,99E-04
1.0CE+02 .3533E-03 3.1052E-04
1.5.0E+02 3.2569E-01 1.63q0E-04
2.00E+02 2.2461E-03 1.3117E-04
3.0[E+0e 1.4379E-03 6.339qE-05
4.00E+02 1.0469E-03 6.0722E-05
6.0CE+02 6..8334E-04 3.9634E-0,3
3.0CF+02 5.1423E-04 2.9327)E,r05
1.00E+06 4.07E6E-04 2.3644E-G5
1.5 CE:+03 2.6443c-c.+ 1.F340E-05
2.00E+03 1.8706E-04. 1.084E-05
3.00E+03 1.006E-04 6.2676E-05
4.00E+03 7.2o4'4E-05 4,2253E-06
6.00E+03 4.2566E-05 2.466!3E-06
3.00E+03 2..9779E-0i 1.7L72E-06
1.00E+04 2.2713E-05 1.3177E-06
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Table 10. MacMahon's beta experiment smoothed experimental
values.

t
(sec)

Ho(t)
(MeV/fiss/sec)

asys
(MeV/fiss/sec)

1.00E+01 7.6091-02 3.8045E-03
1.51E+01 4.8624:-02 2.4312E-03
2.00E+01 3.4905E-0? 1.74F3E-03
3.00E+01 2.1897E-02 1.0949E-03
4.00E+01 1.5290E-02 7.6452E-04
6.0E+01 9.4865E-L7 4.7433E-04
3.00E+01 6.6764E-03 3.3382E-04
1.00E+02 5.0465E-03 2,5233E-04
1.51E+02 3.0546E-03 1.5273E-04
2.00E+02 2.1507E-03 1.0503E-04
3,0CE+02 1.3292E-03 6.6462E-05
4.3CE+02 9.910E-04 4.7955E-05
5.00E+02 6.2108E-04 3.1054E-05
8.00E+02 4.6453E-04 2.3242E-05
1.0CE+03 3.6759E-04 1.8394E-03
1.50E+03 2,4471E-04 1.2236E-05
2.017E+03 1.5875E-04 8.4376E-06
3.00E+03 9.5661F-05 4.7331E-06
4.00E+03 6.3226E-05 3.1613E-06
6.0CE+03 3.5C14E-05 1.7507E-06
3.00E+03 2.3602E-05 1.1501E-06
1.00E+04 -1..7729E105 8.8645E-07
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where: H
i
(teff ) = decay heat generated at time t

eff from a

fission burst for the ith component of

the data set

c7sysi = systematic uncertainty associated with

H.(t )eff

N = number of common points at time teff

Ho(teff) = merged or "averaged" value of the decay

heat generated at time teff from a fis-

sion burst

s s
= merged or averaged value of the systema-

tic uncertainty associated with 110(teff).

This averaged, pulse beta data set was then combined with

the smoothed ORNL gamma values to produce a total pulse data

set.

The last component for this averaged pulse set is the

calorimetric experiment of Lott [3]. The data for this ex-

periment were extracted from the review by Bjerke [5]. Al-

though the reported values for this experiment start at

teff = 70 seconds, for the purposes of this analysis, the

data set began at teff = 150 seconds. The time response of

the calorimeter was about 115 seconds. Data for times less

than 115 seconds were reported as extrapolated values. These

extrapolated values were considered to be of such low

reliability that they were excluded from this analysis. The
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smoothing procedure was done (see Figure 6) with the output

displayed on Table 11.

Once again, the merging routine (equations 11-9 and

11-10) was used to produce a final averaged, pulse "experi-

ment" consisting of ORNL's beta and gamma, Wyman's, McNair's

and MacMahon's betas; and Lott's beta and gamma calori-

metric experiment. This final averaged pulse experiment is

displayed on Table 12 and Figure 7. This final pulse ex-

periment is also displayed on Figure 8 as a plot of the

ratio of the pulse experiment to ROPEY summation values

with the experimental uncertainty band.

The ORNL results clearly dominated the averaged pulse

experiment. At short decay times, 1 to 10 seconds, the

ORNL measurements were the only data available. The re

maining range of decay times were dominated by ORNL due to

its smaller uncertainties as constrained by the reciprocal

variance weighted merging procedures.
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Table 11. Lott's experiment smoothed experimental values.

t
(sec)

Ho(t)

(MeV/fiss/sec)
asys

(MeV/fiss/sec)

1.50E+02 3.6615E-03 1.8308E-04
2.00E+02 2.6525E-03 1.3262E-04.
3.00E+02 1.6653E-03 8.3266E-05
4.00E+02 1.2107E-03 6.0537E-03
6.00E+02 7.9136E-04 3.9568E-05
8.00E+02 5.8612E-04 2.9306E-05
1..00E+03 4.6256E-04 7.3128Ea-05
1.50E+03 2.9650E-04 1.4825E-05
e.00E+03 2.1034E-04 1.0517E-05
3.0E+03 1.2294E-04 6.1471E-06
4,00E+03 8.1513E-05 4.0.759E-06
6.00E+03 4.6411E-05 2.3205E-06
8.00E+03 3,1902E-05 1.5951E-06
1.00E+04 2.4220E-05 1.2110E-06
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Table 12. Averaged smoothed pulse experiment.

t
(sec)

Ho(t)
(MeV/fiss/sec)

asys
(MeV/fiss/sec)

3.00E+00 3.9655E-01 2.0148E-02
4.00E-foa 3.1805E-11 1.2846E-02
6.00E+00 2.2736E-91 7..3160E-13

8.00E+00 1.7583E-01 5.4163E-03
1.r0E+01 1.4194E-01 3.0523E-03
1.50E+01 9.3199E-02 1.9944E-03
2.00E+01 6.9489E-02 1.4995E-03
3.10E+01 4.5279E-12 9.2511E-04
4.00E+01 3.3325E-02 6.3422E-04
6.00E+01 2.1495F-92 4.3569E-04
8.00E+01 1.5540E-02 3.1528E-04
1.00E+02 1.1923E-02 2.3739E-04
1.50E+02 7.3080E-03 1.3665E-04
2,00E+02 5.1041E-03 9.3082E-05
3.00E+02 3.0973E-03 5..8317E-15

4.00E+02 2.2149E-03 4.2153E-05
6.00E+02 1.4331E-03 2.9511E-05
8.00E+12 1.0746E-03 2.3206E -05

1.00E+03 1.6139E-34 1.8745E-05
1.50E+03 5.7079E-04 1.3147E-05
2.00E+03 4.1314E-04 9.7124E-06
3.00E+03 2.5591E-04 6.9090E-36
4.00E+03 1.7E52E-04 5.7610E-06
6.00E+03 1.0575E-04 3.9285E-06
8.00E+03 7.3778E-05 3.73.82E-06

1. (0E+14 5.6692E-05 3.5054E-06
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Figure 6. Ratio of Lott experiment to ROPEY summation

results.
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Figure 7. Averaged pulse experiment.
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Figure 8. Ratio of averaged pulse experiment to summation
code results.
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III. IRT EXPERIMENT [7]

The Intelcom Radiation Technology Corporation (IRT),

utilized a "nuclear calorimeter" technique to measure both

the beta and gamma components of decay heat. This technique

combines the advantages of the thermal calorimeter and the

nuclear spectroscopy method of determining decay power. See

Figure 9.

The nuclear calorimeter is a total absorption measuring

device. It is a large (4000 liter) liquid scintillator con-

sisting of 46 separate modules which can be operated indepen-

dently of each other. See Figure 10. Fourty-four nine-inch-

diameter cylinders are arranged in a close packed array

around a 24-inch-diameter central cylinder. All the cylinders

have a 60-inch active length and a 9-inch-long light pipe on

each side. The cylinders are filled with a decahydronapha-

lene-based liquid scintillator. A 6-inch-diameter, 16-inch-

long NE110 plastic scintillator is located at the center of

the central liquid scintillator.

This hybrid high efficiency nuclear detection system

has the advantages of measuring fission-product decay signals

obtained at moderate neutron flux levels. For this reason,

the irradiator was a 10 milligram
252Cf source which pro-

duced a flux of =1 x 10 8 neutrons/cm2/sec. Decaying with a

2.6 year half-life, the neutron emission is constant over
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Figure 10. Illustration of scintillator construction.
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the irradiation time periods of interest. 40

At the end of irradiation, decay heat measurement

samples are transported to the detector by means of a rapid

transfer pneumatic system. Ion chamber foils used for fis-

sion rate determination were too fragile to be used in the

pneumatic system. These foils are transferred by hand.

The complexity and time span required for these mea-

surements prevented the manual operation of the equipment.

All operations were controlled by a Hewlett-Packart 2116B

computer. A data acquisition program was written to handle

the equipment. Background measurements were taken in the

plastic scintillator, the central liquid scintillator, and

in the other modules before measuring an irradiated sample.

A standardized Co-60 source was used to adjust the signal

from the plastic scintillator until it was balanced with the

signal from the liquid scintillators.

A coupled photon-electron Monte Carlo code SANDYL [22]

provided correction factors for the raw data. These cor

rection factors included the beta energy loss in the sample

itself (beta self-absorption), which used the beta spectrum

of Tsoulfanidis [19], and the gamma energy escape fraction,

which used the gamma spectrum of Bunny and Sam [23].

The plastic scintillator absorbs all the beta particles

emitted by the irradiated sample. The larger volume liquid

scintillators absorb all but a small fraction of the emitted

gamma radiation. The scintillators, both plastic and liquid,
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are covered with aluminum foil reflectors which improve the

uniformity of response.

With the nuclear calorimeter, the IRT Corporation has

measured the absorbable components of the fission-product

decay heat from thermal-neutron fission of 235U in the 1 to

10
5

second time range for a one-day (86,500 seconds) irradia-

tion time. In terms of the ROPEY summation code nomencla-

ture, the H1(t, T) function was measured.

The decay energy was determined by measuring a uranium-

aluminum alloy foil containing 22.8 weight percent 235U in

the scintillator. These uranium-aluminum foils were en-

capsulated in a Mylar cover and then coated with epoxy resin.

The encapsulation was done to prevent volatile fission pro-

duct from escaping.

The determination of the sample fission rate was accom-

plished by a measurement of a second sample and a cross

.normalization. The second sample, designated the ion cham-

ber foil, was a very thin deposit of high purity 235U (99.89

atom percent) on a very thin nickel substrate. The ion

chamber foil was not encapsulated, which allowed essentially

all the fission products to escape and be detected by the

ionization electrons they produced in the ion chamber. This

method avoids the rather large experimental uncertainties

involved in the measurements of the gamma activity of
99Mo

or 140La which is done when applying radiochemical techni-

ques to determine the number of fissions that have occurred.
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The cross normalization procedure is as follows: a

bare ion chamber foil was measured in the ion chamber in the

irradiation position. This measurement determined the abso-

lute fission rate in the bare ion chamber foil. A second

ion chamber foil was encapsulated with a Mylar cover so that

it could be transported in the rabbit system without being

.damaged. The relative amounts of 235U in the ion chamber

foils were measured by counting the 184 keV gamma-line on

a Ge(Li) spectrometer. These relative masses were then used

to derive the fission rate in the Mylar covered ion chamber

foil. The Mylar covered ion chamber foil was measured at

several decay times in the plastic scintillator. A piece-

wise polynomial fit was made to this data. The heavier U-

Al foil was also measured at several decay times with only

the plastic scintillator. A comparison was made of the U-

Al foil data with the smaller ion chamber foil data by using

the fitted polynomial. From this comparison, a fission rate

ratio was derived for the U-Al and ion chamber foils. This

final procedure derived the fission rate in the U-Al foil.

These procedural steps can be summarized in the following

equations:

FRcovered Mass 235
U
covered
IC

FRbare 23
Mass

5ubare
IC IC

covered covered

R
c_ overed

= FRbare
FR

IC -Al
F

-Al IC
FRba r e FRcovered

(111-2

IC IC
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where: FR_
u-Al = fission rate of the U-Al foil

FRic = fission rate of the ion chamber foil

In an earlier review [24] based on preliminary data, it

was noted that the combined beta and gamma results deviated

(low) by more than one sigma of the uncertainty bounds from

an ENDF/B-IV summation calculation. This result is dis-

played on Figure 11. Friesenhahn [25] has ruled out the

possibility that this discrepancy was due to volatile fis-

sion product leakage.

A comparative analysis was done on the experimental re-

sults and the summation results. Graphical representations

of this analysis are displayed on Figure 12 for the betas

and on Figure 13 for the gammas. The experimental betas

show a somewhat random scatter about the calculated betas

which indicate that these experimental results have no

systematic error. However, the gamma component, displayed

on Figure 13, does indicate a systematic discrepancy. Note

that the experimental gammas are lower than the calculated

values beyond eleven seconds of decay time. Also note that

the discrepancy increases as decay time increases.

The standard ROPEY programming system was slightly

modified to output average beta and gamma decay energies as

a function of decay time. These results are displayed on

Figure 14 and Figure 15. Figure 15 indicates that there is

a significant drop in the average gamma energy as decay time



Figure 11. Ratio of IRT experimental results to ENDF/B-IV summation calcula-
tions.
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Figure 12. Ratio of experimental beta results to ROPEY

O
summation calculations.
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Figure 13. Ratio of experimental gamma results to ROPEY
summation calculations.
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Figure 14. Average beta decay energy.
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Figure 15. Average gamma decay energy.
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increases. These trends in the gamma component indicated

that there may have been a significant loss due to gamma

self-absorption in the original IRT experiment. It is also

possible that more self-absorption of beta energy than was

assumed in the experimental analysis might have been pro-

pagated back through the analysis as an error in inferred

gamma energy, but this does not seem to be likely.

Since the EPRI report (NP-180) was released a number of

improvements have been made to the IRT methods that have

resulted in better quality data. There are several notable

differences between the new data [26] and the data in NP-180.

The statistical component of the uncertainty has been re-

duced and made more uniform. The corrections to the data

for energy loss has been improved using better gamma-ray and

beta spectra. Time dependent beta and gamma spectra was

calculated for IRT's 24 hour exposure by T.R. England at

LASL using his CINDER code. These spectra were then used as

input to the Monte Carlo code which calculated energy loss

from: (1) escape from the detectors, (2) absorption in

structural materials, (3) absorption in the sample and

covers. A similar comparative analysis was performed and

the results are displayed on Table 13. The analysis does

not indicate any significant improvement in the gamma com

ponent. The trend of increasing departure from the summa-

tion calculations with increasing decay time remained.

Nevertheless, these experimental values were used in the



Table 13. Differences and relative percent of IRT experimental data and summation
results.

t Exp
0
-ROPEY

0
Exp -ROPEY Exp6-ROPEY0 Exp -ROPEY

(sec) (MeV/fiss) (MeV/fiss) ROPEY ROPEY.

1.050E+00 2.2304E-01 1.2551E-01 4.1128E-02 2.4309E-02
1.350E+00 2.9997E-01 8.1060E-02 5.6375E-02 1.5932E-02
1.700E+00 2.2774E-01 1.0594E-01 4.3662E-02 2.1138E-02
2.100E+00 2.0358E-01 1. 0501E -01 3.9825E-02 2.1270E-02
2.550E+00 2.4658E-01 9.7488E-02 4.9237E-02 2.0047E-02
3.050E+00 1.1490E-01 9.2331E-02 2.3619E-02 1.9276E-02
3.600E+00 1.1271E-01 4.9963E-02 2.3443E-02 1.0484E-02
4.300E+00 3.8610E-02 6.1757E-02 8.2218E-03 1.3307E-02
5.100E+00 5.5870E-02 3.7459E-02 1.2185E-02 8.2110E-03
6.000E+00 7.8989E-02 -5.7257E-03 1.7208E-02 -1.2769E-03
7.050E+00 -2.0017E-03 -5.1470E-04 -4.5900E-04 -1.1687E-04
8.250E+00 -1.8233E-03 -3.1328E-02 -4.2921E-04 -7.2469E-03
9.650E+00 8,3790E-03 -4.2327E-02 2.0278E-03 -9.9828E-03
1.125E+01 -6.504EE-02 -2.5740E-02 -1.6197E-02 -6.1949E-03
1. 310E +01 -4.7145E-02 -6,3879E-02 -1.2088E-02 -1.5699E-02
1.525E+01 -3.4705E-02 -4.0962E-02 -9.1763E-03 -2.0342E-02
1.780E+01 -6.7582E-02 -6.7986E-02 -1.8450E-02 -1.7491E-02
2.065E+01 -7.4777E-02 -6.6765E-02 -2.1070E-02 -1.7594E-02
2.400E+01 -9.4491E-02 -5.7955E-02 -2.7196E-02 -1.5663E-02
2.790E+01 -8.2213E-02 -6.8613E-02 -2.4783E-02 -1.9038E-02
3.240E+01 -4.3220E-02 -8.3132E-02 -1.3473E-02 -2.3711E-02
3.755E+01 -4.4950E-02 -8.7548E-02 -1.4505E-02 -2.5672E-02
4.360E+01 -4.7711E-02 -8.7971E-02 -1.5957E-02 -2.6585E-02
5.055E+01 -4.8165E-02 -8.0881E-02 -1.6013E-02 -2.5197E-02
5.860E+01 -3.8690E-02 -7.5304E-02 -1.3932E-02 -2.4214E-02
6.800E+01 -2.8059E-02 -7.9228E-02 -1.0497E-02 -2.6322E-02
7.895E+01 -1.7784E-02 -8.1691E-02 -6.9200E-03 -2.8082E-02
0.155E+01 1.0941E-03 -9.3951E-02 4.4296E-04 -3.3423E-02



Table 13 (continued)

t
(sec)

Expa-ROPEYa

(MeV/fiss)

Exp -ROPEY

(MeV/fiss)

Exp
a
-ROPEY

a
Exp -ROPEY

ROPEY ROPEY

1.062E+02 -1.0833E-02 -8.8295E-02 -4.5651E-03 -3.2533E-02
1.232E+02 3.9409E-03 -8.5507E-02 1.7292E-03 -3.2649E-02
1.428E+02 1.6986E-02 -9.5802E-02 7.7633E-03 -3.7912E-02
1.655E+02 1.9033E-02 -9.8833E-02 9.0592E-03 -4.0522E-02
1.918E+02 3.4280E-02 -1.0168E-01 1.6995E-02 -4.3194E-02
2.595E+02 3.8309E-02 -9.9849E-02 2.0663E-02 -4.5639E-02
3.004E+02 4.7278E-02 -1.0707E-01 2.6561E-02 -5.0624E-02
3.478E+02 5.2768E-02 -1.0864E-01 3.0895E-02 -5.3176E-02
4.027E+02 6.3353E-02 -1.1338E-01 3.8701E-02 -5.7464E-02
5.413E+02 7.1551E-02 -1.1982E-01 4.7700E-02 -6.5524E-02
6.197E+02 8.7199E-02 -1.2349E-01 4.6699E-02 -6.9531E-02
6.980E+02 6.4672E-02 -1.2501E-01 4.6661E-02 -7.2596E-02
7.764E+02 6.5874E-02 -1.2559E-01 5.2184E-02 -7.5072E-02
8.546E+02 6.3983E-02 -1.2914E-01 4.9331E-02 -7.9230E-02
9.329E+02 6.5346E-02 -1.3388E-01 5.5080E-02 -8.4253E-02
1.011E+03 6.1021E-02 -1.3317E-01 4.9854E-02 -8.4809E-02
1.090E+03 6.1164E-02 -1.3482E-01 5.1312E-02 -8.8876E-02
1.249E+03 5.8142E-02 -1.3833E-01 4.9508E-02 -9.5269E-02
1.783E+03 2.2600E-02 -1.4437E-01 2.2909E-02 -1.1296E-01
1.986E+03 3.9379E-02 -1.4180E-01 4.1746E-02 -1.1585E-01
2.437E+03 7.7297E-02 -1.5197E-01 8.9412E-02 -1.3556E-01
2.633E+03 4.7684E-02 -1.5121E-01 5.7052E-02 -1.3975E-01
3.082E+03 5.0314E-02 -1.3309E-01 6.4529E-02 -1.3269E-01
3.729E+03 2.5853E-02 -1.1162E-01 3.6102E-02 -1.2266E-01
3.924E+03 4.2634E-02 -1.0414E-01 6.0915E-02 -1.1761E-01
4.399E+03 -1.3904E-03 -9.7765E-02 -2.0918E-03 -1.1758E-01
4.600E+03 2.3765E-02 -9.8392E-02 3.6483E-02 -1.2137E-01
5.040E+03 1.8997E-02 -9.2988E-02 3.0399E-02 -1.2094E-01
5.588E+03 3.0942E-02 -9.1885E-02 5.1899E-02 -1.2711E-01
6.531E+03 3.0242E-02 -8.9470E-02 5.4510E-02 -1.3637E-01



Table 13 (continued)

t

(sec)

Exp
8
-ROPEY

8

(MeV/fiss)

Exp -ROPEY

(MeV/fiss)

ExpcROPEY(3 Ex -ROPEYPy

ROPEY ROPEY

8.398E+03 3.3838E-02 -8.1034E-02 6.8734E-02 -1.4588E-01
9.324E+03 1.3090E-02 -7.2949E-02 2.7994E-02 -1.4121E-01
1.028E+04 3.0721E-02 -6.7299E-02 6.9020E-02 -1.3968E-01
1.123E+04 3.5897E-02 -6.2809E-02 8.4423E-02 -1.3899E-01
1.445E+04 2.3575E-02 -5.2404E-02 6.3664E-02 -1.3982E-01
1.692E+04 2.3025E-02 -4.6705E-02 6.8264E-02 -1.4042E-01
1.943E+04 1.6196E-02 -3.9954E-02 5.2381E-02 -1.3331E-01
2.196E+04 1.8850E-02 -3.6882E-02 6.6188E-02 -1.3500E-01
2.447E+04 1.5968E-02 -3.4112E-02 6.0509E-02 -1.3547E-01
2.695E+04 1.4889E-02 -3.2148E-02 6.0625E-02 -1.3727E-01
3.192E+04 1.4686E-02 -2.5303E-02 6.8436E-02 -1.2283E-01
3.694E+04 1.1440E-02 -2.4174E-02 6.0496E-02 -1.3138E-01
4.o95E+04 9.2949E-02 -2.2836E-02 5.5294E-02 -1.3715E-01
4.693E+04 6.8845E-02 -1.8703E-02 4.5744E-02 -1.2297E-01
5.194E+04 6.7137E-03 -1.6518E-02 4.9511E-02 -1.1815E-01
6.499E+04 5.3916E-03 -1.3685E-02 5.0816E-02 -1.1869E-01
7.490E+04 2.6541E-02 -1.3277E-02 2.9493E-02 -1.3094E-01
9.492E+04 2.8217E-03 -1.0532E-02 4.1815E-02 -1.3004E-01
1.009E+05 5.3736E-03 -1.0858E-02 8.5950E-02 -1.4233E-01
1.066E+05 3.2139E-03 -1.0838E-02 5.5117E-02 -1.5005E-01
1.299E+05 6.3720E-04 -8.0185E-03 1.4129E-02 -1.3570E-01
1.549E+05 3.1654E-03 -7.7657E-03 8.8791E-02 -1.5768E-01
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final analysis for the following reasons:

1. Major discrepancies with other experiments and

with summation calculations, which might be indi-

cative of uncorrected systematic errors in the

experiment, occur primarily beyond 10,000 seconds,

the upper limit of the decay times of interest in

this analysis.

2. Of the three experimental data sets, the IRT over-

all systematic uncertainties were the largest

(relative). The use of the reciprocal variance

weighted merging procedure gave the least weight

to the IRT experimental values.

The smoothing procedure was then done to the IRT data.

This is displayed on Figure 16 on which values of the ratio

of experimental H1(t, T) to ROPEY H1(t, T) were plotted ver-

sus decay time. The corrected experimental uncertainties

are exhibited in Table 14. Note that the only non-systema-

tic component of the total is due to the measurement

variance in the ion chamber normalization. The quadratic

sum of the remaining uncertainty components is the appro-

priate value to be associated with the smoothed results of

the experimental Hl(t, T) data. The smoothed experimental

values and their appropriate uncertainties are displayed on

Table 15.



Figure 16. Ratio of IRT experimental results to ROPEY
summation results..
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Table 14. Corrected IRT uncertainty.

Net Uncertainty
( % )

Scintillator Measurements

Beta absorption in sample

Gamma energy escape (relative)

Uniformity of scintillator response

Normalization to ion chamber

60
Co standard source activity

Ion Chamber Normalization

Bias efficiency

Dead time

Fission rate reproducibility

Measurement variance in ion chamber
normalization

0.6

0.5

0.5

1.2

1.4

1.0

0.4

0.2

2.0

Mass Ratio (Fission Rate Ratio) 0.5 percent

Net 3.1 percent
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Table 15. IRT smoothed experimental H1(t, T) 86,400
seconds irradiation.

t 111(t, T) a
sys

(sec) (MeV/fiss) (MeWfiss)

1.00E+60 1.1045E4-01 2.6500E-01
1.50E+00 1.0692E+01 2.5730E-01
2.00E+00 1.0423E+01 2.5003E-01
3.00E+00 9.9280E+00 2.3500E-014.00E+00 9.5430E+00 2.2903E-016.0E+CC 9.3120E+03 2.1.631E-ai
8.0E+60 8.6000E+00 2.0603E-011.00E+01 3.2670E+00 1.9800E-01
1.50E+01 7.6E00E+00 1.8400E-01
2.00E+01 7.2400E+00 1.7400E-013.0LE+91 6.6720E+00 1.6000E-01
4.00E+Gi 6.2850E+00 1.5100Er-01.-
6.00E+01 5.7440E+00 1.3800E-01
8.00E+01 5.3E30E+00 1.2900E-131
1.00E+02 5.0770E+00 1.2200E-01
1.50E+02 4.5820E+00 1.1000E-01
2.00E+02 4.2550E+00 1.0200E-01
3.00E+02 3.3380E+00 9.2100E-02
4.00E+02 3.5E30E+00 8.5500E-02
6.00E+02 2.1920E+00 7.6600E-02
8.00E+02 2.9260E+00 7.0200E-02
1.00E+03 2.7190E+00 6.5300E-02
1.50E+03 2.3140E+00 5.5500E-02
2.00E+03 2.06?0E+00 4.9500E-02
3.00E+03 1.7120E+00 4.1103E-,02
4.00E+03 1.4870E+00- 3.5703E-02
.6.00E+03 1.2060E+00 2.8900E-02
8.0CE4-63 1.0230E+00 2.4700E-,02
1.00E+04 9.1100E-01 2.1900E-02
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IV. LASL EXPERIMENT [8]

The Los Alamos Scientific Laboratory utilizes a cryo-

genic boil-off calorimeter to measure the decay heat

generated by the fission products of 235U thermal-neutron

fission. In terms of the summation code (ROPEY) nomencla-

ture, the total (both beta and gamma components) H1(t, T)

function was experimentally measured.

The main features of the calorimeter are displayed on

Figure 17. The copper block serves to absorb more than 97%

of the energy emitted by the sample. The copper block is a

cylinder with a diameter of 177.8 mm, with a height of

298.5 mm and a weight of 52.008 kg. The calorimeter was

assembled by high temperature brazing in a hydrogen furnace

so that the copper block, which serves as the absorber, is

oxygen-free. The reservoir on the top of the block was

filled with 1.2 liters of liquid helium. The block was sus-

pended in vacuum by means of a thin-wall stainless-steel

tube which conducted the boil-off gas to a flow-meter at

room temperature. This tube was also used as a path for

the introduction and removal of samples, and for the trans-

fer of liquid helium to the reservoir.

The basic principle behind the use of a thermal calori-

meter to determine decay heat is to use the heat absorbed by

the copper block to vaporize liquid helium; the amount of



Figure 17. LAS'. calorimeter-
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absorbed decay heat can be calculated from the observed

boil-off rate of gaseous helium. This is (lone by lowering

the temperature of the copper block to four degrees kelvin

(boiling temperature of liquid helium). At this tempera-

ture, copper has a low heat capacity (4.4 joules/k), and

high thermal diffusivity (?.3000 cm2/g). This provides the

low thermal capacity needed (only a small amount of heat can

be stored in the copper), and a high rate of heat transfer

to the helium. As a result of these low-temperature charac-

teristics, the time response of the calorimeter is 0.85

second.

The evaporated helium was warmed to room temperature in

a controlled manner. The mass flow was measured by a hot-

film anemometer (a type of flowmeter)(see Figure 18). A

venturi placed in the gas-flow stream was designed so that

the flow velocity was uniform over the cross section of the

throat. A sensor (maintained at a constant number of degrees

above the temperature of the gas), consisted of a platinum

film resistor on a quartz fiber located in the venturi

throat. Heat was supplied to the film electrically, and re-

moved by the flowing gas. A feedback circuit monitors the

changes of the resistance of the platinum sensor and adjusts

the heat supply accordingly (see Figure 18 again). The

mass flow of the helium is then a function of the electrical

power required to maintain this constant temperature dif-

ference.
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Figure 18. Mass flowmeter.
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235
u.The samples consisted of 93.08 weight percent

They were irradiated in a constant thermal flux of =3 x 1013

neutrons/cm 2/sec for 2 x 10 4 seconds in the Los Alamos

Omega West Reactor. The uranium foils were placed in enve-

lopes of 0.127-mm thick aluminum, which were sealed by

electron-beam welding. Aluminum was chosen for the enve-

lopes because it causes minimum interference with the radio-

chemical procedures used to determine the number of fissions

in the sample. The overall dimensions of the envelopes were

39 mm x 8 mm x 0.04 mm, and the total weight of the aluminum

plus uranium was =300 mg. The low mass and large surface

area of the samples were used to promote rapid cool-down

when the samples were dropped into the liquid helium in the

calorimeter.

The calorimetric measurements determined the energy re-

lease rate in MeV/second, and this rate is a function of

decay time. This rate must be divided by the fission rate

in the sample during irradiation to obtain the normalized

decay heat in MeV/second per fission/second. This yielded

the standard H
1
(t, T) function of decay heat.

The number of fissions that had occurred in the sample

was determined by two different analytical methods. In the

first method, a standardized radiochemical procedure [27] was

used to determine the fission rate. The second method in-

volved measurement of gamma spectra and analysis of these

spectra by the computer code GAMANAL [28]
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All the beta radiation emitted by the sample was ab-

sorbed in the calorimeter. For the gamma radiation, all but

a small fraction was absorbed. This fraction must be evalu-

ated and added to that energy deposited in the calorimeter to

obtain the total decay heat. This gamma-ray leakage calcula-

tions were performed with the Monte Carlo gamma-ray transport

code MCG [29], using a geometrical model, shown in detail on

Figure 19.

The final results are based on experimental runs on

three samples. The decay heat curves for the three samples

were nearly parallel. The root mean squared (RMS), scatter

in the data at each decay time was calculated from the

formula:

c.

7 y) 2

S = 1/2

where: Yi = an individual data point

Y = the mean of the data at this time

n = number of data points

(Iv -1)

An increase in the scatter was observed at the shortest

cooling time. This is possible due to variation in the time

it took for the sample to fall from the release chamber to

the copper block, or to some other variation in the initial

transient. At decay times of 6000 and 7000 seconds (decay

times immediately after the helium reservoir had been
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Figure 19. Geometric model for gamma-ray leakage code-r-

A
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refilled for one or more of the runs), an increased scatter

was also observed.

The RMS scatter, s, may underestimate the true standard

deviation which would have been obtained if more data points

had been available. The calculations were based on three or

less data points per decay time. To compensate for this

possibility, the RMS scatter was multiplied by a factor of

1.3 when computing the total uncertainty in the data. Using

this factor is equivalent to replacing an expected Student's

t distribution with a normal distribution having the same

95% confidence interval.

The RMS systematic uncertainty, ao, with its component

parts, is displayed on Figure 20. The total uncertainty is

defined as:

a = [a
o
2
+ (1.35) 2

]

1/2
(IV-2)

The total uncertainty is displayed on Figure 21.

The smoothing procedure (as described earlier) was im-

plemented to reduce or eliminate the statistical variation

in the final results. The plot of the ratio of experimental

results to ROPEY results versus decay time can be seen on

Figure 22. From this plot smoothed experimental values were

extracted. These values are displayed on Table 16, with

the appropriate (systematic) uncertainties.
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Figure 21. LASL total uncertainty.
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Figure 22. Ratio of LASL experimental results to ROPEY
summation calculations.

1.09E+02 1.00E+03 1.00E+04

DECAY TIME (SECOND)
1.00E+05



68

Table 16. LASL smoothed experimental H1(t, T) 2 x 10 4

second irradiation.

t
(sec)

H1(t, T)

(MeV/fiss)

a
sys

(MeV/fiss)

1.00E+01 9.1000E+00 1,5409E-01
1.5CE+G1 7.3800E+00 1.2590E-9i
2.00E+01 6.9330E+00 1.1100E-01
3.00E+01 6.3350E+00 8.8700E-02
4.00E+01 5.9200E+00 7.7000E-02
6.00E+01 5.3580E+0C 5.8900E-02
8.00E+01 4.9530E+00 4.9600E-02
1.00E+02 4.6670E+00 4.6700E-02
1.50E+02 4.1700E+00 3.7500E-02
2.06E+02 3.8410E+00 3.0700E-02

.3.00E +02 3.4190E+00 2.7400E-02
4.00E+02 1.1350E+00 2.5000E-02
6.00E+02 2.7450E+00 2.2000E-02
8.00E+02 2.4740E+00 1.9800E-02
1.00E+03 2.2640E+00 1.8100E-02

1.8860E+00 1.5100E-02.1.50E+03
2.00E+03 1.6260E+00 1.3000E-02
3.01E+03 1.2830E+30 1.0360E-02
.4.00E+03 1.0290E+00 3.5400E-03
.6.00E+03 7.9980E-01 7.2000E-03
8.06E+03 E.4600E-01 6.4800E-03
1.00E+04 5.4010E-01 5.4000E-03
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V. GRAND-AVERAGED INFINITE IRRADIATION ESTIMATE

The overall goal of this research is to provide accu-

rate decay heat specifications from the best integral ex-

periments. In this chapter, the final averaging, smooth-

ing, and merging will be performed to derive this final

decay heat specification.

In Chapter II the ORNL [6] resulsts were extrapolated

to a fission pulse experiment. The extrapolated ORNL pulse

data; the older beta pulse experiments of Wyman [19],

McNair [20], and MacMahon [21]; and the calorimetric experi-

ment of Lott [3] were reduced to equivalent pulse-data,

weighted, smoothed, and merged to form a best estimate fis-

sion pulse experiment. The LASL [8] and IRT [7] finite

irradiation experiments were smoothed to reduce their ran-

dom variation. All the reported uncertainties were parti-

tioned into two main groups: systematic uncertainties and

random or statistical uncertainties. The latter were

assumed to be essentially eliminated by the smoothing opera-

tion.

There are thus three sets of parameters which can be

used to infer a single infinite irradiation result: the

combined equivalent pulse experiment and the two finite

irradiation experiments. The single infinite irradiation

case which is the combination of the best of all the
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experimental data presently in existence has been named by

us: the grand averaged infinite irradiation experiment.

A trend is noted in all three of the current experi-

ments and in the three older pulse beta experiments. At

short decay times, the experiments have reported values for

the Ho(t) and the H1(t,T) decay heat functions which are

larger than the summation calculations. The pulse data

deviates more from the calculated values than the finite

irradiation data. Figures 1 and 2 show that the ORNL re-

sults deviate as much as 16% above summation values for the

betas and 20% for the gammas at short decay times. The

three older beta pulse experiments of Wyman, McNair, and

MacMahon were 31%, 50%, and 18% larger than the summation

results, respectively. The finite irradiation experiments,

displayed on Figure 16 for IRT and Figure 22 for LASL have

a much smaller deviation from calculated values at short

decay times (about 4% high for both IRT and LASL), the re-

duced deviation being due to the lesser weight which the

short decay-time pulse data carry in the long irradiation

experiments. The older beta experiments, together with the

results of the current experiments, indicate that errors

may exist in the nuclear data files for those fission pro-

ducts which dominate at short decay times as indicated by

the persistent under-prediction of the summation code.

Another general trend was noted in the pulse experi-

ments. With the exception of the ORNL gammas and Wyman's
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experiment, the remaining four data sets of the pulse ex-

periments show a valley (deviates below the calculated

values) at about 100 seconds after shutdown and a peak

(deviates above the calculated values) at about 1000

seconds after shutdown. This trend is displayed on Figures

1, 4, 5, and 6 for the ORNL beta, McNair's beta, MacMahon's

beta, and Lott's calorimetric experiment respectively.

The averaged pulse curve (Figure 8), retains these

trends: it deviates above the calculated values at short

decay times and there is a valley at about 100 seconds

after shutdown, and a peak at about 1000 seconds after shut-

down.

Before the final merging procedure can be performed

to obtain a "grand averaged" decay heat experiment, these

three independent data sets, the IRT experiment, the LASL

experiment, and the averaged pulse experiment, must be con-

verted to a common basis. This common basis was chosen to

be the standard, infinite irradiation, Hi(t,co) decay heat

function.

For the two finite irradiation experiments, LASL and

IRT (based on 20,000 seconds and 80,400 seconds irradiation

respectively), this conversion to infinite irradiation was

straightforward. The finite irradiation H (t,T) function

is defined as:

t+T
Hi(t,T) = ft H

o (t')dt' (V-1)
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The right hand side can be further expanded to:

t+T 00 00

H
o (t')dt' = 1 H

o (t')dt' - f H (t')dt' (V-2)
t t+T

therefore:

00 00

H
1 '
(t T) = f H

o
(tl)dt' - f H

o
(t')dt' (V-3a)

t+T

Hi(t,T) = Hi (t,00) - Hi(t+T,00)

Rearranging yields

H
1
(t 00) = H

1
(t T) + H

1
(t+T,00)

(V -3b)

(V-3c)

We take H
1 (t,T) to be the smoothed experimental value.

H1(t,00) is the infinite irradiation value, and H1(t+T,00) is

taken to be the summation calculation value (at the appro-

priate time parameters), needed to complete the relation-

ship. The uncertainties were determined by the standard

quadriatic sum as:

a(t,00) = (a
2
(t,T + a (t+T,00)]

1/2
(V-4)

where a(t,c) is the uncertainty of the extrapolated in-

finite irradiation experiment, a(t,T) is the systematic

uncertainty associated with the smoothed, finite irradia-

tion data, and a(t +T,ca) is the uncertainty generated by
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the summation code for these particular time parameters

[13]. The infinite irradiation results are displayed on

Table 17 and Figure 23 for LASL and Table 18 and Figure 24

for IRT. A more convenient form for displaying these re-

sults is the ratio of the infinite irradiation experimental

data to the summation code values. These ratios are shown

on Figure 25 and Table 19 for LASL, and Figure 26 and Table

20 for IRT. Notice that both of these data sets fall on a

relatively smooth curve indicating a high degree of corre-

lation between measurements made at adjacent decay times.

Now, the averaged pulse experiment must be converted

to a finite irradiation H1(t,T) form and then extrapolated

to an infinite irradiation H1(t, °) before the grand average

can be obtained. This was done using equation (V-1) and

the approximation that in any time period the averaged

pulse experiment data approximated a straight line on a

log-log plot (see Figure 7). This justified the approxima-

tion that the averaged pulse experimental data could be

fitted near any point to the parametric form of:

H (t) = t-b

From the defining equation (V-1), we have:

N-1 Ti +l
H1(t,T) = f H (t')dt'

i=1 ti

where:

(V-5)

(V-6a)
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Table 17. LASL infinite irradiation experiment.

t
(sec)

Hi (t,00)

(MeV/fiss)

asys
(MeV/fiss)

1.0000E+01 9.6380E+00 1.5618E-01
1.5000E+01 8.9170E+00 1.2768E-01
2.0000E+01 8.4700E+00 1.1400E-01
3.0000E+01 7.8720E+00 9.2432E-02
4.0000E+01 7.4570E+00 8.0957E-02
6.0000E+01 6.8940E+00 6.3986E-02
8.0000E+01 6.4940E+00 5.5544E-02
1.0000E+02 6.2020E+00 5.2971E-02
1.5000E+02 5.7040E+00 4.5069E-02
2.0000E+02 5.3740E+00 3.9592E-02
3.0000E+02 4.9500E+00 3.7091E-02
4.0000E+02 4.6640E+00 3.5355E-02
6.0000E+02 4.2700E+00 3.3302E-02
8.0000E+02 3.9940E+00 3.1891E-02
1.0000E+03 3.7790E+00 3.0864E-02
1.5000E+03 3.3900E+00 2.9206E-02
2.0000E+03 3.1200E+00 2.8178E-02
3.0000E+03 2.7570E+00 2.7039E-02
4.0000E+03 2.4840E+00 2.5474E-02
6.0000E+03 2.2208E+00 2.5057E-02
8.0000E+03 2.0350E+00 2.4859E-02
1.0000E+04 1.901.1E +00 2.3525E-02
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Table 18. IRT infinite irradiation experiment.

t
(sec)

H1 (t,c0)

(MeV/fiss)
asys

(MeV/fiss)

1.0000E+00 1.2042E+01 2.6567E-01
1.5000E+00 1.1689E+01 2.5769E-01
2.0000E+00 1.1420E+01 2.5871E-01
3.0000E+00 1.0925E+01 2.3874E-01
4.0000E+00 1.8545E+01 2.2977E-01
6.0000E+00 1.0009E+01 2.1682E-01
8.0000E+00 9.5964E+00 2.0686E-01
1.0000E+01 9.2634E+00 1.9889E-01
1.5000E+01 8.5564E+00 1.8496E-01
2.0000E+01 8.2364E+00 1.7501E-01
3.0000E+01 7.6634E+00 1.6110E-01
4.0000E+01 7.2813E+00 1.5217E-01
5.0000E+01 6.7403E+00 1.3927E-01
8.0000E+01 6.3592E+00 1.3936E-01
1.0000E+02 6.0731E+00 1.2344E-01
1.5000E+02 5.5780E+00 1.115-E-01
2.0000E+02 5.2508E+00 1.0372E-01
3.0000E+02 4.8335E+00 3.3999E-02
4.0000E+02 4.5582E+00 8.7543E-02
6.0000E+02 4.1866E+00 7.8850E-02
8.0000E+02 3.9199E+00 7.2648E-02
1.0000E+03 3.7123E+00 6.7925E-02
1.5000E+03 3.3057E+00 9.8566E-02
2.0000E+03 3.0522E+00 5.2914E-02
3.0000E+03 2.6991E+00 4.5154E-02
4.0000E+03 2.4710E+00 4.0255E-02
6.0000E+03 2.1841E+00 3.4368E-02
8.0000E+03 2.0004E+00 3.0860E-02
1.0000E+04 1.8778E+00 2.8668E-02
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Table 19. Ratio of LASL H1(t,03) to summation code results.

t (sec) Ratio

.10E+02 .1034E+01

.15E+02 .1015E+01

.20E+02 .1010E+11

.3,0E+02 .1007E+01

.40E+02 .1036E+01

.60E+02 .111;06E+01

.80E+02 .1006E+1

.10E+03 .1307E+01

.15E+03 .1008E+01

.20E+03 .11'10E+01
*30E+03 .1012E+01
.40E+03 .1311E+01
.60E+03 .1008E+01
*80E+03 .1004E+01
*10E+04 .1331E+01
.15E+04 .9936E+C0
.20E+04 .9902E+00
.30E+0 .9871E+00
.40E+04 .9861E+00
*60E+04 .9883E+00
.10E+04 .9922E+00
.10E+05 .9953E+00
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Figure 25. Ratio of LASL infinite irradiation HI to summa-
tion code results.
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20. Ratio of IRT H1 (t, °°) to summation code results.

t (sec) Ratio

.16E+01 .1037E+01

.15E+01 .1033E+C1

.20E+01 .1630E+01

.30E+01 .1020E+01

.46E+01 .1013E+111

.60E+01 .1005E+01

.86E+01 .9990E+00

.10E+02 .9937E+00

.15E+02 .9853E+01

.20E+02 .9823E+00

.30E+02 .9807E+00

.40E+02 .9815E463

.60E+02 .9838E+01

.80E+02 .9847E+00

.10E+17 .9857E+00

.15E+03 .9865E+60

.20E+03 .9870E+00

.30E+03 .9880E+00

.40E+03 .9883E+00

.69E+07 .9879E+00

.80E403 .9849E+03

.1.0E+04' ..9323E+00

.15E+04 .9688E+00

.20E+04 .9686E+00

.30E+04 .9664E+01

.40E+04 .9675E+03

.60E+04 .9720E+00

.80E404 .9757E+01

.10E+05 .9831E+00
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Figure 26. Ratio of IRT infinite irradiation H1 to summa-
tion code results.
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N = the number of averaged pulse data points

H
o (t') = averaged pulse decay-heat function at decay time

t'

Integration of the parametric form yields:

H
1
(t T) =

1 -ID It2
1-b ti -b

82

(V-6b)

An equivalent but more convenient form of equation (V-6b)

is:

1H1(t11T) =
1-b

[t2H0 - t1 H0 (t l)

The exponential parameter b is defined from:

H
0
(t

1)
= At

1
b

H (t ) = At
2

b
0 2

Dividing equation (V-8a) by equation(V-8b)

rearranging yields:

H (t )

0
t
2 b

1

b

H (t )

In [HO

2
(t )

In [t2]
ti

(V-7)

(V-8a)

(V-8b)

(V-8c)

(V -8d)
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The above procedure fully utilized all the experimental

data available.

The relative uncertainties of the averaged pulse ex-

periment were used to derive the absolute uncertainties of

the integrated pulse experiment. This procedure was im-

plemented to insure conservative estimates for the integrated

pulse experiment. Overall, the relative uncertainties of

the pulse experiment are larger than the relative uncertain-

ties of the integral experiments. The use of numerical

methods in deriving the integrated pulse experiment intro-

duces uncertainties into the results. The utilization of

the pulse experiment's relative uncertainties to determine

the absolute, finite irradiation uncertainties provided

the uncertainty bounds required to be on the conservative

side. The ORNL uncertainties dominated (i.e, were the

smallest) in this procedure as indicated earlier in Chapter

II. The following equation, based on the assumption that

the relative error of H
1
(t

'
T) is that ascribed to H

0
(t) ,

displays the derivation of the uncertainty assocaited with

the integrated pulse experiment.

cabs
(H (t) )

a
abs

(integrated H
o

sys(t)) = x H
1
(t T) (V-9)sys Ho (t)

where:

abs
a
sys (integrated H

o (t)) = absolute, systematic uncer-
tainty associated with the
integrated pulse experiment
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a
bs

(H
0
(t)) = absolute, systematic uncertainty associ-

ated with the averaged pulse experiment

H
0
(t) = averaged pulse experimental decay heat

value

H
1
(t T) = integrated H

0
(t) value.

The results of this point to point integration scheme

are displayed on Table 21. The extension to infinite

irradiation is then done in the same way as for the experi-

ments for long irradiation as previously described. The

time parameter T+t, was taken to be 10000 seconds; that is

the pulse experiment integration was only carried out to

this point. Again, the summation result was used to pro-

vide the correction, H1(10 4
,03).

The uncertainties were first determined by the stan-

dard quadratic sum, equation (V-5). _ However, the relative

uncertainties of this integrated, infinite irradiation ex-

periment were reduced by about a factor of two from the

relative uncertainties associated with the integrated,

finite irradiation data set. Therefore, to be on the con-

servative side, the relative uncertainties of the inte-

grated, finite irradiation experiment were used to deter-

mine the absolute uncertainties of the infinite irradiation

data set. This procedure is similar to that used in deter-

mining the integrated, finite irradiation uncertainties

(equation V-9). This procedure was not necessary for the

IRT and LASL experiments due to the fact that the standard



Table 21. Integrated, averaged pulse experiment.

Hl (t, T)

t (sec) TIRR (sec) (MeV/fiss) la

3.CDE+00 1.0000E+04 8.6103E+00 ;.3747E -01
4.00E+00 1.0000E+04 8.2563E+00 3.3347E-01
6.00E+00 1.0000E+04 7.7221E+00 2.4848E-01
8.10E+00 1.0000E+04 7.3235E+00 2.2560E-01
1.00E+01 1.0000E+14 7.0082E+00 1.5071E-01
1.50E+01 1.0000E+04 6.4349E+00 1.3668E-01
2.00E+01 1.0000+14 6.0324E+90 1.3017E-01
3.nu!-4,01 1.0000E+04 5.4753E+00 1.118 7E -01
4.00E+01 1.6000E+14 5.0882E+00 1.9189E-02
6.00E+01 1.0000E+14 4.5565E+00 9.2358E-02
8.00E+01 1.0000E+04 4.1922E+00 8.5054E-0?
1.00E+112 1.0000E+04 3.9208E+00 748059E-02
1.50E+02 1.0000E+04 3.45697+00 45.4639E-02
2.00E+02 1.0000E+04 3.1525E+00 5.7492702
3.00E+02 1.6000E+04 2.7575E+00 5.1918E-02
4.00E+02 1.0000E+04 2.4964E+00 4.7511E-02
8.00E+02 1.0000E+04 2.1425E+00 4-.4130E-02
8.10E+02 1.0000E+04 1.8952E+00 4.0926E-02
1.00E+03 1.0000E+04 1.7031E+00 3.7063E-02
1.50E+03 1.0000E+04 1.35497+00 3.1208E-02
2.00E+03 1.0000E+04 1.1124E+00 2.6212E-02
7.00E+03 1.0000E+04 7.8857E-01 2.1290E-02
4.00E+03 1.0000E+04 5.7670E-01 1.8321E-02
6.007+03 1.0000E+04 3.0518E-01 1.1337E-02
8.r0E+03 1.0000E+04 1.29096 -01 6.5406E-03

85
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quadratic sum method, equation (V-5), did not significantly

alter the relative uncertainties between the finite and

extrapolated, infinite irradiation experiments. The inte-

grated, infinite irradiation experimental values and their

uncertainties are displayed on Table 22 and Figure 27. A

more convenient form of these results is shown on Figure

28 and Table 23 as the ratio of the data to summation code

results. The summation results, are consistently over-

predicting these extrapolated experimental values.

The three independent, self-consistent data sets were

then merged (using equations (II-9) and (II-10)) , forming

the grand averaged, infinite irradiation experiment. The

results of this averaging (merging) are displayed on Table

24. Figure 29 shows the same data as ratios to summation

claculations. Figure 29 shows several non-smooth charac-

teristics on the curve due to the fact that the first

measurement time differed for each of the three data sets.

The discontinuities arise as each new data set is incor-

porated into the grand average.

Physically, the 111(t,=) decay heat function is a sum

of negative exponentials of the form:

-Ait
1.11(t,00) = .1 Ai e

11
(V-10)

A least squares program, LSQ [30], was slightly modified to

parametrically fit the grand averaged, infinite irradiation
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Table 22. Integrated averaged pulse experiment: infinite
irradiation.

t

(sec)

H1 (t, c0)

(MeV/fiss)
sys

(MeV/fiss)

3.00E+00 1.0520E+11 4.3843E-01
4.(0E+00 1.0166E+11 3.3473E-01
6.1:0E+00 9.6321E+30 2.5017E-01
8.00E+00 9.2335E+00 2.2745E-01
1.00E+01 8.9182E+0C 1.5347E-01
1,50E+01 3.3449E+3C 1.3972E-01
2.00E+01 7.9424E+00 1.3336E-01
3.00E+01 7.3853E+00 1.1557E-01
4.00E+01 6.9982E+00 1.0401E-01
6.00E+01 6.4665E+00 9.68.04E-02
8.00E+01 6.1022E+00 8.3862E-02
1.08E+02 5.8306E+00 8.3272E-02
1.50E+02 5.3669E+03 7.0846E-02
2.00E+02 5,0625E+30 6.4392E-02
3.00E+02 4.6675E+00 5.9469E-02
4.00E+02 4.4064E+00 5.5662E-02
6.03E+02 4.0525E+10 5.2806E-02
8.00E+02 3.8052E +30 5.01597-02
1.00E+03 3.6131E+00 4.7060E-02
1.50E+03 3.2649E+00 4.2602E-02
2.00E+03 3.0224E+00 3.9091F-02
3.00E+03 2.6986E+30 3.5976E-02
4.00E+03 2.4867E+00 3.4572E-02
6.00E+03 2.2152E+00 3.1137E-02
8.(0E+03 2.0391E+00 2,9728E-02
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Figure 27. Infinite irradiation integrated pulse experi-
ment.

12.

11.

I 10.

8

B.

0. 11I &Alla 1 "al

Lone' i.QXIQZ 1.0x103

DECAY TIME (SECONDS)
Lome



89

Table 23a. Ratio of la upper bound integrated averaged
pulse to summation results.

t (sec) Ratio

3. t0E+JO 1.0232E+00
4.00E+00 1.0087E+00
6.00E+00 9.0269E-01
8.00E+00 9.8490E-01
1.00E+01 9.7315E-01
1.50E+01 9.6625E-01
2.00E+01 9.6312E-01
3.00E+01 9.5932E-01
4.60E+01 9.5769E-01
6.00E+01 9.!801E-01
8. C0E +01 9.5883E-01
1.00E+02 9.5988E-01
1.50c+02 9.6209E-01
2.00E+02 4.6370E-01
3.00E+02 9.6626E-01
4.E0E+02 9.6749E-01
6.00E+02 9.6369r-01
8.00E+02 9.6867E-01
1.00E+03 9.6356E-01
1.50E+03 9.6938E-01
2.00E+03 9.7158E-01
3.00E+03 9.7907E-31
4.00E+03
6. CDE +03 9.0969E-Oi
8.00E+03 1.0087E+00
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23b. Ratio of integrated averaged pulse experiment
to summation results.

t (sec) Ratio

3. CC E+00 1.8229E-01
4. CO E+00 9.7659E-11
6.00E+00 9.6756E-01
8.00E+00 9.6123E-31
1. COE+01 9.5669E-01
1.50E+01 9.5334E-01
2. COE+01 9.4722E-31
3.00E+01 9.4454E-01
4. COE+01 1.4366E-01
5.00E+01 9.4388F-01
8.00E+01 9.4491E-01
1. Ci3E+02 9.4637E-31
1.50E+02 9.4955E-01
2.00E+0? 9.5160E-31
3. COE+02 9.5410E-01
4.00E+02 9.5542E-11
6. CUE +02 9.5623E-01
8.10E+02 9.5607E-01
1.00E+03 9.S611E-01
1.50E+03 9.5690E-91
2.10E+03 9.5918E-31
3. COE +03 9.'6619E-01
4.00E+03 9.7365E-01
5.00E+03 9.P584E-01
8.00E+03 9.9419E-01
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Table 23c. Ratio lq lower bound integrated averaged pulse
to summation results.

t (sec) Ratio

3.00'7+00 3.4135E-31
4. 00E+00 9 .4444t. -01

6.00E +00 9.4243E-01
COE+00 9.3755E-31

1.00E+01 904 022E-11
1.50E+01 9.3443E-01
2.00E+01 9.3131E-01
3.06E+01 9.2975E-01
4.90E+01 9.2964E-01
b.OUE+01 9.2975E-01
a. 00E +01 9.3100E-01
1.00E+02 9.3285E-31
1.50E+02 9.3702E-01
2.00E+02 9.3949E-01
3.00E+02 9.4134E-31
4.00E+02 9.4335E-01
6.00E+02 9.4377E-11
8.00E+02 3.4347E-01
1.00E+03 9.4766E-11
1.50E+03 9.4=41E-91
2.10--r+03 9.4677E-01
3.30E+433 9.5331E-31
4.00E+03 9.6011E-01
.00E+03 3.7198E-31

5.00E+03 9.7970E-31
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Figure 28. Ratio of integrated pulse experiment to summa-
tion code results.
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Table 24. Grand averaged infinite irradiation experiment.

t 141 (t,0)
sys

(sec) (MeV/fiss) (MeV/fiss)

1.00E+00 1.2342E+01 2.6567E-31
1.50E+00 1,15893 +01 2.57E9E-017..30E+03 2.5071E-31
3. CO E *00 1.0232E-:+31 2.1967E-01
4.00E-:+00 1.0424E +]1 1.38 '43E-016.10E+00 9.8432E+00 1.6341E-013. noE+Jo 9.'43217+0C 1.3333E-011. C0 +O1 9.2593E +33 9.09007 -O21.50E+01 3.6566E+30 3.3978=-022.00E+01 6.2451E+03 7.76565-0?3.10E+01 7.6793E+03 6.38745-074.00E+01 7.2F35+ 00 5.3905£ -026.00E+01 5.7510=+0 =.36433 -023.00E+01 6.36267+00 4.4420E-0?
1.120E+02 3.0'475E+00 -4 2 0 2 5 - 21.50E+02 3.60393 +0C 3.5994£ -j22.00E+02 5.2347+00 3.2074E-023. C0E+02 4.85713 +n0 2 . .3437-024.00E+02 4.5366E+00 2.6247E-3?6.00E+0/ 4.2057E+10 3.6526E -0?8. COE+02 .3.9373E+00 2.5236F-021. (1E+03 .3.7270E+00 2.4126E-021.50E.+03 3.34366 +30 2.2278E-022. C0E+03 3.08,12E+00 2.0934E-023.0:0E+03 7.7291E+10 1.9L,,t)E-124.00E+03 251482151-00 1.3273E-026. CCE+03 7.21025+00 1.6974E-028.00E+01 7.02671'4-01 1.6223E-021.00E +04 1.8917E+30 1.3232E-02
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Figure 29. Ratio of grand averaged experiment to summation
code results.
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data set. The half-lives (and therefore, the decay con-

stantsA.)as reported by T.R. England [31] (see Table 25)

were used to derive a smooth (fitted) grand averaged experi-

ment. The fitted values and the input values are displayed

on Table 26 and Figure 30 along with the input grand

averaged la bands. The least squares coefficients are dis-

played on Table 27. The fitted values (x's) on Figure 30

show a high degree of correlation between measurements made

at adjacent decay times. However, the input grand average

and its uncertainty bands display slight non-smooth charac-

teristics. These non-smooth characteristics should not be

present, for, physically, we do expect a very high degree

of correlation between measurements made at adjacent decay

times. However, if the time span between adjacent measure-

ments were large (say one decade), then the degree of cor-

relation would be lessened. This is not the case, for each

decade of decay time has several decay heat reference

points. Therefore, hand-smoothing of the upper and lower

uncertainty bounds of the grand averaged experiment can be

performed. The results of this smoothing procedure are

displayed on Table 28 and Figure 31. This represents the

final, 'smoothed,' grand averaged, infinite irradiation

experiment. These final results are also displayed on

Table 29 in standard form.

Differentiation of the parametrically fitted grand

averaged experiment recovers a fission pulse curve. The
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Table 25. Decay constants [31] for parametric fit.

(sec-1)

X
1 7.8950E+0

X
2 5.5683E-1

X
3 2.2367E-1

X
4 1.0212E-1

X
5 3.3400E-2

X
6 1.1403E-2

X
7 3.2092E-3

X
8 1.3098E-3

X
9 6.4795E-4

X
10 2.0059E-4

X
11 6.0023E-5

X
12 2.1715E-5
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26a. Ratio of la upper bound fitted grand averaged
experiment.

t (sec) Ratio

1.00E+00 1.0599=4.30
1.50E+00 1.0591E+03
2.00=4-00 1.0L78P+00
3.00E+00 1.0298'7+00
4.00E+00 1.0192c4-00
E.00E+00 1.0183E+31
8.f0E+00 1.0C44-7+31
1.00+01 9.9691E-11
1.50E401 9.941E-11
2.00F+01 9.9717E-01
3.00E+01 4.9163E-11
4.00E+01 4.917'4E-51
6.00E-4-01 .9242E-11
9.00E+01 9.9417E-11
1.00E+02 9.9=73E-01
1.50E+02 9.95,,1P-01
2.00E+02 9.9954E-11
3.0GE+02 1.0CluE+01
4. C0E +02 1.0009E+00
6.00E+02 4.9847E-11
'4.00E+02 4.9503E-01
1.00E+03 9.9235E-01
1.50E+03 9.8778E-11
2.10E+03
3.1'0E+13 9.911SE-11
L. C0=4-03 9.t212E-01
6.00E+03 9.8974'7-01
8.10E+03 1.021E-11
1.00E+04 1.0011E+11



Table 26b. Ratio of grand averaged experiment.

t (sec) Ratio.

1.00E+00 1.P'77E403
1.50E+00 1.0326E+00
2.r0F+00 1.0298F+00
3.00E+00 1.0114E+0C
4.00E+00 1.0013E+70
6.00E+00 9.13927E-01
.00E+09 9.81q0E-91

1.00r+01 9.9440E-01
1.50E+01 9.6513c.-71
2.r0E+01 9.8332E-11
3.007.+01 9.P2?0=-11
4.CCE+01 9.8213E-i1
5.00E+01 .3.PE5F-91
8.00E+01 9.5832E-01
1.01E+02 .8388E-31
1.50E+02 9.9149E-01
2.00E+02 9.9340E-11
3.r0E+02 9.94.91F-01
4.00-7402 9.0+4(1F-)1
6.00E+02 3.923AE-91
6.f0E+02 9.8127E-31
1.00E+07 1.R624E-01
1.50E+03 9.7995E-01
2.CJE+01 3.7795F-11
3.00E+07 3.7-12E-01
4.00F+03 3.7181E-11
6.10E+03 1.8352E-01
8.r0E+03 9.6613E-J1
1.00E+04 9.9C-,2E-01
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26c. Ratio of fitted grand averaged experiment.

t (sec) Ratio.

1. COE+00 1.1370t-7.+00
1.50E +00 1. 0362E +90
2. 00E+00 1.0252E+30
3, ro74-oo 1.0103-7+00
4. COE+00 1.0110E+00
6. COE+00 9.,?186E-91
8. COE+00 1.8834E-01
1. COE+01 9.8570E-01
1.50E+01
2. C0E+01 9.P390E-01
3. C3E+01. 9.8325E-01
4. 00E+01 9.382E.7-01
6. COE+01 9.8557,E-31
8. COE+01 9.8'30E-01
1. 00,E+02 9.896-77.701
1.50E+02 9.9204E-01
2. COE.+02 3.9361E-01
3. COE+02 9.9489E-11
4. CQE +02 2.9480E-11
6.00E +02 ?.9221E-11
8. COE 4.02 9.5869-01
1.10F1+03 9.8E98E-01
1.50E+03 9.812'4E-01
2.10E +03 1.7779E-01
3.10E.+07 9 .74 22E-31
4. 00E+03 9.74914E-01
6. COE+03 9.8220E-01
8.00E+03 9.5830E-01
1. C0E+04 9.9058L-11
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26d. Ratio of la lower bound fitted grand averaged
experiment.

t. (sec) Ratio

1, t. 0142E+00
1.50E+00 1.0134E +0']
2. C0E+00 1.0027E+00
3. C0E+00 9.9072;E-01
4. 00::+30 ,.8277E-01
6.1:0E+00 9.775u1E-01
B. COE+00 9.231E-11
1.00E +01 9.7649E-01
1.50E+01 9.7530E-01
2.30E+01 9.7463E-01
3. C0E+01 9.7481E-01
s. COE+01 9.7536E-11
6. COE +01 9.7928E-Q1
8. r.20E+01 9 .8043E - 11
1.06E+02 9.8214E-01
1.50E+02 9.8567E-01
2. C0E+02 9.8758E-11
3.00E+02 9.8179E-01
4.00E+02 9.8967E-01
5. 00E+02 9.8596E-01
<3.00E+02 9.8236E -01
1. f0;.-7+03 9.7959E-01
1.50E+03 9.7470E-01
2. C0E+03 9.7113E-01
3.00E +03 '9.672E2-01
4, CO:1+03
6. COE+03 9 .7.'-66E-01
8.10E+03 9.8039E-31
1.00E+04 9.8103E -ill
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Figure 30. Ratio of fitted grand averaged experiment to
summation code results.
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Table 27. Least squares coefficients.

Al

A
2

A
3

A
4

A
6

A
7

A8

A9

-3.427E+02

2.082E+00

4.849E-01

1.556E+00

1.541E+00

1.792E+00

1.163E+00

1. 395E -01

1.708E+00

A
10 6.204E-01

A
11 1.632E-01

A
12 2.132E+00
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28a. Ratio of 10 upper bound smooth grand averaged
experiment.

t (sec) Ratio

1. COE+00 1.0599E.+00
1.50E+00 1.0531E+00
2. COE+00 1.0478E+09
3.9074-00 1.0238E+00
4.00E+00 1.0192E+00
6.00E+09 1.0033E+90
9. COE+00 1.0044E+00
1 . 90E:4.01 3.9850E-01
1.50E+01 9.9441E-01
2.00E+01 3.9717E-01
3.00E+01 3.9168E-01
4. 00E+01 9,9178E-01
6. COE+91 3.9282E-01
3. criE+ot 3.9417E-01
1. COE+02 3.957E3E-01
1.50E+02. 9.3F 41E-01
2.00E+02 3.9964E-01
3.00E+02 1.0013E+00
4. COE +02 1.0009E+00
6. 00E+02 9.9347E.-11
8.00E+02 3.9507E-01
1. 10E +03 3.9236E-01
1.50E+03 9.3773E-31
2.00E+03 9.8444E-11
3. U3E+03 9.8118F-01

COE+03 9.8212E-01
F. CO-7:+U 9.8974E-01
3. COE +03 3.9621E-01
1.00-E+0,"4 t.pooti-.4-oo



Table 28b. Ratio of smooth grand averaged experiment.

t (sec) Ratio

1. C0E+00 1.0370E+01
1.51E+00 1.0362E+01
2. COE+00 1.07-72E+03
3.10E+00 1.0103E+00
4.(0E +00 1.0010P400
6. COE+30 1.9186E-01
3.00E.+00 9.8834E-01
1. C0E+01 4.8670E-31
1.50E+01 9.8485E-01
2.00E+01 4.8390E-01
3.10E+01 9.8325-.7-01
4. C0E+01 9.8332E-01
5.00E +01 1.8555E-31
8. COE+01 9.8730c -01
1. (0E+02 9.P896E-01
1.50E+02 9.92014E-11
2.00E+02 9.9361E-01
3. C0E+02 4.9489E-31

COE+02 9.948CE-01
6.00E+02 2.0,221E-01
8.00E+02 9.8869E-01
1. (0E+03 9.8598E-01
1.50E+03 9.8124E-01
2. C0E+03 9.7778E-11
3. COE +03 9.7422E-11
4.10E+03 9.7494E-01
6. r0E+03 9.P720t-:.-01
6.10E+03 9.883GE-01
1. COE+04 9.905
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Table 28c. Ratio of la lower bound smooth grand averaged
experiment.

t. (sec) Ratio

1.00E+00 1.0142E+00
1.50E+00 1.01347+00
2.00E+03 1.0027E+00
3.00E+00 9.9972E-01
4.00E+00 9.8277-31
6.00E+01 9.7541E-01
8.t0E+01 .7231E-01
1.90E+01 9.7490E-01
1.50E+01 9.7530E-31
2.r0E+01 9.7463E-11
3.00E+01 9.7481E-01
4.t0E+01 9.7536E-01
6.00E+01 9.7623E-01
8.00E+01 9.8043E-01
1.03E+02 9.8214F-01
1.50E+02 9.8567E-01
2. (OE +02 9.875e=-ol
3.t0E+02 9.8879E-01
4.t0E+02 9.8867,7:-01
6.00E+02 9.8596E-01
8.0E+02 9.8236E-01
1.00E+03 9.7959E-01
1.50E+03 9.7470E-31
2.00E+03 9.7113E-01
3.E0E+01 9.6726E-91
4.EGE+03 2.6776-E-31
6. C0E +03 9.7466E--01
3. t0E +03 9.8039E-11
1.00E+04 9.P103E'01
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Figure 31. Ratio of smooth grand averaged infinite
irradiation experiment to summation code re-
sults.
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Table 29. Smooth grand averaged infinite irradiation
experiment.

t (sec)

H1 (t,c0)

(MeV/fiss)

a
sys

(MeV/fiss)

1. OE+00 1.2040E+01 2.6567E-01
1.50E+00 1 .1730E+01 2.5769E -01
2. i10E+00 1.1370E+01 2.5071 E- 01
3. COE.+00 1.0,320E+01 2.0967E-01
4.0(1E+00 1.0420E+11 1 . ,1043 E-01
6. COE+00 4.8-'40E+00 1. 6341 E-91
8. COE+00 -1.4940E+00 i. 5303 E- 31
1. COE+01 9 .H80E+0C 1.1000E-31
1.50E+01 8. 64 i0E+00 1.3978E -J2
2. C0E+01 3.2500E+00 -.7656 E-52
3. 00E+01 7 .6889a+00 6.'587L E- 12
4. CDE+01 7.2960E +10' 5.3905E-02
6. 00th.+01 0.7520. +00 4843 E-32
8. COE+01 6.3760E +00 4 .4420E-02
1. COE +02 6.0130E+00 4.2025 E-02
1.50E+02. 3.E070E +J3 3.3994E-02
2. r0E+G2 5.2800E +33 3.2074E-02
3.0(1E+02 4.8671:#.00 2.9643E-32
y.CUE +02 4.538 0E+00 2.3247E -02
6. COE+02 j. 2050E +03 2.6526 F-02
8.00E+02 3.9350E+00 2.3236E-32
1. tOE+03 3.7260E +30 2.4126E-32
1.50E+03 3.3480E+J2 2. 2278E-32
2.00E+03 3 .0510E+0J 2. 01 4 F-02
3.00E +03 2.7210E+00 1. 1496E-02
4.00E+03 20.900E+03 1.3273E-32
6.00E+03 2.2070E+13 1.6974E-32
3.00E+03 2.0270E +00 1.6223E-02
1. COE+04 1.8920E +00 1.3232 E- 52



formalism is as follows:

= I H
0
(tt)dti

dH
1
(t

'
m)

dt H
0
(t)

108

(V-11)

(V-12)

From the parametric fitted H1(t,00) function, equation (V-

10), the differential decay heat function was:

dH (t,w)
H
0
(t) = dt

N=12
A e

i=1

N=12
H (t) = X.A. e

i=1

(V-13)

(V-14)

The re-differentiated fission pulse data set is dis-

played on Table 30. The uncertainties associated with the

re-differentiated results were derived based on the follow-

ing argument. Prior to the re-differentiation, each data

point had its associated uncertainty. See Table 29.

Further variations were introduced into the re-differen-

tiated value by the numerical differentiation process,

which in turn is based upon the adjacent data points.

Therefore, the uncertainty associated with the re-differen-

tiated value is the uncertainty of the input data multi-

plied by a factor of two which will adequately take into

account the variation due to the differentiation process

[32]. These results are displayed on Figure 32 and Table
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Table 30. Re-differentiated pulse experiment.

t (sec)

H
o

(t)

(MeV/fiss/sec)

a

(MeV/fiss/sec)

1.50E,+00 7 7152E-01 1.6949E-02
2.00E+01 6.5247E-31 1.4367E-12
3.50E +00 4.6202E-91 6.953U E-0 i
4.00E+03 3.4465E-01 6.2656E-13
6. cut-:+au 2.2132E-01 3.6710E-03
8.00E+00 1.6495E-01 2.656E-031.00E+01 1.3343E-01 1.:.)-953E-0i
1.50E+01 9.1625L-02 8.1166E-0*
2.10E+01 6.9,474E12 6.5395E-143.00E+01 4.5797E-12 3.3241E-1*
4.00E+01 3.3863E-02 2.7356E-04
6.00E+01 2.2065E-12 1.6303E-04a.00E+01 1.6090E-02 1.1210E-34
1.10E+02 1.2446E-32 3.5343E-05
1.50E+07 7 .E7743-a3 4.92E6E-05
2.00E+02 54160E-17 3.2602E-05
3.00E+u2 3.3026E-03 2.0251E-35
4.50E+02 2.3801E-03 1.465*E-056.00E+62 1.5656E-03 9.723E-16
8.00E+02 1.1726E-93 7.5201E-06
1.00E+63 9.3557E-14 6.J579E-051.50E+03 6.2051E-14 *.1269E-062.00E+03 *.5356E-3,4 3.12337-35
3.00E+03 2.3200E-04 2,3205E-064.(0E+03 1..P979E-14 1.1926E-06
6.0.0E1-03 1.0757E-04 .27327 -37
3.00E+03 7.E192E-05 6.1J980,=-07
1.00E+0* 0.1076E-3E .).38557*-97



Figure 32. Ratio of re-differentiated pulse experiment to
summation code results.
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Table 31. Ratio of re-differentiated pulse experiment.

t (sec) Ratio aRatio

1.50E+09 1.49037+30 3.2739E-02
2.007+00 1.5020E+00 3.3119E-02
3.00E+00 1.3941E4-09 2.7016E-0?
4.00E+00 1.2822E+0C 2.3309E-02
6.00E+00 1.1283F+JJ 1.8673E-32
8.00E+00 1.0574E+00 1.7043E-02
1.30E+01 1.0297E+00 1.2310E-02
1.50E+01 1.0133E+0C 9.3106E-03
2.00E+01 1.0102E+00 9.4147E-03
3.00E+01 9.8106E-01 3.4063E-03
4.COF:401 9.6392E-01 7.8226E-03
6.00E+01 9.5855E-01 7.07E0E-03
8.00E+01 9.5376E-11 6.5445E-33
1.00E+02 9.5226E-31 5.5680E-03
1.50E+02 9.6019E-11 6.1639E-03
2.00E+02 9.7195E-01 5.3975E-03
3.03E+02 9.8851E-J1 6.1617E-07
4.0E+02 1.00687+90 6.1986E-33
6.00E+02 1.0335E+03 6.5510E-03
3.00E+02 1.04607+10 6.7034E-03
1.00E+03 1.0396E+00 6.7317F-03
1.50E+03 1.0228E+10 6.3056E-03
2. 0E +03 1.01527+00 6.91457-03
3.00E+03 9.8643E-11 7.0821F-d3
4.007f03 9.4800E-31 6.9570E-33
6.(07+03 9.0471E-01 6.9561E-03
3.00E+03 9.3270E-31 7.4648E-07
1.00E+04 1.0049E+00 9.6333E-03

111
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31. These results display the same basic shape as the

averaged pulse experiment (see Figure 8). Both are high

compared with summation results at short decay times; then

they are low (a valley) at about 100 seconds, peak at about

1000 seconds. They dip again and finally come up at the

end of the decay times of our interest. However, the re-

differentiated results are closer to summation results

from about 10 seconds on. The majority of the re-dif-

ferentiated data points do not deviate by more than 5% from

the calculated values. The averaged pulse data (Figure 8

again) is never greater than the calculated values in this

time range, whereas the re-differentiated curve smoothly

fluctuates about the calculated values.

Another analysis was performed by Schenter and

Schmittroth [33]. Their final results are displayed on

Table 32 and Figure 33. A logarithmic interpolation (fit-

ting) scheme similar to equations (V-5) through (V-8), was

used to determine the Hi(t,10 5
) decay heat function at

the same decay times t as in this analysis. This stan-

dardized data set was then extended (extrapolated) to an

infinite irradiation experiment by the same procedure used

to extend the IRT and LASL data (equations (V-1) through

(V-3)]. These results are displayed on Table 33. Now that

the smooth grand averaged experiment and the Schenter and

Schmittrothresultsareonacomonbasis,thelli(t c° )

decay-heat function, a comparison of these two analyses can
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Table 32.. Schenter and Schmittroth. H1(t, 100000).

t
(sec)

H1 (t, 10
5

)

(MeV /fiss)

a

(MeV/fiss)

1.00E+01 1.1304E+1 1.2774E-01
2.00E+00 1.0673E+rA 8.0048E-02
3.00E+00 1.0196E+11 7.5450E-02
5.00E+00 9.5070E4E0 E.9401E-02
7.00E+00 9,0180E+60 6.4028E-02
1.00E+01 8.4860E+06 E.3251E-02
2.10E+01 7.4560E+1G 5.2192E-12
3.10E+01 6.8710E+10 4.7410E-02
4.00E+01 6.4620E+11 4.4588E-12
5.10E+01 6.1470E+c0 4.1800E-02
6.00E+01 5.8970E+10 4.0072E-02
7.10E+02 5.6810E+00 3.8631E-02
8.00E+01 5,5000E+00 3.7400E-02
1.00E+02 5.2070E+10 3.5408E-02
2.00E+02 4.7810E+00 2.9353E-02
3.00E+02 3.9600E4E6 2.6532E-02
4.10E+02 3.6810E+19 2.5031E-12
5.00E+02 3.4700E+10 2.3596E-02
7.00E+02 3.1510E+11. 2.1427E-02
2.00E+07 2.8090E+171 1.9101E-12
1.50E +03 2.4210E+00 1.6463E-02
2.00E+03 2,1520E+00 1.4634E-02
3.10E+03 1.7910E+11 1.2158E-C2
5.10E+03 1.3830E+10 9.5427c-03
7.00E+03 1.1490E+11 7.9281E-13
1.00E+04 9.3001E-11 E.5110E-03
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Figure 33. Schenter and Schmittroth fitted H1(t,10 ) decay
heat experiment.
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Table 33. Schenter and Schmittroth fitted H (t, .

t H1(t,co) a

(sec) (MeV/fiss) (MeV/fiss)

1.00E+00 1.2253E+01 1.3344E-01

1.50E+00 1.1888E+01 9.7937E-02
2.00E+00 1.1636E+01 8.6347E-02

3.00E+00 1.1162E+01 8.0704E-02
4.00E+00 1.0768E+01 7.7753E-02

6.00E+00 1.0205E+01 7.2653E-02
8.00E+00 9.7812E+00 6.8690E-02
1.00E+01 9.4532E+00 6.5508E-02

1.50E+01 8.8352E+00 6.1132E-02

2.00E+01 8.4242E+00 5.7531E-02

3.00E+01 7.8391E+00 5.2850E-02

4.00E+01 7.4281E+00 4.9492E-02

6.00E+01 6.8601E+00 4.5772E-02
8.00E+01 6.4670E+00 4.2734E-02
1.00E+02 6.1730E+00 4.0886E-02

1.50E+02 5.6728E+00 3.7794E-02

2.00E+02 5.3467E+00 3.5817E-02
3.00E+02 4.9254E+00 3.3323E-02
4.00E+02 4.6462E+00 3.1714E-02
6.00E+02 4.2577E+00 2.9543E-02
8.00E+02 3.9821E+00 2.8063E-02
1.00E+03 3.7726E+00 2.6975E-02
1.50E+03 3.3854E+00 2.5233E-02
2.00E+03 3.1141E+00 2.4025E-02
3.00E+03 2.7496E+00 2.2634E-02
4.00E+03 2.5061E+00 2.1716E-02
6.00E+03 2.2043E+00 2.0573E-02
8.00E+03 2.0106E+00 2.0032E-02
1.00E+04 1.8730E+00 1.9657E-02
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be performed. The ratio of Schenter and Schmittroth's re-

sults to summation calculations is presented on Figure 34

and Table 34. The Schenter and Schmittroth results also

display a smooth curve over all decay times of interest.

A more convenient method of comparing the two independent

analysis is a plot of the ratio of the smooth grand

averaged experiment to Schenter and Schmittroth results.

This plot is displayed on Figure 35 (and Table 35). Over-

all, the two analyses compare very well. The grand

averaged results deviate at most by a little over 1% high

and no more than 3.5% low from the Schenter and Schmitt-

roth's final results. On the whole, it appears that the

grand averaged results are lower than the Schenter and

Schmittroth results. However, the grand averaged results

are closer to the summation calculation than the Schenter

and Schmittroth results (see Figures 31 and 34).

Discontinuities are observed at three and ten second

decay times. See Figure 35. These non-smooth characteris-

tics are due to the beginning of inclusion of the ORNL and

LASL data, respectively, in the grand averaged results.

We gave greater weight to the ORNL data (i.e., the

integrated averaged pulse experiment) than Schenter and

Schmittroth in the analysis, resulting in the dip in the

curve (Figure 35) starting at 3 seconds, the beginning of

ORNL decay-heat data. Specifically, the ORNL weighting

gives lower values in the 3 to 15 second range. Beyond
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Ratio of Schenter and Schmittroth s 111(t,00) to
summation calculations-

t (sec) Ratio

1.00E+00 1.0554E+00
1.50E+09 1.0502E+ 0,0
2. CU=400 1.0492E+00
3. 00E +00 1 C4?2E+33
4. COE+00 1.0344E+00
6.03E+00 1.0251+00
8.00E4-00 1.01327+11
1. COE+01 1.0141E+00
1.50E+01 1.0062E+09
2. C0E+01 1.0347E+10
3.00E+01 1.0024E+11
L.. 00E+01 1.0016E+11
6.03E+01 1.0013E+00
3.00E+01 1.0014E+10
1. C0E+02 1.0019E+30
1.0E+02 1.0077E+00
2. 00c +02 1.0.050E+30
-3. COE+02 1.0063E+00
4.0'0c-1402 1.0074E4-.10
8. C0 E +62 1.0046E+00
3. (0E+02 1.0015E+10
1. (0E+03. 9.9831E-01
1.50E+03 .9220E-11
2. CJJE +03 9.8329E-01
3.00E+03 9.8446E-01
4.10E+03 9.8125E-01
6. t0E+03 9.8100=-11
8.10E+03 9.8030E-01
1.00E+04 9.8063-11
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Figure 34. Ratio of Schenter and Schmittroth fitted H1(t,00)
decay heat experiment to summation code results.
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Table 35. Ratio of smooth grand averaged experiment to
Schenter and Schmittroth H

1
(t,c0).

t(sec) Ratio

1. CGE+00 9.8262E-01
1.50E+00 9.8671E-01
2. 00E+00 9.7714E-01
3.00E +00 9.6936E-01
4. COE+00 9.6768E-91
6. COE+00 9.6756E-01
8. COE+00 9.7064E.-01
1. 00E+01 9.7300E-01
1.50E+01 9.7881E-01
2. COE+01 9.7932E-01
3. COE+01 9.8065E-01
4. C0E+01 3.8222E-11
6. 00E+01 9.8L.24E-01
8.00E+01 9.8593E-31
1.00E +02 9.8704E.-01
1.50E+02 9.3840E-01
2.013E+02 4.8365f-:-11
3. 00F+02 9.5814E-31
4. COE+02 9.8747E-01
6. COE+02 9.8762E-01
8. COE+02 9.8817E-J1
1. COE+03 9.8765E-01
1.50E+03 9.8395E-31
2. 30E+03 9.8937E-01
3. 00E+03 9.8960E-01

00F+33 9.975 9E-11
6. 00E+03 i.ea127i. go
3.00E+03 1.0032E+00
1. 1.0E+04 1.0101E+00



Figure 35. Ratio of smooth grand averaged experiment to
Schenter and Schmittroth fitted experiment.
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15 seconds, the IRT and LASL data become more dominant.

However, at short decay time, Schenter and Schmittroth gave

more weights to the IRT values than we did, resulting in

larger final values for their analysis. The valley in the

3 to 10 second range is the result of greater ORNL weight-

ing relative to IRT weighting. At long decay times,

greater than 4 x 10 3
seconds, we gave greater weight to the

IRT values, thereby yielding larger values for the grand

average as compared with Schenter and Schmittroth results.

By and large, the two methods of weighting, except for

small local variations, agreed to about 2%. The uncertain-

ties of each are also about of this magnitude. Therefore,

the small deviations between the two independent decay-heat

analysis tend to give more confidence to both final results.
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VI. DISCUSSION AND CONCLUSIONS

Recent experiments have attempted to obtain reliable

measurements of the decay heat at short decay times. The

ORNL and IRT experiments were able to obtain data within a

couple of seconds after the end of irradiation, while the

LASL thermal calorimeter was somewhat slower, obtaining

measurements ten seconds after the end of irradiation.

Weighting and averaging (merging) techniques were per-

formed on these recent decay heat axperiments, and the more

accurate older decay heat experiments. The summation code

provided decay heat parameters needed to standardize experi-

mental results. Smoothing was done on the experimental data

utilizing the fact that, physically, we expect a very high

degree of correlation between decay heat measurements made

at adjacent decay times. The final results of this analy-

sis is the smoothed, parametrically fitted, grand averaged

infinite irradiation experiment (Table 29). This final

data set was compared with summation results (see Figure

31), and the summation results did not deviate by more

than four percent low and three percent high. The re-

differentiated pulse experiment was derived from the grand

averaged data. These results were also compared to summa-

tion calculations (see Figure 32 and Table 31). The re-

sults compared well beyond ten seconds. However, there
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are very large disagreements between calculated values and

the re-differentiated results at short (less than ten

seconds) decay times. This disagreement is also noted in

the averaged pulse experiment (see Figure 8). In both

pulse and integral experiments, discrepancies arise between

calculated and experimental results at short decay times.

In all experiments, the results are higher than the calcu-

lated values, with the differential (pulse) results showing

greater discrepancies than the integral results. The con-

clusion is that, if a uniformly "good" calculation is re-

quired, we need better data on short half-life, higher

yield fission products. The experimental results are

grounds for suspicion that the data on half-lives, energies,

etc., in ENDF/B-IV [14] are incorrect.

A comparison was made with the results of an indepen-

dent analysis performed by Schenter and Schmittroth [33].

Table 35 and Figure 35 display the ratios of our grand

averaged results to their extrapolated, infinite irradiation

results. The two data sets compared very well, with the

grand averaged results being lower over most of the decay

times. Table 36 displays the relative uncertainties of the

grand averaged experiment and the Schenter-Schmittroth

extrapolated results. The last column is the relative dif-

ference between the two decay heat functions using the

Schenter-Schmittroth values as the basis. The relative un-

certainties of the grand averaged results are larger than
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Table 36. Grand averaged, Schenter Schmittroth relative
uncertainties and relative differences of grand
averaged experiment and Schenter Schmittroth
experiment.

t
(sec)

a
GA
(%)

a
SS
(%)

!H1 -H11 1 1 1

HSS
(%)

1.00E+00 2.207E+00 1.089E+00 1.738E+00
1.50E+00 2.197E+00 8.238E-01 1.324E+00
2.00E+00 2.205E+00 7.421E-01 2.286E+00
3.00E+00 1.938E+00 7.230E-01 3.064E+00
4.00E+00 1.818E+00 7.221E-01 3.232E+00
6.00E+00 1.655E+00 7.119E-01 3.244E+00
8.00E+00 1.612E+00 7.023E-01 2.736E+00
1.00E+01 1.176E+00 6.930E-01 2.700E+00
1.50E+01 7.711E-01 6.919E-01 2.114E+00
2.00E+01 7.413E-01 6.829E-01 2.068E+00
3.00E+01 8.568E-01 6.743E-01 1.915E+00
4.00E+01 8.074E-01 6.663E-01 1.778E+00
6.00E+01 7.382E-01 6.672E-01 1.576E+00
8.00E+01 6.967E-01 6.608E-01 1.407E+00
1.00E+02 6.897E-01 6.623E-01 1.296E+00
1.50E+02 6.420E-01 6.662E-01 1,160E+00
2.00E+02 6.068E-01 6.699E-01 1.135E+00
3.00E+02 6,132E-01 6.766E-01 1.186E+00
4.00E+02 6.157E-01 6.826E-01 1.253E+00
6.00E+02 6.308E-01 6.939E-01 1.238E+00
8.00E+02 6.413E-01 7.047E-01 1.183E+00
1.00E+03 6.475E-01 7.150E-01 1,235E+00
1.50E+03 6.654E-01 7.454E-01 1.105E+00
2.00E+03 6.811E-01 7.715E-01 1.063E+00
3.00E+03 7.165E-01 8.232E-01 1.040E+00
4.00E+03 7.339E-01 8.665E-01 6.424E-01
6.00E+03 7.691E-01 9.333E-01 1.225E-01
8.00E+03 8.004E-01 9.963E-01 8.157E-01
1.00E+04 9.636E-01 1.047E+00 1.014E+00
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the Schenter-Schmittroth results for short and intermediate

decay times up to 100 seconds. Beyond 100 seconds, the

Schenter-Schmittroth uncertainties are larger. In this

intermediate decay time range, the two data sets are very

close to each other as can be seen in Table 36 and Figure

35. The two independent results differ by about 1 to 3

percent (see Table 36). However, the uncertainties in this

time range are about half (0.7%) of the deviations between

the results. This suggests that the uncertainties of the

Schenter-Schmittroth results may be too small as indicated

by the differences between the two independent analysis

being larger than the uncertainties. In fact, over the

entire decay time range of our interest, 1 to 10000 seconds,

with the first two observations and the last four being the

exception, the uncertainties are smaller (usually about a

factor of two) than the relative difference. Figure 34 dis-

plays the Schenter-Schmittroth results deviating from cal-

culated values by about 1% to 3% over most of the decay

times of interest. Therefore, we propose that the uncer-

tainties for the Schenter-Schmittroth results, which are

being considered as the new ANS decay heat standard, should

be increased to cover the discrepancy between the two in-

dependent results, For this reason, the uncertainties

should be the largest value of the last three columns in

Table 36 for the respective decay time. In other words,

for the first two decay times, the uncertainties should
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be the relative uncertainties of the grand averaged experi-

ment, for decay time range of 2 to 3000 seconds, the uncer-

tainties should be the relative difference between the two

independent analysis, and for the last four observations,

the uncertainties should be the original Schenter-Schmitt-

roth relative uncertainty. Table 37 and Figure 36 displays

the proposed uncertainties for the Schenter-Schmittroth re-

sults. Except for small local variations, the uncertainties

fall along a relatively smooth curve (see Figure 36).

Smoothing of the uncertainties was performed to minimize

the local variation. The smoothed, uncertainties are pre-

sented in Table 38 along with the Schenter-Schmittroth

final results.

The analysis of decay heat experiments and the compari-

son between the two independent analysis was performed to

yield experimental verification of the summation codes which

in turn, dictates the confidence one has in the calculated

values. If deviations of twenty to thirty percent were

acceptable, then the older decay heat experiments would

have satisfied the criteria of verification. However, if

deviations of a percent or less are required, then even the

current experiments will not be good enough to meet the

criteria, and further experimental verification are needed.

This report has shown deviations from the calculated values

for the final grand averaged, infinite irradiation experi-

ment of less than four percent high at short decay times,
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Table 37. Proposed relative uncertainties for Schenter
Schmittroth results,

t (sec) Cr. (%)

1.00E+00 2.207E+00
1.50E+00 2.197E+00
2.00E+00 2.286E+00
3.00E+00 3.064E+00
4.00E+00 3.232E+00
6.00E+00 3.244E+00
8.00E+00 2.936E+00
1.00E+0I 2.700E+00
1.50E+01 2.119E+00
2.00E+01 2.068E+00
3.00E+01 1.915E+00
4.00E+01 1.778E+00

6.00E+01 1.576E+00

8.00E+01 1.407E+00

1.00E+02 1.296E+00
1.50E+02 1.160E+00
2.00E+02 1.135E+00
3.00E+02 1.186E+00
4.00E+02 1.253E+00
6.00E+02 1.238E+00
8.00E+02 1.183E+00
1.00E+03 1.235E+00
1.50E+03 1.105E+00
2.00E+03 1.063E+00
3.00E+03 1.040E+00
4.00E+03 8.665E-01
6.00E+03 9.333E-01
8.00E+03 9.963E-01
1.00E+04 1.049E+00



Figure 36. Adjusted relative uncertainty for Schenter-
Schmittroth results.
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Table 38. Schenter Schmittroth proposed ANS standard modi-
fied uncertainties.

H
1

(t,00) a

t (sec) (MeV/fiss) (MeV/fiss)

1.00E+00 1.2253E+01 2.7042E-01
1.50E+00 1.1888E+01 2.6118E-01
2.00E+00 1.1636E+01 2.6600E-01
3.00E+00 1.1162E+01 3.4200E-01

4.00E+00 1.0768E+01 3.4802E-01
6.00E+00 1.0205E+01 3.3105E-01

8.00E+00 9.7812E+00 2.8718E-01

1.00E+01 9.4532E+00 2.5524E-01

1.50E+01 8.8352E+00 2.0763E-01

2.00E+01 8.4242E+00 1.8196E-01

3.00E+01 7.8381E+00 1.5010E-01

4.00E+01 7.4281E+00 1.3207E-01

6.00E+01 6.8601E+00 1.0812E-01

8.00E+01 6.4670E+00 9.0991E-02

1.00E+02 6.1730E+00 8.0002E-02
1.50E+02 5.6728E+00 6.5804E-02
2.00E+02 5.3467E+00 6.0685E-02
3.00E+02 4.9254E+00 5.8415E-02
4.00E+02 4.6462E+00 5.8217E-02
6.00E+02 4.2577E+00 5.2710E-02
8.00E+02 3.9821E+00 4.9219E-02
1.00E+03 3.7726E+00 4.6592E-02

1.50E+03 3.3854E+00 3.7409E-02
2.00E+03 3.1141E+00 3.3103E-02
3.00E+03 2.7496E+00 2.8596E-02
4.00E+03 2.5061E+00 2.3808E-02

6.00E+03 2.2043E+00 2.0573E-02

8.00E+03 2.0106E+00 2.0032E-02

1.00E+04 1.8730E+00 1.9648E-02
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to less than three percent low at longer decay times. Com-

parison with the Schenter-Schmittroth analysis yielded good

agreement with our final results, increasing the confidence

in both analyses. However, possible errors exist in the

nuclear data files and in summation calculations at short

decay times as indicated by larger experimental values

(both pulse and integral experiments) relative to calculated

in this time range. Problems may exist in the experimental

data in the short decay time range as indicated by the large

uncertainties (relative to the uncertainties of intermediate

and long decay times data) of the measurements. The final

conclusion is that the proposed ANS standard, the Schenter-

Schmittroth final results, are in good agreement with our

independent analysis. However, the uncertainty bands of

the Schenter-Schmittroth analysis is too optimistic. The

relative difference between the two independent analyses

(for intermediate times), was found to be larger than the

uncertainty reported by Schenter and Schmittroth. By

utilizing the largest value of our grand averaged experi-

ments uncertainty, Schenter-Schmittroth's original uncer-

tainty or the relative difference between the decay heat

function of the two analyses, the final uncertainty is

adjusted (increased) in a systematic manner to compensate

for the differences in the two analyses.

This raises the question of "How much deviation can

one tolerate?" The answer to this question involves the
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economics of building residual heat removal systems and the

social and political requirements placed upon the nuclear

industry, and cannot be answered by purely technical res-

ponses. However, the deviation between summation calcula

tions and experimental measurements are small enough to

serve as an adequate justification for the use of the sum-

mation method, with corrections, to generate predictions of

decay heat following extensive irradiation. Except for

very short decay times, these corrections should be small

enough not to distort any of the sensitivities of the basic

data to operating conditions.



132

BIBLIOGRAPHY

1. American Nuclear Society, "Proposed ANS Standard Decay
Energy Release Rates Following Shutdown of Uranium-
Fueled Thermal Reactors," Proposed ANS Standard,
Subcommittee ANS-5, October 1971, Revised, Octo-
ber 1973.

2. A. M. Perry, F. C. Maienschein, and D. R. Vondy, "Fis-
sion Product Afterhead - A Review of Experiments
Pertinent to the Thermal-Neutron Fission of 235U."
ORNL-TM-4197, October 1973.

3. M. Lott, G. Lhiaubet, F. DuFreche, C. Devillers and
R. deTourriel, "Calorimetric Measurement of the
Energy Released by U-235 Fission Products for
Cooling Times Between 70 sec and 7 x 106 sec,"
AEC-TR-7472. Translation of Paper No. 28/73 Spe,
Comissariat al Energie Atomique, Fontenay-aux-
Roses, France 1973.

4. P. Wei, "A Review of Experiments Pertinent to the
After Heat Measurement of the Thermal Neutron
Fission of U-235," thesis presented at Oregon
State University, Corvallis, Oregon, March 25,
1975.

5. M. A. Bjerke, "A Comparison of Theoretical Decay Heat
Calculations and Experimental Data," thesis pre-
sented at Oregon State University, Corvallis,
Oregon, August 2, 1976.

6. J. K. Dickens, J. F. Energy, T. A. Love, J. W.
McCornell, K. J. Northcutt, R. W. Peele, and H.
Weaver, "Fission Product Energy Release for
Times Following Thermal-Neutron Fission of
235U Between 2 and 14000 Sec." ORNL/NUREG-14,
Dist. Category NRC-3, April 22, 1977.

7. S. J. Friesenhahn, N. A. Lurie, V. C. Rojers, N.
Vajelatos. "235U Fission Product Decay Heat
From 1 to 105 Seconds," EPRI NP-180, Project
392-1, February, 1976.

8. J. L. Yarnell and P. J. Bendt, "Decay Heat from Products
of 235U Thermal Fission by Fast-Response Boil-Off
Calorimetry." LA-NUREG-6713, February 1, 1977.



133

9. T. R. England, "CINDER--A One-Point Depletion and Fis-
sion Product Program," WAPD-TM-334(REV), 1964.

10. R. H. Clarke, "FISP, A Comprehensive Computer Program
for Generating Fission Product Inventories,"
Hlth. Phys. 23:565, 1972.

11. R. 0. Gumpucht, "Computer Code RIBD," DUN-SA-94, Doug-
las United Nuclear, 1969.

12. M. J. Bell, "ORIGEN-The ORNL Isotope Generation and
Depletion Code," ORNL-4628, ORNL, 1973.

13. T. J. Trapp, S. M. Baker, A. Prichard, B. I. Spinrad,
"ROPEY, A Computer Code to Evaluate Reactor Fis
sion Product Shutdown Decay Heat and Uncertain-
ties," report OSU-NE-7701, Oregon State Univer-
sity, N.E. Dept., August 1977.

14. T. R. England and R. E. Schenter, "ENDF/B-IV Fission
Product Files: Summary of Major Nuclide Data,"
LA-6116-MS, LASL 1975.

15. B. I. Spinrad, "The Sensitivity of Decay Power to
Uncertainties in Fission Product Yields," Nuclear
Science and Engineering 62:35-49, 1977.

16. M. R. Shay, "Summation Evaluation of Reactor After-
Heat Including the Effects of Neutron Capture
in Fission Products," Master Thesis, Oregon
State University, August 1976.

17. K. Shure, "Fission Product Decay Energy," Bettis
Technical Review, WARD-B7-24, December 1961.

18. "Evaluation of Fission Product After-Heat," Annual
Report NUREG-0018-4 NRC-3, July 1, 1975, Septem-
ber 30, 1976.

19. J. E. Kutcher and M. E. Wyman, "An Experimental Study
of the Time Dependence of the Beta Energy
Spectrum from U-235 Fission Fragments," Nucl.
Sci. Eng., 26:435, 1966.

20. A. McNair, F. J. Bannister, R. C. G. Keith, and H. W.
Wilson, "A Measurement of the Energy Released as
Kinetic Energy of Beta Particles Emitted in the
Radioactive Decay of the Fission Products of U-
235," J. Nucl. Energy, 23, 73 (1969).



134

21. T. D. MacMahon, R. Wellum, and H. W. Wilson, "Energy
Released by Beta Radiation Fallowing Fission,
Part I -- U-235 Data," J. Nucl. Energy, 24:493,
1970.

22. H. M. Colbert, "SANDYL: A Computer Program for Calcu-
lating Combined Photon-Electron Transport in Com-
plex Systems," Sandia Report SLL-74-0012, 1974.

23. R. L. Bunney and D. Sum, "Gamma-Ray Spectra of the Pro-
ducts of Thermal-Neutron Fission of U-235 at
Selected Times After Fission," Nucl. Sci. Eng.
39:81, 1970.

24. M. A. Bjerke, J. S. Holm, M. R. Shay and B. I. Spinrad,
"A Review of Short-Term Fission Product Decay
Power," April 15, 1977, preprint of submission
to Nuclear Safety.

25. S. J. Friesenhahh, private communication, January 5,
1977.

26. S. J. Friesenhahn, private communication, June 9,
1977.

27. Jacob Kleenberg and Helen L. Smith, ed., "Collected
Radiochemical Procedures," Los Alamos Scient.
Lab., Report LA-1721, Fourth Edition, April
1976.

28. R. Gunnink and J. B. Niday, UCRL-51061 (TID-4500, UC-
4), Vol. 1, Lawrence Livermore Laboratory (March
1, 1972). The CNC-11 version of GAMANAL has been
extensively modified by Bruce Erdal for use at
the LASL CCF. The Gamma-ray library that they
used was compiled by P. Grant, G. Butler, and B.
Erdal, mainly from literature sources such as
Nuclear Data Sheets.

29, E. D. Coshwell, J. R. Nurgaard, C. J, Everett, R. G.
Schrandt, W. M.- Taylor and G, R. Turner, "Monte
Carlo Photon CodeS, MCG and MCP," Los Alamos
Scient, Lab. Report LA-5157-MS, 1973.

30, T. J. Trapp, LSQ code, private communication.

31. T. R. England, M. G. Stamatelos, R. E. Schenter,
F. Schmittroth, "Fission-Product Source Terms
for Reactor Applications," LA-NUREG-6917-MS
Informal Report, NRC-1 and UC-34a. August 1977.



135

32. B. I. Spinrad and B. M. K. Wong, "Concordance of Ex-
perimental Results on After-Heat from Thermal
Fission of 235U," OSU-NE-7803, May, 1978.

33. R. E. Schenter and F. Schmittroth, "Application of
Least-Squares Method to Decay Heat Evaluation,"
Hanford Engineering Development Laboratory.
TC-716, February 1977.


