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EFPRI PERSPECTIVE

In 1971, the American Nuclear Scciety Standards Subcommittee 5 (ANS-5) proposed the
adoption of a standard entitled "Decay Energy Release Rates Following Shutdown for
Uranium-Fueled Thermal Reactors." This proposed standard has subsequently been
referenced in Appendix K of 10CFR50. By virtue of Nuclear Regulatory Commission
(NRC) requirements, it 1s now specified as part of the emergency core cooling

system {ECCS) evaluation models, with the heat generation rate from the radioactive
decay of fission isotcpes assumed to be eqgual to 1.2 times the values appearing in
the standard. The factor 1.2 appears to be based on the uncertainty guoted in the
standard for short cooling times. Subsequent experimental and computational work
has somewhat lowered the magnitude of the decay heat wvalues at short times after
reactor shutdown and has significantly reduced its uncertainty. As a result, another
decay heat standard has been develcped and approved by ANS-5 and is in the process
of being issued. Presumably, this new standard will be incorporated by the NRC into

its regulations.

This projeet is one of several EPRI projects (see also EPRI reports NP-180, NP-161,
and NP-997} that provided supporting experimental work for use in the development of
the new ANS-5 Standard. The report presents total decay heat data for various length
irradiations of 239Pu and 235U. Particular emphasis was given to the 239Pu results
because a large fraction of the fissions in high exposure fuel is due to 23 Pu. In
order to remove some remaining experimental discrepancies and to provide data for
checking the so-called "summation" calculations used to predict decay power under

specific reactor operating conditions, spectral (i.e., energy) measurements were also

obtained. These results will be reported in EPRI report NP-299.

This report should be of interest to individuals in utilities concerned with the
licensing of nuclear units. It is also of interest to utility personnel evalu-
ating LOCA-type accident scenarios and to researchers investigating decay heat in

nuclear reactors.

Walter Eich, Prcject Manager
Safety and Analysis Department
Nuclear Power Division
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ABSTRACT

The absorbable components of the fission product decay power from thermal neutron

fission of 239Pu and 235U have been measured in the 1 to 105 second cooling time

239Pu were 1000 seconds and 24 hours; for 235U

interval. Irradiation times for
they were 1000 seconds, 20,000 seconds, 24 hours and 35 days. The measurements
were made using a "nuclear calorimeter" which is based on a large (4000 %} liguid
scintillation detector capable of detecting a large fraction of the fission product

decay energy. Separate beta and gamma-ray contributions to the total decay power

were determined.
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SUMMARY

The operation of a power reactor causes the formation of a large variety of
radioactive nuclei in the core as the result of the nuclear fission process. These
fission products accumulate to the point where several percent of the reactor heat
generation results from the decay of these products., When the reactor is shut down

for any reason, this heat must be removed in order to prevent damage to the core.

In the event of a primary cooling system failure, the capabilities required of the
backup cocling systems, as well as the analvsis of the events following a sub-
seqguent backup cooling system failure, depend upon an accurate knowledge of this
heat source. Before the start of the present set of measurements the uncertainty

in the decay heat for design purposes was as large as 40 percent.

The present measurements are designed to provide test cases for calcoulations of
decay heat by computer codes. These codes can then be used to calculate the decay

heat for any given reactor operating history.

The initial fuel loading of a reactor usually contains the fissionable isotope 235U

238U. As the reactor is operated a significant

guantity of the fissionable isotope 239Pu is formed by neutron absorption in 238U.

along with the more abundant

For this reason the present work comprises measurements of the decay heat released
by 235U and by 239Pu. The measurements involve the irradiation of a sample in a
constant neutron £lux for time periods varying from 1000 seconds to 35 days. At
the end of irradiation the sample is transferred to a very large scintillator in
less than one second. The scintillator detects the beta and gamma radiation which
constitutes wvirtually all of the decavy heat from the fission products in the
sample. The scintillator output is recorded by a computer over a period of one

day.

The scintillator is calibrated with a radioactive source of known strength, and the
fission rate that existed in the sample is determined by an auxiliary experiment.
This allows the scintillator output to be converted to energy emission rate per

Eission per second.




The techniques used in these measurements are unique in decay heat measurements,

The time span of the measurements, the variety of irradiation times and the
accuracy achieved exceed that previously reported in any previous measurements.
The results reported here will allow a significant reduction in decay heat
uncertainty and hence result in significant savings in future plant construction

costs.




Section 1

INTRODUCTION

The past several years have seen a highly concentrated effort focused on +he
improvement of our knowledge and understanding of fission product decay power,
This effort has included both analytical work to improve the data base and to
pinpoint the sources of uncertainty in the calculaticns of decay power, and new
measurements to serve as benchmarks for verifying the calculations. The motivation
for all of this was the recognition that the very significant uncertainties that
existed prior to the present generation of measurements and analyses imposed an
economic penalty on nuclear power plant design, requiring very conservative
allowances for decay power load. This was particularly true in the short cooling

region (<1000 seconds).

Historically, the importance of knowing the power produced by the decay of
radicactive materials in the reactor was recognized early, and many schemes have
been used for estimating this quantity. In addition to fission product decay
power, there is also decay heat produced by the transuranics and activation .
products in the reactor. The fission products, however, constitute the major

contribution to the decay power,

The concentrations of fission products and thus their energy release rates are
dependent upon the fuel composition, neutron spectrum and irradiation history of
the fuel, For this reason we depend on analytical methods for determination of
decay power in gpecific safety analyses or other applications. Over the years good
computational tools have been developed for generating energy release rates or
decay power information. Recent reviews of the historical development are given by

Bjerke et al, (1} and Schrock (2).

The principal computational method in use today is the summation method. As the
name implies, contributions to the energy release rate from the individual fission

products as a function of irradiation conditions and time are summed. This method

requires an extensive library of nuclear data for the fission products, and the




data library constitutes the primary limitation of the accuracy of the summation

method. Considerable effort has been devoted to quantifying the uncertainties in

the summation calculations (1, 3-6).

Traditionally, there have been twe basic measurement technigues for determination
of decay heat. One is a radiometric method in which the beta and gamma radiations
are detected directly in a low geometry experiment. The other method ig calori-
metric measurement of heat produced by the absorption of the radiation in 2 massive
absorber. A determination of the number of fissions in the sample must be made in

either case.

A unigue method of measuring the decay power was developed by the present authors
that utilizes the advantages of both the radiometric and calorimetric techniques
(7). The fissile materials are irradiated in a neutron flux produced by a water
moderated 252Cf source. The fission product decay radiation is detected in a large
ligquid/plastic scintillation detector that absorbs nearly all the beta and gamma
radiations and produces a light signal proporticnal to the energy absorbed. The
fiszion rate is measured in a specially designed ion chamber. The fast response of
this method allows accurate tracking of the rapid decay at early cooling times (as
early as 1 second after irradiation}, and the large detector size minimizes the

reliance upon calculated corrections for undetected energy. Thus, the system

nehaves as the nuclear analog of the thermal calorimeter.

The output of the "nuclear calorimeter" is calibrated in terms of energy emission
rate using a 60C0 source whose calibration is traceable to the National Bureau of
standards. The measured cooling time dependence of the fission product energy
release is divided by the fission rate in the sample during irradiation to produce

an energy release per fission versus cooling time.

The present work is a continuation and extension of the work previcusly reperted on

2350 (7). New measurements of the 239 235U

Pu decay power have been completed; the
results have been improved and extended to longer and shorter irradiation times.
The plutonium decay power is of interest not only for possible future use in mixed
oxide fuel cycles, but also because it contributes a significant fraction of the

decay power in present fuel cycles at high burnup.

In an attempt to provide a wide range of experimental data with which to test the

calculations, data were taken for four different irradiation times {1000 seconds,




20,000 seconds, 24 hours and 35 days) for 235Ur and two irradiation times (1000

239P

seconds and 24 hours) for u, These different irradiation times place emphasis

on different fission product nuclides.

In the following sections the experimental methods and apparatus are more fully
described. The primary method used for measurement of the fission rate, as des-
cribed in Section 3, was independently verified for a 239Pu sample at another
laboratory using a different technique. The results are in excellent agreement.
The data analysis procedures, including corrections to the data and an assessment
of the uncertainties in the experiment are given in Section 4. Finally, the
results are presented and discussed and compared to other measurements and

calculations.
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Section 2

EXPERIMENTAL APPARATUS AND PROCEDURES

2.1 SAMPLES

The fissile materials used in the decay heat measurements were purchased from Oak
Ridge National Laboratory. Both the uranium and plutonium were alloyved with
aluminum. The uranium sample composition is 22.8 weight percent uranium and the
balance aluminum, rolled to a thickness of approximately 10 mg/cmz. The plutonium
sample is composed of 98 weight percent plutcenium and the balance aluminum with a
thickness of 14 mg/cmz. The isotopic compositions of the fissile elements as

measured by the supplier are given in Table 2-1.

Table 2-1
ISOTOPIC ANALYSIS OF FISSILE MATERIALS

Uranium Plutonium
Isctope Atomic Percent Isotope Atomic Percent
2324 1.113 239 98.76
235 93.26 240 1.2
236 0.259 241 0.04%*
238 5.37

*Analysis by gamma-ray spectrometry yielded 0.024% (8)

2.2 SAMPLE ENCAPSULATICN

The requirements for sample encapsulation for this experiment are quite severe.
The fissionable material must be contained in an enclosure that satisfies the

following requirements:

1. All fission products must be retained in the sample, including the
gaseous isotopes.




2. The encapsulation must be thin enough to allow the majority of the
beta and gamma energy to escape with minimum perturbation.

3. The neutron activation of the encapsulation must be minimal.

4. The encapsulation must allow the sample to be presented to the
scintillator with a large solid angle to ninimize positioning
errors.

5. The encapsulation must be mechanically sturdy enough to withstand
the shock of being transported by a high speed pneumatic transfer
system.

These requirements were satisfied with the encapsulation illustrated in
Figure 2-1. The fisgionable material in the form of a thin metallic foil was
laminated between two sheets of 0.0051-cm thick Mylar which had been roughened by
sanding and ceated with Pliobond contact cement. The bonding was completed by hot
pressing at 100°C for 30 minutes. This laminate was stiffened by adding formed
strips of 0.0178 cm Mylar at the edges. This assembly was in turn cemented in the
tapered end of a high density polyethylene rabbit. fThe cementing was accomplished
by drilling holes in the Mylar block and the end of the rabbit which allowed good
mechanical coupling of these two parts by Shell 820 epoxy cement without reliance

on surface adhesion.

17.7 ¢m

RABBIT (PDLYETHYLENE) MYLAR

2.5 ¢cm

e

SHELL 820
EPOXY BOND

MYLAR BLADE DETAIL

0.0178-cm  0.005%1-cm
MYLAR MYLAR

1
f L] j S
e e 3.175 cn -E;E%E-Eﬂ "‘*=x-=~=hsxh;::]:::::—_ ’
L
| : | 0rgozstean
2
-~ bt ——————— ] U ALLD

Figure 2-1, Polyethylene rabbit and fissile sample



The shoulders on the rabbit prouvide indexing guides through the pneumatic transfer
tube, and the elongated neck allows the sample to be projected deeply into the
reentrant hole in the scintillator, which provides a large solid angle. The cover
material is thin enough to provide good beta energy transmission above 100 keV beta

energy, and yet is thick enough to retain all fission products.
The impervious nature of this encapsulation was confirmed in four independent ways:

1. A bare 235U foil was irradiated at the end of an evacuated tube.
Evacuation was via a liguid nitrogen cooled copper chamber,
adjacent to which was located a Ge(Li} gamma spectrometer., Several
prominant lines from noble gas fission products were cbserved. The
experiment was repeated with a foil encapsulated as above, and the
peak areas were less than 10% of those measured with the bare foil.
Some of these counts may have been due to residual contamination
from the bare foil run.

2, A decay heat measurement was performed with the usual encapsulation
and an iron liner inside the scintillator to cause only the gamma-
ray component to be recorded, which, of course, is insensitive to
cover thickness. fThis same foil was allowed to cool several days
and the thickness of the mylar cover increased by the addition of a
0.0178 cm cover on both sides. The decay heat measurement was
repeated with identical results.

3. An encapsulated foil was irradiated and the decay of the 250 keV

¥e line was measured over a period of 100 hours. The experiment

was repeated with a foil which was cast at the center of a block of

epoxy resin, The minimum leakage path for this "leak proof" sample

was 0.4 cm, The time history of the Xe line was observed to
exhibit the same time behavior as the previous foil.

4. In order to check for possible leakage due to the mechanical shock
of the rabbit system operation, a decay heat measurement cycle was
interrupted periodically and the 250 keV Xe line area measured.
The area followed the expected decay curve with a precision of %20%.
The uncertainty was due largely to interfering fission product
lines.

The activation of the Mylar blade assembly and polyethylene rabbit is negligible in
all cases with the exception of the ion chamber normalization measurement to be

discussed later in which very small quantities of material are used.

2.3 IRRADIATOR

2520¢ 1ocated in a lead block

The neutron source for these measurements was a 10-mg
2 cm thick to reduce the gamma flux. This lead block is located near the bottom of
a 2-meter deep water-filled well. The water in the irradiation well is con-

tinuously purified through a pump and filter. The source is immediately adjacent




to a 1l0-cm diameter dry tube positioned at the vertical axis of the well. This dry
tube accommnodates a 2.8-cm diameter aluminum tube which is one end of a pneumatic
transfer system, This small tube is surrounded by polyethylene rings which
position it at the center of the dry tube and provide additional neutron moder-

ation. The neutron flux at the sample position is approximately 108 n/cmz/sec.

The rabbit is irradiated with the sample-containing blade upward and with the
neutron scurce at the same elevation as the sample. At the conclusion of the
irradiation the computer controlling the experiment applies air pressure to blow
the sample toward the scintillator. The computer starts the cooling time calcu-
lation from the instant the rabbit sense switch located in the irradiator indicates

that the rabbit is gone.

2.4 PNEUMATIC TRANSFER SYSTEM

The pneumatic transfer system is activated by a fast-acting bidirectional solenoid
valve that vents air from a storage tank into the system. The storage tank is
maintained at 0.4 £0.07 kg/cm2 by means of a specially constructed pressure switch
and solenoid valve which admits air as required from a high pressure supply line.
This pressure was chosen to cause the air valve on-time to comprise approximately
half the total rabbit transfer time (%0.8 sec). This choice seems to provide the
most reliable operation. The connection between the irradiator and scintillator is
via 2.8-cm ID polyethylene tubing which is interrupted at its center by a receiver

mechanism.

The receiver has a pass-through tube which allows direct transfers from irradiator
to scintillator, and six storage tubes which are used to store rabbits coming from
the scintillator during background and calibration phases of the measurement. The
receiver also containg a special rabbit on which is mounted a standard GUCo source.
This source is used to calibrate the scintillator during the course of the meas~

urements,

2.5 NUCLEAR CALORIMETER

The 4000 liter liquid scintillator used in the present measurements was originally
constructed as a gamma-ray detector used in neutron capture cross gSection
measurements (8). It is of modular design and consists of 44 thin walled plastic
cylinders filled with a decahydronapthalene-based ligquid scintillator. These

Cylinders {called logs) are 2 meters long and 23 cm in diameter with a 23-cm




nonscintillating region at each end. Each cylinder is wrapped with aluminum foil,
and hence operates as an individual light pipe. It is viewed on each end by a 12-cm

diameter photomultiplier tube.

A 6l-cm diameter cylinder with a 15-cm diameter axial hole is located at the center
of the log array. This "center section" is similar to the logs except that it is
viewed by eight photomultipliers on each end. The liquid scintillator is

illustrated in Figure 2-2.

LIQUID SCINTILLATOR SOLUTIDN (ACTIVE)
e LIQUID SCINTILEATOR SOLUTION (INACTIVE)

2" LEAD
6" BORON-PARAFFIN
£

i~ EIGHT TIGHT PLYWOOD BOX
©-8" PHOTOMULTIPLIER TUBE

TANK ACCESS %
DOOR FOR RORTH
TUBE BARK

/ \/(’"\/\\ L
P T
ST

\\\\\ TANK ACCESS DODR FOR @ ™.
SOUTH TUBE BANK

e SHIELDING

Figure 2-2., Illustration of scintillator construction

For the present work a 40-cm long, 15-cm diameter NE 110 plastic scintillator was
located in this axial hole at the geometric center of the liquid scintillator.
This plastic scintillator was constructed with a reentrant hole which forms the
terminus of the rabbit system. The rabbit system is thus able to introduce the
sample into the scintillator without any intervening material. The reentrant hole
is polished, but is operated without any light reflector. Response function

137Cs Compton edge from

investigations indicated excellent agreement between the
the 662 keV gamma ray versus the 630 keV internal conversion line. This tends to

confirm the linear response of the system for energetic beta particles, but the
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surface damage due to polishing can be expected to produce a slightly nonlinear

response at lower energies, as evidenced in Figure 2-3.

= BETA }37C5 ELECTRON SPECTRUM PLASTIC SCINTILLATOR =

CALCULATED

INTENSITY

MEASURED

INTERNAL CONYERSION LINE

CHANNEL NUMBER

Figure 2-3., Calculated versus measured 137Cs electron spectrum
in plastic s¢intillator

The plastic scintillator is viewed by a 12-cm diameter photomultiplier on one end
and four 5-cm diameter photomultiplier tubes surrounding the rabbit tube on the
other end. These five photomultiplier tubes are connected in parallel and con-
stitute the "plastic scintillator” signal. fThe 16 photomultipliers on the 6l-cm
diameter cylinder are summed to form the "“center section™ signal and the 88
photomultipliers on the 23-cm diameter scintillators are summed to form the "log™

signals.

These three sum signals are routed via computer controlled relays to a common
summing peoint at the input of a Keithly 410 electrometer. The computer is thus
able to select individual regions of the scintillator in the course of the exper-

iment. This feature allows the computer to adjust the net plastic scintillator



signal from the 60Co standard source to a predetermined fraction of the signal from
the center section. This adjustment is made periodically during the experiment
with a precision of 2% to ensure a constant beta/gamma sensitivity of the gystem.
The relative signal from the logs is reported to the operator, but the adjustment

of this signal is manual.

The response from each of the 109 photomultipliers in the system is adjusted using
the Compton edge from the 4.4 MeV gamma ray from a 1 Ci PuBe source located at the
center of the scintillator. The 1.57 MeV 142Pr line is used to adjust the overall
response of the center section versus the logs. For a more detailed description of

the scintillator see References 7, 9, and 10.

2.6 SIGKAL PROCESSING

The negative signals from the three regions of the scintillator are brought to a
common summing point at the input to the electrometer along with a positive bucking
current. This bucking current is adjusted via a computer-controlled power supply
to cause the net current to fall at the lower end of the measurement range. This
allows the high resolution measurement of small signals in the presence of large

ambient signals.,

The output from the electrometer is routed to a l0-millisecond RC integrating
circuit and an operational amplifier which increases the 5 V electrometer output to
10 V. This amplified output is routed to an 8192 channel Hewlett-Packard 5416B
analog-to~digital converter (ADC}. The computer reads the output of the ADC in the
sample mode. The results of 500 to 20,000 samples are averaged each time a command

to read the scintillator signal is given.
A schematic of the signal processing is illustrated in Figure 2-4.

2.7 DATA ACQUISITION SYSTEM

All phases of data acqguisition are under the control of a Hewlett-Packard 2116B
computer system., ‘The acquisition code logic diagram is illustrated in Figure 2-5.
The data acquisition code reads the birth dates of the standard source and any
decay heat samples which may already be in the system. It alsco reads the rabbit
system operating parameters and a table of cooling times at which decay heat data
points are to be taken, When the time for a data point arrives, the computer

adiusts the bucking voltage and plastic scintillator gain using the 60Co rabbit,
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and then measures the sample—out background. The 60Co rabbit is then re-inserted
into the scintillator and the net signal determined. The 6OCo rabbit is c¢ycled 5
to 20 times, and the mean value and standard deviation estimates are computed. Any
points greater than two standard deviations from the mean are rejected and the

computations repeated.

READ

START-UP
INFORMATION
ADJUST BOUST CALIBRATE
TIHE TG vYES
BACKGROUND PLASTIC WITH STANDARD
1 e SUCKING = SCINTILLATOR [ 80Co soURcE
CURRENT GAIN (10 TIMES)
1 f
TURN OFF YES 15 THIS
INPUT E BUCKING CURRENT Losend "PLASTIC
COMMAND AND LIQUID SCINTILLATOR
SCINTILLATOR ONLY" POINT?
+m %
TAKE
BRING
L1 p1spLay FOREGROUND  |MO | W ampte lem] | MEASURE
pATA FROM IRRADZATOR BACKGROUND
{10 TIMLS)
! + I
CALCULATE MEASURE FIRST
NET SIGNAL : REMEASURE | | 1500 SECONDS
CALIBRATION BACKGROUND OF DATA
PRINT RESULTS {50 POINTS)

Figure 2-5. Logic diagram of data acquisition code

The net signal with its uncertainty is corrected for the 5.261-year 60Co half life
and is stored as the scintillator calibration signal. The cycling process is then
repeated using the sample being measured. The ratio of the net sample signal to
the calibration signal is taken to be proportional to the energy emission rate from

the sample.

In order to obtain an accurate record of the rapid decay during the first 1500
seconds of decay, the cycling procedure is not used during this time period. The
system ig calibrated and the background measured before the sample is brought from

the irradiator. The sample then remains in the scintillator as the computer
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records the decay heat signal using a logarithmic time mesh. The standard devi-
ation in this initial time period is estimated from the variance of the points, the
variance in the calibration, and the change in the calibration over this time

period.




Section 3

FISSION RATE DETERMINATION

In order to convert the sample energy release rate into decay heat it is necessary
to determine the fission rate that existed in the samples. Since these fissions
are not directly observable, an auxilliary experiment must be performed to measure
the sample fission rate. Two independent methods have been used for the plutonium
decay heat studies. The first is an ion chamber c¢ross-calibration technigue that
was used in previous decay heat measurements on 235U (7, ll); the other is a
fission product gamma-ray counting method performed at Oak Ridge National

Laboratory (8}.

3.1 ION CHAMBER METHOD

This technique involves the irradiation of a very small quantity of the fissionable
material in an ion chamber. The fissionable material is evaporated to a thickness
of approximatley 100 micrograms/cm2 on a very thin nickel substrate (500
micrcgrams/cmz). The isotopic composition of the fissile material is given in
Table 3-1. The deposit and sgubstrate are mounted on a rabbit assembly as
illustrated in Figure 3-1, and introduced into the ion chamber illustrated in the
same figure. As an experimental convenience, the same neutron field is used to
irradiate the ion chamber as that used to irradiate the larger foils. The thin
substrate and the 47 geometry of the chamber allow the direct counting of the

fission events with high counting efficiency.

The chamber ig constructed almost exclusively of plexiglas to reduce electrical
leakage problems encountered in high radiation fields. The foil-containing rabbit
is lowered through a hole in the top of the chamber, and the foil allowed to contact
a high negative veoltage terminal mounted on the bottom of the chamber. A Frish
grid operated at ground potential improves pulse height resolution. Field shaping
electrodes not shown in Figure 3-1 are mounted parallel to the edges of the foil
and are operated at an intermediate negative voltage to improve ion collection,
The collector plates are connected in parallel to the input of the preamplifier and

are operated at a positive potential.
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Table 3-1.

ION CHAMBER FOIL ASSAY

235 239

U Foils Pu Foils
Isotope Atomic Percent Isotope Atomic Percent

233y <0.0005 2385, <2 ppm
234y 0.034 2954 99.107
235y 99.89 240, 0.877
236U 0.025 2‘M'Pu 0.011
238U 0.052 242Pu 0.005

244Pu <0.0005

The neutron gradient in the chamber was measured by gold foil activation and found
to be quite small; thus minor positioning errors have a negligible effect on the
fission rate. The measured fission rate for & given foil has been observed to

follow the 252

Cf decay to within 1% over a period of several months.

The signals from the chamber are amplified via a bipolar shaping amplifier with
0.25 us time constant. The gain is adjusted so that the majority of the fission
events produce 4x overload in the amplifier, This allows the low energy portion of
the pulse height distribution to be examined in detail. An example of such a
distribution is shown in Figure 3-2. The background illustrated in the figure was
obtained by wrapping the chamber with 0.02 cm cadmium. The background at low pulse
heights is dominated by alpha particles and recoil protons from fast neutrons. The
background distribution contains some thermal neutron fission events but this has
no effect on the shape of the net distribution. The chamber is always operated

with an aluminum foil cover to exclude electrical noise.

The pulse height interval designated as "fit region" in the figure is fitted to a
gsecond order polynomial, and the area below the lowest reliable data point is
calculated to obtain the best estimate of the bias efficiency. The bias
efficiencies thus obtained vary from 95 to 97%. A linear fit typically agrees with

the second order fit to within 0.5%.
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bution for Pu

Once the efficiency has been determined, the electronic bias is raised to the
midpoint of the distribution to exclude the majority of the background, and the
bias efficiency change at this higher bias is calculated from the measured dis-
tribution. The fission rate is then measured and corrected for dead time using the
super imposed test pulse technigue. A small background as measured with a blank

rabbit is subtracted to obtain the net fission rate.

We now enter a second phase of the measurement in which the scintillator response

to the fission products from this fission rate is measured. In order to do this we

confine the fission products in the foil by applying two layers of 7 mg/cm

polyester tape to each side. After waiting for any residual figsion product

activity to decay, the background from the foil is measured in the scintillator in

a manner identical to that uged for the large fission heat samples. The foil is



then returned to the chamber and irradiated for a time identical to that used for

the large foil irradiations.

This irradiated ion chamber foil is introduced into the rabbit system by hand,
since the ion chamber is not part of the pneumatic transfer system. The decay heat
measurement then proceeds in a manner identical to that used for the large foils
with two important exceptions: The signal from the ion chamber foil is too small
to yield a result with satisfactory statistical precision because of statistical
fluctuations in the relatively large ambient background. For this reason the ion
chamber measurements are performed with only the plastic scintillator signal on
during the "sample in" phases of the measurements. The calibration measurements
are performed as for a normal measurement. Since the plastic scintillator is very
cloge to the source and well shielded from background by the liguid scintillator,
its signal/background ratio is wvery high. Secondly, in order to minimize the
effect of zero instabilities in the recording system, the electrometer is operated
with a sensitivity forty times the normal value. Since this sensitivity would be
off scale for the calibration measurement, the calibration is performed at normal
sensitivity and then the computer switches to the high sensitivity only when the
ion chamber foil is being measured. The exact ratio of the electrometer sensi-
tivities was determined experimentally via an auxiliary computer code which cycled

the electrometer between the two sensitivities and averaged the result,

This ion chamber foil measurement yields a precise measure of the response of the
plastic scintillator to the fission products of a known number of fissions. We
must thus determine the response of the plastic scintillator to the large foils in
order to normalize the large foil data. This is accomplished during the course of
the large foil measurement by recording a few of the data points with only the
plastic scintillator on. These gpecial points provide an overdetermined set of

normalizations to the ion chamber foil data.

The measurements of fission rate are routinely repeated for several foils to

determine the reproducibility of the normalization. In addition, the gamma-ray

235 239

lines from the 185 keV U or. 129 kev Pu peaks were measured with a Ge(Li)

spectrometer in order to provide additional correlation between the mass of the

foil and the measured quantities. In the case of the 235U these correlations were

239

excellent. In the case of the first set of Pu foils, the correlations were very

poor. Extensive and varied experimental investigations were made in an effort to

235

understand this anomaly, including a repetition of the U results. The source of
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23 ,
the problem could not be determined before the last of the 12 9Pu foils from the

first evaporation were destroyed.

The ion chamber foil evaporations were performed by the Isotope Products Division
of Oak Ridge National Laboratory (ORNL), and normally require several months to
complete. A second set of 16 239Pu foils was ordered, but in view of the urgency
for obtaining a normalized result, a cooperative program was initiated with ORNL to

provide an alternative normalization,

3.2 ORNL FISSION RATE

An alternative method of fission rate determination is to do gamma-ray Spectrometry
on selected fission products whose fission vields and nuclear data are well known.
This procedure has been used by other laboratcories making decay heat measurements
(12, 13).

239

The procedure developed for the Pu measurements at ORNL (12) may be summarized

239Pu was irradiated, and the fission rate

as follows. An ion chamber containing
was measured via direct counting. After the end of irradiation the line areas of
the figsion product gamma rays were recorded over a period of many days with a

Ge(Li) spectrometer.

One of the lérge 239Pu foils was irradiated at IRT £for 24 hours, and measured in
the scintillator in the uswal manner. This foil was then shipped to ORNL, where
its fission product gamma ray line areas were measured with the same Ge(Li)
spectrometer. Several gamma ray lines in the spectra were well separated from

interferring lines and could be associated with specific fission products.

Since the decay properties of these isotopes were well known, the relative fission
rate in the ORNL icn chamber versus the IRT foil could be calculated. The results
of the ORNL measurements are described in Reference 8.

During the course of the ORNL measurements, the second set of evaporated 239Pu
foils was completed. The difficulties described in Section 3.1 did not reappear,
and the mean value of three determinations of the fission rate were in excellent
adreement (0.98%) with the ORNL result. The value used in the present work is an
unweighted average of the two results. The fission rates for the 1000 second 239Pu

measurements and for all of the uranium measurements were determined exclusively by

the IRT ion chamber method.



Section 4

DATA ACQUISITION AND ANALYSIS

4.1 DATA ACQUISTION PROCEDURES

Control of the experiment and data acguisition as well as processing of the

measured data are accomplished using a dedicated Hewlett-Packard 2116B computer.

4.1.1 Method of Data Accumulation

Immediately prior to irradiation the signal from the sample is measured in the
scintillator in the manner previously described. This preirradiation signal
represents the contribution from the natural activity of the sample, fission
products from previous irradiations of the sample (if any), and zero signal offset
error of the system.

239Pu at long cooling

The natural activity of the sample was appreciable only for
times. In some cases a sample was reused after allowing a cooling period of at
least seven times the previocus irradiation time. The decay heat signal is gquite
small and degays rather slowly during the course of the next measurement. To
account for this decay, an appropriate correction factor for decay was applied to
the portion of the background known to be in excess of the natural activity. The
correction was calculated from summation calculations of the fission product
energy release rates. The zero offset error of the system is primarily due to a
small light leakage from the infrared photo-sensor used to detect the presence of
the rabbit at the scintillator position. The magnitude of this effect was measured

with a rabbit containing no sample.

Following a decay heat measurement the preirradiation signal is subtracted from the
decay heat signal, and then the "plastic scintillator only"” points are normalized
to the plastic scintillator measurements on the ion chambers foils. This
normalization is achieved by fitting a second order polynomial to the ion chamber
foil data in the immediate cooling time region of interest, and then calculating
the magnitude of the curve at the desired time point, This process is repeated for

4 to 6 time points on the cooling curve, The consistancy in the large sample/ion




chamber foil data ratio tends to confirm the validity of background subtractions

and/or immunity from fission product leakage.

Since the 60Co sample used to routinely calibrate the system was subject to

occasional damage, this working standard was periodically checked against a 6OCo
source mounted in another rabbit. In both cases sufficient source cover material
was used to completely absorb the 300 keV beta activity from 60Co. The energy
emission rate was thus based on the energy deposited by the 1173 + 1332 keV gamma
rays. The data acquisition code corrects the data for the decay of the source from
its birth date. The uncertainty due to the 1.662 x 108 gecond half life is always

small compared to the 1.3% uncertainty in the source intensity at birth.

The signal levels from the 239Pu alloy samples were approximately five times larger
than those measured for 235U. At these high levels a small nonlinearity was
observed in the scintillator response. The nonlinearity consisted of a 3 to 5%
gain increase that occurred over a time span of a few hundred seconds. The effect
is probably due to redistribution of active materials within the photomultipliers.
In order to eliminate this effect, the neutron flux was reduced an order of
magnitude by moving the source. B second set of measurements was made and
normalized to the first set in the 3,000-10,000 second cooling time region. These
composite data are substantially free of nonlinearity and yet preserve good signal-
to-background ratios at long cooling times.

The 35-day 235U irradiations were achieved by use of an auxiliary irradiation
position ¢lose to the rabbit tube. The neutron flux was measured to be within 3% of
that in the main irradiation tube. Two foils were introduced into the auxiliary
irradiator 1 and 2 days, respectively, after the rabbit was introduced into the
main irradiator. At the end of the 35 days the measurement commenced with the
rabbit in the main irradiator, while the foil with one day less irradiation was
quickly (~3 minutes) cemented intc a rabbkit and returned to the main irradiator
until its irradiation time expired. An identical procedure was employed for the

third foil.

It was not feasible to perform a 35-day ion chamber foil irradiation. Con-
sequently, the number of fissions for the 35-day data was obtained from the 24-hour
normalization by the use of a correction factor (13%) obtained from the results of
a summation calculation. Thus, the normalization of the 35-day data depends to

some extent on the accuracy of the nuclear data library for the long-lived fission
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products used in the calculations, These summation calculations were provided by

Spinrad at Oregon State University (14).

4.1.2 Decompeosition of Beta and Gamma-Ray Components

The measurement procedures described so far yield total decay power. It is also of
interest to determine the relative partitioning of this power intoc beta and gamma
ray components. This partitioning also leads to an improvement in accuracy since
the corrections for beta and gamma energy loss can be based, at least in part, on
measured guantities. With the present measurement system this is possible by
repeating the measurements with a beta abscrber placed between the sample and the
scintillator. For this purpose a 0.163-cm thick iron liner was inserted in the
re-entrant hole of the plastic scintillator. The iron absorbs a large fraction of
fission product beta energy but only a small fraction of gamma energy. The precisge

amounts of energy transmitted were calculated as described in subsection 4.2,

The data acquisition code reports the ratio of the net fission product decay signal
to the net 60Co standard source signal. The fission product beta and gamma
radiations are detected with efficiencies EB and Cyr the 60Co radiation is detected
with efficiency €o Thus, the experimentally measured gquantity can be represented

as

R = ~——— (4-1)

where E represents the energy release rate of the respective radiation sources.

With the iron liner in place, we obtain a new measured guantity

R, = Bifp T “vify (4-2}
i € .E '
cl ¢

The subscript i designates quantities appropriate to the measurement with the iren

absorber. It is important to note that the values of ¢ and €oi differ only

Yi
slightly from the corresponding gquantities without the iron, and that the beta
transmission (Eﬁi) is small. Solving Egs. 4-1 and 4-2 we obtain the expressions

for decomposition of the measured quantities intoc beta and gamma ray components
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Ey € .

4.2 ENERGY LOSS CORRECTIONS

An essential correction to the data is for energy lost through various processes
which do not contribute to the measured scintillator signal. These include energy
deposition in the structural or other nonactive materials, energy lost in the
sample and covers (significant especially for the betas), and radiation so

energetic that it passes through the detector without giving up all its energy.

4.2.1 Calculational Procedures

A rather elaborate and sophisticated Monte Carlo program which handles c¢oupled
photon-electron transport in three dimensional configurations was applied to this
problem (15). In previous work (7}, our best estimate of beta and gamma-ray
spectra from the literature were used as source spectra. Photons or electrons were
sampled from these distributions and the total energy deposited in the active
regions was calculated for each source. However, because this is a time consuming
and costly process, an alternative procedure was utilized for the present work.
The procedure is to define an energy deposition function that relates the energy
deposited in active regions of the scintillator to the source energy. This
function can be readily determined by- the Monte Carlo procedure by selecting
monoenergetic photons or electrons and following their transport. By selecting a
range of monoenergetic source energies to span the range of interest, an energy
deposition function is determined. Separate functions are calculated for betas and

gamma rays.

For the present problem there are two different configurations of the scintillator
of primary interest - with and without an iron liner between the source and the
scintillator, The c¢alculated energy deposition functions for the nuclear
calorimeter for gammas and betas with and without the iron liner are shown in

Figures 4-1 and 4-2. For the beta case, corrections to the energy deposition



function for different sample configurations were necessary since beta energy
losses in the samples and covers are significant. Figure 4-2 shows the iron-out
calculation for the normal configuration and for cases where a thicker mylar cover

was used, and for the covered ion chamber foil.
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Once the energy deposition function is known for the system, the energy deposited

by any source spectra within the range of the function can be easily calculated by

Emax
B = fS(E)D(E)dE . (4-5)

E .

min
where S(E) is the source spectrum of betas or gamma rays, and D{E) is the cor-
responding energy deposition function. The integral is well approximated by a
summation, and since D(E} is a smoothly varying function, a second order polynomial

interpolation method is used to evaluate D(E} at the energy mesh of S(E}.
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4.2.2 BSource Spectra

To derive proper correction factors for the present experiments it is necessary to
have reasonably good estimates of the beta and gamma-ray spectra from the fission
products. Such spectra are cooling time dependent, and hence the corrections must
be calculated as a function of cooling time. Since measured spectra for our
conditions were not available, use was made of calculated spectra based on the
summation method. The procedure is as follows: The build-up and decay of fission
products during a prescribed irradiation is calculated using the summation method,
The inventory of fission products at each cooling time for which spectra are
desired is saved and later folded with spectral data for each of the individual

fission products to build up a composite spectrum. This procedure was developed by



England and co-workers (16, ;1).' A prerequisite for this method is a library of
spectra for the individual fission products. Using ENDF/B-IV data (1B, 19).,
England and Stamatelatos rebinned all the available gamma ray data into a uniform
group structure, and generated theoretical beta spectra using the end point
energies and intensities in the library (20). Spectral data of this type are
available for 181 fission product nuclides. Although these represent only a small
fraction of the fission products, they are responsible for most of the decay
energy, especially at long cooling times. Extensive comparisons with differential
decay heat measurements have confirmed the adequacy of the calculational method

(21).

Using the methods described, England (23) has calculated beta and gamma-ray spectra

for each of the irradiations studied here for both 235U and 239P

u. These spectra
have been folded with the energy deposition function of the scintillator to yield
corrections for each measurement. The corrections for betas and gamma-rays with

and without the iron liner are shown in Figures 4-3 through 4-6.

4,2.3 Corrections to the Data

As may be seen from the figures, the gamma-ray energy loss amounts to 8-11% without
the iron liner, and 14-16% with the liner. 8Small but systematic differences occur
for the various irradiation intervals used for the measurements. The accuracy of
the correction factors at short (<10 sec) cooling times is limited by the accuracy
of the input spectra, However, in the absence of any better estimates the
calculated spectra have been used. In any case, it would appear that the cor-
rection factor is slowly varying and thus serious errors from the ugze of the

calculated spectra at short times are not expected.

The heta correction factors show a larger variation with cocoling time, varying
6~24% depending on irradiation time. When the iron liner is in place, only 1-4% of

the beta energy is deposited in the scintillator.

4.3 UNCERTAINTY ANALYSIS

The uncertainties attributed to the measurements are a very important part of the
results. The evaluation of various measurements and calculations to develop a new

decay heat standard is dependent upon a realistic assessment of errors,

Assesging the uncertainty in the energy loss corrections is difficult. The

calculations of the gamma-ray energy loss would seem to be more reliable than the
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beta energy loss corrections. Furthermore, the measurements are made relative to
60Co, and thus gamma energy loss errors tend to cancel. The geometry and com=
position of the nuclear calorimeter were introduced into the Monte Carlo cal-
culations in considerable detail, and the code itself makes very few approx-
imations. The detailed geometry of the sample construction was also included. The
accuracy of the gamma-ray source spectra can be expected to be quite good,
especially in the important high energy region of the spectra. At times less than
100 seconds the calculated source spectra have much larger uncertainties due to the
limitations of the fission product data library, However, it is not possible to
make reliable estimates of the magnitude of this uncertainty. The statistical
precision of the Monte Carlo energy deposition calculations for gamma rays is less
than 1% for the full energy range. Based on these arguments we assign a 5%

uncertainty to the gamma ray energy loss correction.
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The beta energy loss correction is considerably less certain. The energy loss
mechanisms for betas are much different than those for gamma rays, and alsoc more
difficult to accurately calculate. In addition, cancellation of errors relative to
the calibration source does not occur for the beta component of decay heat. The
statistical precision of the energy loss calculations, especially at low energies,

is poorer reaching 5% for 250 keV electrons.

The reliability of the calculated beta spectra is not expected to be as good as for
gamma rays. In addition, the nonlinear response of the plastic scintillator at
very low energies further degrades the accuracy of the results, For these reasons

we assign an uncertainty of 20% to the beta energy loss correction,

In an attempt to verify the beta energy loss corrections calculated by SANDYL, a

special decay heat measurement was performed with only the plastic scintillator for

2 . s s , .
35U after a 24 hour irradiation. In this measurement a mylar cover with a




thickness of 65.58 mg/cm2 was attached on both sides of the foil for alternate
cooling time points. These "govered" points when combined via time interpolation
with the "uncovered" points yield an experimental measure of the beta energy
absorption in this amount of material. The beta transmission can be cbtained at

any cooling time from

YRy o SyPy

“gEg TR

T = R (1 + {4-6)

where R is the experimentally measured ratio of the two curves. The value of ¢y
for the plastic scintillator is small (~.25), whereas 63 is near unity. Eﬁ
does contain a small correction for the energy loss in the 7 rng/crn2 permanenf
cover, although the experimental transmission is not sensitive to this value. The
experimental result of 0.6346 at 10,000 seconds cooling ig in good agreement with

the value of 0.6384 calculated by SANDYL.

An additional source of uncertainty involves the difference in the beta energy loss
for the large foils versus the ion chamber foils. The difference in the energy

emission rate was calculated with SANDYL to be 5% for 235U and 2% for 239Pu

. In
view of the additional uncertainty in relative cover thicknesses, an error of 30%

is assumed for this correction.

Work is currently in progress at IRT to measure both beta and gamma spectra for
239Pu. As part of this work the nonlinearity of the plastic scintillator material
and the beta transmission of the encapsulation material will be measured. This
should result in somewhat improved energy loss corrections and a more accurate

assessment of the uncertainties.

Another source of error is the balancing of the plastic scintillator with the
center section. The accuracy of the balance is limited by statistical fluctuations
in the signal to 1.5%. An additional uncertainty involves differences in the gain
versus voltage characteristics of the photomultiplier tubes. This increases the
balance error to ~2%, This error is systematic to all points in the first
1500 seconds of cooling time, since a rebalancing does not occur in this time
region, At later times the balancing error appears as an additional contribution
to the random error. Since the plastic scintillator responds primarily to beta

particles, the balance error is included only in the beta component of the decay

heat.




. R . 60 .
The uncertainty in the energy emission rate from the Co source is 1.3% and after
allowance for comparison errors, the calibration accuracy of the working standard

is 1.4%.

The error in the fission chamber pulse height extrapolation is assumed to be 25%
for the extrapolation. Since the efficiency is typically 96%, the systematic error

contribution is 1%.

An additional uncertainty in the normalization involves a small background cor-
rection to the ion chamber normalization data. This correction arises from
activation of the rabbit assembly. The primary source of the activity is probably
due to aluminum rubbed off of the inside of the pneumatic transfer tube. Some of
the aluminum can adhere to the part of the rabbit in contact with the tube and
produce an appreciable effect relative to the small ion chamber foil signal. The

correction is on the order of 2% and a 5% uncertainty is assigned to it,
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Section 5

RESULTS AND DISCUSSION

The measured fission product decay heat from 239Pu and 235U for the full measured

cooling time randge are given in Tables 5-1 through 5-~6. The data are expressed in
units of MeV/fission. The total decay power and the separate gamma and beta
fractions are listed along with the two types of measurement error attributed to

the results.

A sensitive way to compare the measured results with the summation calculations is
to display the ratio of measured to calculated decay power. For this purpose we

used the summation calculations of Spinrad (ii) for 235U, and those provided by

England (22) for 239Pu. These calculations were done specifically for the
irradiation conditions of the experiments with the codes ROPEY (31) and CINDER-10
{24) for 235U and 239Pu, respectively. It should be noted, however, that all of
the major summation codes give virtually identical results when used with the same
data set. The calculations discussed here use the corrected ENPF/B-IV fission
product data library (13, 14).

The resulting ratios for 239Pu.and 235U are shown in Figqures 5-1 through 5-6. The
error bars on the data points represent the random or statistical part of the
uncertainty only. Likewise, the uncertainty attributed to the calculated decay
heat is not in¢luded in the ratio, For those points where no error bars are shown,

the statistical uncertainties are as small or smaller than the size of the points.

The characteristic excess of measured over calculated decay power at early cocling
times seen in all of the present results has been observed in other recent meas-
urements (12, 13, 25, 26), and is undoubtedly the result of inadequate information
in the library (ENDF/B-IV) for short-lived isotopes. This is not surprising
congidering the heavy reliance on data calculated from nuclear systematics in this
time region.

239

The Pu results are consistently higher than the calculations. As might be

expected, the agreement tends to be poorest at short cooling times and improves at
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Pu DECAY HEAT AND EXPERIMENTAL UNCERTAINTIES FOR 1000-SECOND
IRRADIATION (UNITS ARE MeV/FISSION, ERRORS ARE IN PERCENT)
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Table 5-2

239Pu DECAY HEAT AND EXPERIMENTAL UNCERTAINTIES FOR 24-HOUR
IRRADIATION (UNITS ARE MeV/FISSION, ERRORS ARE IN PERCENT)

PT TIHE TOTAL ERROR GAHAA ERRGR BETA ERROR
SEC $YS RAND §YS RAND SYS RAND
1 .83 9.4349 2.8 .7 4.5¢00 1.8 1.1 4.9349 4.3 1.7
2 1.6§ 9.4267 2.8 .8 4.5201 1.8 .? 4.986S 4.5 1.2
i 3 1.33 9.2972 2.8 ) 4.4519 1.8 .? 4.84353 4.5 1.2
4 1.78 9.1268 2.8 .5 4.4019 1.8 .6 4.7241 4.3 1.1
S 2.18 8.9732 2.8 .8 4.2870 1.8 .6 4.6882 4.5 1.1
6 2.55 8.7358 2.7 .5 4.2578 1.8 .6 4.4780 4.5 1.1
7 3.85 8.6173 2.7 .9 4.2841 1.8 .6 4.4132 4.5 1.1
8 3.68 8.4366 2.7 .8 4.10480 1.8 .6 4.3326 4.5 1.1
i 9 4.35 8.2263 2.7 .5 4.8336 1.8 .S 4.1933 4.5 1.1
18 5.18 8.8309 2.7 .5 3.9681 1.8 .5 4.8828 4.5 1.1
11 6.80 7.9649 2.7 .5 3.8963 1.8 .5 4.00686 4.5 1.1
12 7.85 7.7188 2.7 ) 3.68133 1.8 .5 3.9047 4.5 1.1
13 8.25 7.5389 2.7 .8 3.75852 1.8 -] 3.77386 4.5 i1
14 9.65 ?.35180 2.7 .8 3.6731 1.8 .5 3.6788 4.5 1.0 ‘
15 11.25 7.1854 2.7 .98 3.688¢6 1.8 -] 3.5768 4.5 1.0
16 13.15 6.9398 2.7 .S 3.5307 1.8 .5 3.4291 4.5 1.1
1?2 15.35 6.7883 2.7 .5 3.4599 1.8 .5 3.3284 4.5 1.1
18 17.85 6.6281 2.7 .5 3.4819 1.8 .4 3.2262 4.5 1.1
19 20.75 6.44082 2.7 ) 3.3234 1.8 .4 3.1168 4.5 1.1
28 24.18 6.2673 2.7 .5 3.2583 1.8 .4 3.0178 4.6 1.1
21 27.95 6.0871 2.7 .5 3.1768 1.8 .4 2.9172 4.6 1.1
22 32.409 §.9352 2.7 .5 3.6858 1.8 .5 2.8454 4.6 1.1
23 37.65 5.7789 2.7 5 3.01280 1.8 .4 2.7589 4.6 1.1
24 43.65 5.5933 2.7 .5 2.9382 1.8 .S 2.6551 4.6 1.1
25 58.65 5.4282 2.7 .5 2.8531 1.8 .5 2.57%58 4.6 1.1
26 58.73 5.2527 2.7 .5 2.7725 1.8 .S 2.48802 4.6 1.1
27 68.15 5.0849 2.6 .S 2.7825 1.8 .S 2.3824 4.6 1.1
28 ?79.85 4.9228 2.7 .5 2.60863 1.8 .S 2.3157 4.6 1.1
29 91.€5 4.7386 2.7 .5 2.5283 1.8 .S 2.2223 4.6 1.2
38 106.38 4.6034 2.7 .5 2.4565 1.8 .5 2.14869 4.6 1.2
31 123.28 4.4483 2.6 .5 2.3821 1.8 ) 2.08583 4.6 1.2
32 142 85 4.2959 2.8 ) 2.36824 1.8 .S 1.9935 4.6 1.2
23 165.55 4.1467 2.8 .5 2.2354 1.8 .5 1.9183 4.6 1.2
34 191.85 4.8032 2.6 ) 2.1638 1.8 -] 1 8335 4.7 1.2
35 259.58@ 3.7293 2.6 .5 2.9287 1.8 -] 1.7805 4.7 1.3
36 308.48 3.5969 2.6 .5 1.96s9 1.8 .5 1.63088 4.7 1.3
37 347.80 3.4656 2.6 .5 1.9078 1.8 .5 1.5578 4.7 1.3
38 402.65 3.3390 2.6 .5 1.83780 1.8 .6 1.5821 4.7 1.4
39 542 68 3.8734 2.5 .6 1.76857 1.8 .6 1.3677 4.7 1.4
4@ 620.35 2.9521 2.6 6 1.64780 1.8 .6 1.3851 4.7 1.5
41 698.75 2.8398 2.6 6 1.5891 1.8 .6 1.25807 4 8 1.5
42 777.85 2.7485 2.6 6 1.5387 1.8 L€ 1.20818 4.8 1.6
43 855.35 Z.6553 2 s 6 1.487¢ 1.8 .7 1.1676 4.8 1.6
44 933.65 2.5762 2.8 .6 1.4441 1.8 .7 1.1321 4.8 1.6
45 1811.85 2.4998 2.6 6 1.4864 1.8 .7 1.0934 4.8 1.6
46 1898.25 24241 2.6 .6 1.2684 1.8 .7 1.8558 4.8 1.7
47 1249. 39 2.2976 2.8 .6 1.2971 1.8 1.1 1.8885 4.8 2.1 I
48 2542.15 1.6274 2.5 1.5 L9385 1.8 L4 .6969 4.4 3.6
49 2751.58 1.5844 2.5 1.2 .8972 1.8 .4 6872 4.4 z.8 i
Se 3234 49 1.4372 2.5 1.4 L8169 1.8 1.1 6203 4.5 3.5
51 4169 29 1.2576 2.5 1.4 L7884 1.8 .8 5512 4.5 3.4
S 4637 99 1.19693 2.5 1.4 L6786 1.8 .7 Szez 4.5 3.3
52 4859 .80 1.1592 2.5 1.4 L6489 1.8 7 Ste3 4.5 3.4
54 53z6.68 1.89649 2.5 i.4 LEB8E 1 8 T L4874 4.5 3.2
55 5351 @9 i.8@23 25 1.3 L5640 i.8 .6 . 4383 4.6 3.1
58 7388.78 . 8685 2.8 i 4 . 48637 1.8 .7 . 4848 4.6 3.1
57 8988.48 . 8153 2.7 i.4 L4331 1.8 € 3g22 4.7 Z.e
58 lewl4. 49 . 7593 2.7 1.4 L3971 1.8 LB 3gzz 4.7 2.1
59 1t1e28.39 L7216 2.7 1.4 L3737 1.8 € 3479 4.7 3.8
68 14502 5@ L6123 2.8 1.4 . 3866 1.8 .9 3857 4.8 2.9
€1 17877.69 . 5541 2.8 1.4 L2749 1.8 .5 2792 4.8 2.9
€2 19653.88 . 5853 2.8 1.4 L2511 1.8 .2 2543 4.8 z.3
€3 22251.32¢ . 4669 2.3 1.4 .zz289 1.8 .32 2389 4.8 2.8
64 24832.089 4335 2.9 1.4 L2113 1.8 .32 2223 4.9 2.8
65 27409.:z9 . 48680 2.9 1.4 L1981 1.8 .2 .2879 4.9 2.8
66 32086.69 . 3654 2.9 1.4 17?29 1.8 ] 1875 4.9 2.8
67 37824.70 . 3265 2.9 1.4 .1¢689 1.8 .3 . 1656 5.8 2.8
68 42029.78@ . 2958 3.0 1.4 . 1459 1.8 .3 . 1497 §.1 z.8
69 47825.99 L2788 3.8 1.4 . 1338 1.8 .3 L1371 S.1 2.8
7@ 654358.5@ . 2040 3.0 1.4 .1839 1.8 .4 .1861 5.3 2.9
71 74953.58 L1778 3.0 1.4 L8911 1.8 .3 . 0867 5.4 2.9
72 94948.20 . 14889 3.1 1.4 .0733 1.8 .4 8667 5.6 2.0
73 184968.00 . 1265 3.1 1.4 .0669 1.8 .3 8596 5.7 3.0
74 129967 .00 . 1008 Z.e 1.4 .8543 1.8 .4 .0466 5.7 3.0
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U DECAY HEAT AND EXPERIMENTAL UNCERTAINTIES FOR 1000-SECOND

Table 5-3

IRRADIATION (UNITS ARE MeV/FISSION, ERRORS ARE IN PERCENT)
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Table 5-4

235U DECAY HEAT AND EXPERIMENTAL UNCERTAINTIES FOR 20,000-SECOND

IRRADIATION (UNITS ARE MeV/FISSION, ERRORS ARE IN PERCENT)

PT TI8E TOTAL ERROR GANNA ERROR BETA ERROR
8EC S¥YS  RAND S¥Y8 RAKWB 8YS RAHD
1 .93 11.83¢3 3.2 .4 $.5372 2.9 .8 5.477¢ 3.9 1.2
2 1.2 10.9829 3.1 .4 5.5729 2.9 .8 5.3300 3.9 1.2
3 1.59 10. 6304 3.1 .4 §.42109 2.9 .8 §.229%4 3.9 1.2
| 4 2.80 10.3939 3.1 .4 5.2986 2.9 .8 5.1833 3.9 1.2
5 2.44  18.1775 3.1 .4 5.20876 2.9 .8 4.9698 3.9 1.2
6 2.94 9.9514 3.1 .4 5.1885 2.9 .8 4.8438 3.9 1.2
? 3.580 $.6926 3.1 .4 5.912? 2.9 .8 4.6799 3.9 1.2
8 4.25 9.4443 3.1 .4 4.8735 2.9 .8 4.5788 3.9 1.2
9 5.08 9.2180 3.1 .4 4.7947 2.9 .8 4.4183 3.9 1.2
18 5.89 8.9%77 3.1 .4 4.7835 2.9 .5 4.2543 3.9 1.8
11 6.95 8.6968 3.1 .4 4.555? 2.9 .5 4.1483 3.9 1.0
12 8.16 8.4483 3.1 .4 4.4452 2.9 .5 4.0831 3.9 1.1
13 9.55 8.2052 3.1 .4 4.3325 2.9 .5 3.8727 3.9 .1
14 11.16 7.9786 3.1 .4 4.2322 2.9 .5 3.7384 3.9 1.1
15 13.85 7.7218 3.1 4 4.1148 2.9 .5 3.6878 3.9 1.1
16 15.25 7.4%03 3.1 .4 4.0079 2.9 .5 3.4824 3.9 1.
17 17.70 7.2573 3.1 .4 3.9155 2.9 .5 3.3418 3.9 1.1
18 208.64 7.8328 3.1 .4 3.8847 2.9 .5 3.2273 3.9 1.1
19 24.00 6.7951 3.1 4 3.6858 2.9 .5 3.1893 3.9 1.1
20 27.84 6.5817 3.1 .5 3.5858 2.9 .5 2.9968 3.9 1.1
21 32.38 6.3653 3.1 .5 3.4753 2.9 .5 2.8988 3.9 1.2
22 37.55 6.1483 3.1 .5 3.359? 2.9 .5 2.7886 3.9 1.2
23 43.55 5.9281 3.1 .5 3.2438 2.9 .5 2.6843 3.9 1.2
24 58.55 5.7280 3.1 .5 3.1341 2.9 .5 2.5859 3.9 1.2
25 58.59 5.5153 3.1 .5 3.8239 2.9 .5 2.4914 3.3 1.2
26 6§7.95 5.3078 3.1 .5 2.9143 2.9 .5 2.3935 3.9 1.2
27 78.88 5.8972 3.1 .5 2.8852 2.9 .5 2.2920 3.9 1.2
28 91.34 4.9882 3.1 .5 2.6965 2.9 .5 2.2837 3.8 1.2
23 185.89 4.6992 3. .5 2.5988 2.9 .5 2.1884 3.9 1.2
38 122.75 4.5029 3.1 .5 2.4847 2.9 .5 2.8182 3.9 1.3
31 142.30 4.3117 3.1 .5 2.2826 2.9 .5 1.9291 3.9 1.3
32 165. 28 4.1358 3.1 .5 2.2848 2.9 .5 1.8518 3.3 1.3
33 191. 41 3.9673 3.4 .5 2.1989 2.9 .5 1.7764 3.9 1.3
34 259.14 3.6318 3.1 .5 2.2083 2.9 .8 1.6227 3.9 1.4
35 398.14 3.4805 3.1 .5 1.9257 2.9 .6 1.5541 4.8 1.4
38 347.55 3.3298 3.1 .5 1.8483 2.9 6 1.4815 4.8 1.4
27 482.45 31841 2.1 .5 1.7783 2.9 6 1.4139 4.8 1.4
38 541.89 2.8985 3.1 .5 1.6137 2.3 .6 1.2848 4.2 1.5
39 619.53 2.7698 3.1 .5 1.5437 2.9 6 1.2253 4.8 1.5
40 698.00 2.6557 3.1 .6 1.4842 2.9 .6 1.1745 4.8 1.5
41 776.39 2.5532 3.1 6 1.4297 2.9 .7 1.1235 4.8 1.5
4z 254.80 2.4685 3.4 6 1.3288 2.9 .7 1.9797 4.2 1.5
43 333. 28 2.3805 3.1 .8 1.3340 2.9 7 1.0465 4.8 1.6
44 1811.55 2.3012 3.1 .6 1.2956 2.9 .7 1.8856 4.8 1.6
45 1889.84 2.2291 3.1 6 1.25672 2.9 .7 09725 4.3 1.8
46 1249.05 2.1886 3.1 .5 1.18672 2.9 .7 9139 4.8 1.5
47 1796.58 1.7371 3.8 1.8 9949 2.3 6 7421 3.5 2.6
48 2812.95 1.6287 3.2 1.3 9385 2.9 .6 6982 3.5 3.1
43 2472.00 1.4474 3.2 1.0 8315 2.9 S 6159 3.5 2.4
58 2687.28 1.3649 3.8 1.1 7879 2.9 .6 57786 3.5 2.8
51  3162.55 1.2358 3.8 .1 L7112 2.8 .7 5247 3.6 2.7
52 3862.89 1.8993 3.8 1.8 LE311 2.9 .9 4682 3.6 2.5
53 4879.38 1.8545 2.8 .9 6887 2.9 .7 4538 3.6 2.4
54 4559.34 .9686 3.8 1.3 .5556 2.9 1.1 L4138 2.6 3.3
55  4776.95 .9361 3.9 1.2 5377 2.9 1.1 3984 2.6 3.1
56 5259.38 .8855 3.8 1.8 4954 2.9 4 03891 3.6 2.4
57 5862.58 .8183 3.0 1.8 .4525 2.9 4 .3657 3.6 2.2
5%  7816.20 .6499 3.2 1.8 2538 2.9 = 2961 3.6 2.2
59 830420 05949 3.8 i@ L2173 2.9 .5 2778 3.6 .2
e 9772.20 5423 3.1 .9 .2859 2.9 & 2564 3.6 1.3
€1 10777.41 5852 3.1 1.8 2597 2.9 .5 2455 3.6 2.2
62 11754.58 L4647 3.1 1.1 2365 2.9 .5 2282 3.8 2.2
53 14476.85 3854 3.1 1.t L1874 2.9 .6 1982 3.6 2.2
64 17018.28 03332 3.1 1.t .1573 2.9 .7 1759 3.6 2.2
65 19586.19 .2985 3.1 1.t L1335 2.9 .8 (1578 3.6 2.2 |
66 22130.39 .2598 3.1 1.2 J1155 2.9 .2 1435 3.7 2.3
€7 24674.09 02353 3.1 .2 .1838 2.9 1.1 1315 3.7 2.4
68 27218.95 L2135 3.2 1.2 3933 2.9 1.1 1196 3.7 2.3
69 31978.55 L1784 3.2 1.2 .8791 2.9 1.3 .18@3 3.7 2.5
78 37204.44 L1547 3.2 1.3 .0680 2.9 1.4 8867 3.8 2.5
71 41979.81 .1356 3.2 1.3 L2591 2.9 1.6 8765 3.3 2.6
72 463992 84 .t182 3.2 1.3 8582 2.9 2.1 8688 3.9 2.3
73 52007.31 L1869 3.3 1.4 .e450 2.9 2.1 .8619 3.3 2.8
74 6493341 .8791 3.3 1.4 8365 2.9 2.6 .0425 4.1 3.4
75 74947.69 .8659 3.3 1.6 L0326 2.9 2.6 .8353 4.1 3.8
76 94342 .84 .8485 3.3 1.9 8238 2.9 3.4 .8247 4.1 4.9
77 194933.81 L8416 3.2 1.8 .8z13 2.9 3.8 8282 4.1 5.5
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U DECAY HEAT AND EXPERIMENTAL UNCERTAINTIES FOR 24-HOUR

Table 5-5

IRRADIATION (UNITS ARE MeV/FISSION, ERRORS ARE IN PERCENT)
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Table 5-6

235U DECAY HEAT AND EXPERIMENTAL UNCERTAINTIES FOR 35-DAY

IRRADIATION (UNITS ARE MeV/FISSION, ERRORS ARE IN PERCENT)

PT TIRE T0TAL ERROR GAklNg ERROR BETH ERROR
SEC SYS RAND N SYS RANED SYS  RAND

i 1.38 12. 1886 3.1 -8 6.352¢ 2.9 -9 §.6280 3.9 2.0
2 1.50 12.0488 .3.14 ] 6.5387 2.9 .8 5.5181 3.9 2.8
3 1.78 11.9211 3.4 .8 6.4843 2.9 .8 §.4367 3.5 2.9
4 2.1§ 11.7887 3.1 .8 6.3200 2.8 .9 §.3886 3.9 2.8
! 5 2.58 11.543%% 3.1 .8 6.2100 2.9 .3 5.3393 3.9 2.9
[ 2.93 11.299%8 3.1 .8 6.1537 2.9 .9 5.1483 3.9 2.1
7 3.43 11,0996 3.1 .8 6.0281 2.9 .9 5.8719 3.9 2.0
8 4.18 18.8966 3.1 .8 5.9166 2.9 .9 4.9868 3.8 2.8
9 4.75 18. 652¢ 3.1 .8 5.8183 2.9 .9 4.8344 3.9 2.1
i@ §5.58 18.4677 3.1 .8 §.7158 2.9 .9 4.6508 3.9 2.1
11 6.45 18. 2018 3.1 .8 5.6113 2.9 .9 4.5897 3.9 2.1
12 7.45 9.9492 3.1 .8 5.5368 2.9 .9 4.4183 3.9 2.1
i3 8.70 9.7217 3.1 .8 $.4356 2.9 .9 4.2861 3.9 2.2
i4 i8.18 9.4971 3.1 .8 5.3143 2.9 .9 4.1827 3.9 2.2
15 11.78 9.2713 3.1 .8 5.2141 2.9 .9 4.08572 3.9 2.2
16 13.68 9.0339 3.1 .8 $.8985 2.9 .9 3.9434 3.9 2.2
17 15.78 8.8181 3.1 .8 4.957¢6 2.9 .9 3.882% 4.8 2.2
18 18.25 8.5781 3 .8 4.8591 2.9 .9 3.7198 4.0 2.2
18 21.15 e.3386 3.1 .8 4.7589 2.9 .9 3.5797 4.8 2.3
28 24.5¢ 8.1188 3.1 .8 4.6432 2.9 .9 3.4668 4.8 2.3
21 28.48 7.911¢6 3.1 .8 4.5184 2.9 .9 3.3932 4.8 2.3
22 32.98 7.68680 31 .8 4.3957 2.9 .9 3.2983 4.9 2.3
22 38.10 7.468¢8 3.1 . 8 4.2384 2.9 .9 3. 1784 4.0 2.3
24 44.19 7.2%87 3.1 .8 4.1768 2.8 .9 3.08818 4.8 2.3
25 61.2@ 6.7868 3.1 .8 3.3180 2.9 1.0 2.870S 4.0 2.4
26 78.55 6.5788 3.1 .8 3.8087 2.9 1.8 2.7774 4.0 2.4
27 81.48 6.37277 3.1 .8 3.6897 2.9 1.0 2.6888 4.8 2.4
28 93.9%@ 6.1868 3.1 .8 3.5790 2.3 1.8 2.6078 4.1 2.4
29 168.45 5.9987 3.1 .8 3.4616 2.9 1.8 2.5298 4.1 2.4
3a 125.38 S.8168 3.1 .8 3.3589 2.9 1.0 2.4651 4.1 2.4
31 144.75 5.6116 3.1 .8 3.2455 2.9 1.8 2.3651 4.1 2.5
22 167.38 5.4318 3.1 .9 3.1454 2.9 1.1 2.2864 4.1 2.5
33 183.45 5.2593 3.1 .9 3.8338 2.9 1.1 2.2195 4.1 2.5
34 223.78 5.0988 3.1 .9 2.9488 2.9 1.1 2.1598 4.1 2.5
35 258.73% 4.9355 3.1 .9 2.85%3 2.9 1.1 2.8785 4.1 2.5
3¢ 299.65 4.7709 3.1 .9 2.7¢608 2.9 1.1 2.9181 4.1 2.6
37 347 .10 4.61083 3.1 .9 2.€719 2.9 1.1 1.9388 4.1 2.6
38 482.18 4.47081 3.1 .9 2.5882 2.9 1.1 1.8839 4.1 2.6
39 S41.85 4.1364 3.1 .9 2.4115 2.9 1.2 1.7449 4.2 2.7
48 619.5%5 4.8178 3.1 .9 2.3331 2.9 1.2 1.6839 4.2 2.7
41 698.85 3.8911 3.2 .9 2.2678 2.9 1.2 1.6232 4.2 2.8
42 776.55 3.7899 2.2 .9 2.2011 2.9 1.2 1.5888 4.2 2.8
- 43 855.88 3.6947 3.2 .9 2.1411 2.9 1.2 1.553¢ 4.2 2.8
44 933.45 3.6125 3.2 .9 2.8958 2.9 1.2 1.5168 4.3 2.8
45 1811.98 3.5387 3.2 .9 2.0433 2.9 1.2 1.4828 4.2 2.8
46 1998.3¢ 3.4520 3.2 .9 2.011¢ 2.9 1.3 1. 4482 4.3 2.9
47 1248.98 3.3188 3.2 i.e 1.9231 2.9 1.3 1.3888 4 3 2.9
48 1792. 1@ 2.8248 2.1 z.§ 1.6771 2.9 2.2 1.3477 38 €.2
43 1997 .10 2.959% 3.1 1.8 1.6619 2.9 2.¢ 1.2979 3.8 5.3
Se 2788.38 2.5449 3.1 2.1 1.4561 2.9 1.¢ 1.088¢ 3.3 5.3
51 2995.85 2.4371 3 1.5 1.423¢ 2.9 1.7 1.887¢ 2.9 4.3
S2 3636 .78 2.2788 2.1 2.5 1.3423 2.9 1.¢ 6 3.9 €.4
52 4109.5¢ 2.2375 z1 2.1 1.2722 2.9 1.2 2.2 5.2
S4 4318.18 2.1868 3.1 6.9 1.2427 2.9 1.4 4.0 16.5
55 4767.95 2.8733 3.1 1.3 1.2865 2.9 1.2 4 @ 3.4
Sé 4367 .60 2.1851 2.1 2.1 1.1761 2.9 1.2 4.9 5.1
57 5577.95 1.9743 3.1 1.9 1.1231 2.9 2.1 4.0 5.3
S8 6287.85 1.8837 Z.1 2 1. 2.2 L. £ 4 @ 3.8
35 7461 &3 178294 3.2 3 2.3 2.4 4.1 £.F
(X 2832. % 1.78%9 3.2 LE 2.5 .z 4.1 5.2
61 8652.65 1.6793 3.2 2.8 2.9 1.4 4.2z 4.7
€2 5571.00 1.6257 3.2 2.8 2.9 3.5 4.2 6.9
62 {8554.55 1.54721 3.2 1.6 2.9 i.9 4.2 3.3
€4 13944 69 1.3736 3.2 1.5 2.9 2.7 42 4.4
€5 16168.95 1. 3004 3.2 1.2 2.9 2.8 4.3 4.9
66 18691.85 1.2392 3.3 2.9 2.9 2.4 4.3 5.2
67 21150.65 1.1776 3.3 1.9 2.9 1.3 4.4 4.3
68 23641.6S5 1.1235 3.3 1.2 2.9 1.4 4.4 2.1
€9 26146.40 1.8733 3.3 1.7 2.3 1.4 4.4 3.3
78 31131.75 1.8801 3.3 1.4 2.9 2.7 4.5 4.4
71 36155.55 . 9488 3.3 1.3 2.3 1.§ 4.6 I.4
72 41119.55 . 8838 3.3 1.3 2.9 1.4 4.€ 3.4
73 46154.45 . 8389 3.3 1.2 2.9 1.1 4.7 3.1
74 51122.39 .8881 3.3 1.7 2.9 3.1 4.8 5.8
75 61121 48 L7412 3.3 1.3 2.9 2.8 4.9 4.1
76 71149.86 . 6979 3.4 1.2 2.9 1.2 5.1 3.3
77 91126.81 .6158 3.3 4.5 2.9 3.2 5.4 13.5
78 1081147.72 .5976 3.4 2.0 2.9 .9 5.5 5.9
79 126148.61 .5316 3.4 2.9 2.9 1.2 5.5 5.4
80 151138.22 . 4981 3.4 2.1 2.9 1.4 5.5 5.8
81 178530.16 L4744 3.4 1.1 2.9 1.8 5.5 4.1
82 181658.91 . 4636 3.4 1.0 2.9 1.¢ 5.5 3.6
83 202656.56 . 4409 3.3 1.1 2.9 2.1 5.5 4.8
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longer times as the uncertainties in the data library decrease, The 1000-second
irradiation data drops below the calculation at approximately 1.5 hours cocling,
while the 24-hour data remain about 2% high in the longer cooling time region.
Figure 5-7 shows the separate beta and gamma-ray ratios with summation calcu-

239

lations for Pu irradiated for 24 hours.
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Figure 5-7. Ratio of measured to calculated decay power for
separate beta (top) and gamma-ray {bottom) components
of Pu irradiated for 24 hours

The most significant discrepancy between measurement and calculation for 239Pu

occurs in the region 200-1000 s; at ~500 s the calculations are low by about 13%
for the 1000 s irradiation. In the 24-h data this same region is alsc discrepant,
but by a smaller margin {~8%). The two other recent measurements of 239Pu decay
heat (12, 26) alsoc show this anomalous bump in the ratio of measurement to calcu-
lation around 500 s cooling (27). It is particularly interesting that this anomaly
persists for three independent measurements, each at different irradiation times.
The cause of this anomaly is undoubtedly incorrect or deficlent data in the fission

product library. The most obvious candidates for possible errors are the 239Pu

yields. However, recent examinations of ENDF/B-IV yield data and calculations with




the new version V yields indicate that the discrepancies are not due to the yields

(27) .

Looking at the individual compeonents, it appears that the anomaly that occurs
around 500 seconds is primary for the gamma component. Another result that appears
in this figure is the apparent incorrect partitioning of the beta and gamma com-
ponents at long times (>—104 seconds). It is not possible to conclude whether the
partitioning error is in the measurements or the calculations or both. it is
known, however, that the summation calculations do not properly treat conversion
electrons. The ENDF/B-IV fission product library lumps the conversion electron and
x-ray energies in with the gamma-ray energy. This results in an incorrect
partitioning of the decay energy between gamma rays and electrons in the summation
caiculations. For those radionuclides where significant decays are by internal
convefsion the effect of this approximation could be significant. At long cooling
times the decay power is produced by relatively few nuclides. Thus it is possible
that part of the partitioning error is due to the incorrect handling of the
conversion electrons.

The 24-h irradiation 2356 data reported here represent improvements in the pre-

viously reported data for 2356 (7). Slight improvements have been made in the
accuracy of the normalization, and significant improvements have been made in the
energy loss corrections. The latter are the result of using more accurate beta and
gamma spectral data corresponding to the irradiation conditions of the meas-

urements.

A program to measure both beta and gamma spectra as a function of cooling time is
currently underway at IRT. It is hoped that the source of at least some of the
discrepancies noted in this work will he resolved. It is possible that the current
measurements of fission product beta and gamma-ray spectra in the discrepant

regions will shed some light on the discrepancies noted here.

In general, the data presented here are consistent with the other high quality

235U. For 239Pu the situation is not as satisfactory. The

results obtained for
discrepancy between calculation and experiment is undesirably large at short
cooling times. The shapes of the cooling curves seem to be gualitatively similar
to other recent measurements, but the present data disagree significantly in

normalization with that reported in Reference 26.
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