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A COMPARISON OF THEORETICAL DECAY HEAT

CALCULATIONS AND EXPERIMENTAL DATA
I, INTRODUCTION

Reasons for Conducting Decay Heat Experiments

There is currently a great deal of interest - from the
electric utilities, government and consumer points of view -
in the safety aspects of both the routine and abnormal op-
erations of nuclear power plants, Computer codes, such as
RELAP (1), and experiments, such as those at the LOFT and
TREAT facilities, have been designed to study the response
of the‘entire reactor system to an abtrnormal occurrence such
as the loss of coolant accident., In the event of such an ac-
cident, and even in the normal operations of shutdown, a
gquantity of major interest is the rower (decay heat) gener-
ated by the decay of fission products that have built up
during reactor operation., A large uncertainty in the calcu-
lated amount of decay heat could require unnecessarily large
residual heat removal systems to contain the conservative
estimates of decay heat or, at the opposite extreme, might
seriously underestimate the amount of decay heat so as to
pose a serious safety hazard.

During the 1960's and early 1970's, a number of experi-
ments were performed to measure the spectra of beta parti-~
cles and gamma rays from the fission of U-235, These experi-
ments were performed for a variety of reasons, such as for

the calculation of dose rates from the fallout of nuclear



weapons or for the determination of spectra to be used for
other research, Whatever the main reason, these experiments
also served the purpose of determining the amount of decay
heat following the shutdown of a nuclear reactor. Unfortun-
ately, few of these experiments had extensive error analy-
sés and few incorporated optimization of experimental de-
sign., The result, as described in the next chapter, was a
fairly broad range of results with uncertainties, sometimes
only guessed, of 10 to 20%. The only exception to this was
the experiment of Lott(14) in 1973, a calorimetric method
which yielded decay heat values within +10% of the calcu-
lated values. More recent experiments, described in chapter
three, have employed more optimization of design and more
extensive error analysis, and the result has been uncertain-
ties of the order of five percent,

Since experiments carnot be perfomed for every conceiv-
able reactor power history and accident occurrence, computer
codes have been written which model the buildup of fission
products while at power and their decay after shutdown, and
thus predict the decay heat after a particular power his-
tory. The faithful use of these codes in the design process
thus rests on the verification of their results by the various
decay heat experiments.

The purpose of this report is to compare the ccdes
available at this institution for the calculation of decay

heat with both previous and present decay heat experiments.
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The previous experiments have already been reviewed by Perry
{(3), but changes in the nuclear data files since that time
necessitate a second look at these experiments, Also, since
the codes at Oregon State University (0OSU) are not exactly
the same as the codes used at other institutions, these com-
parisons constitute a check between the various decay heat
codes and nuclear data files.

For those experiments already reviewed by Perry, the
emphasis here is on the changes in the comparisons due to
the changes in the calculated decay heat. The descriptions
of experiments and errcrs are intended to be brief and give
the reader just the basics of the experimental methods. For
the current decay heat experiments, and for the calorimetric
experiment which was not included in Perry's evalvation,

these descriptions are somewhat more complete.

Experiments to be Reviewed

Previous Experiments

Experimenter Measured Quantity
Armbruster (&) Total beta,1—5x103 sec
McNair (5) Total beta,10-105 sec
Macliahon (6) Total beta,10-107 sec
Tsoulfanidis (7,8) Beta spectra,10—104 sec
Peele (9,10) Gamma spectra,1-1800 sec
Fisher (11) Gamma spectra,fast fission

.2-45 sec
Warkentin (12) Gamma spectra,l—lou sec
Bunney ( 13) Gamma Spectr%,103-

3x10- sec



Lott (14,15) Total gamm&‘*’beta,lo-
10" sec

Present Experiments

Experimenter Measured Quantity
Dickens (16,17) Gamma ,beta spectra,

3-10" sec
Friesenhahn (18) Total gamma,beta,l-lo5 sec
Yarnell (19) Total gamma+beta,10-104sec

Comparison With Previous Decay Heat Stancard

The current decay heat standard, as proposed by the
standards subsection of the American Nuclear Society, ANS-5,
is based on the 1961 evaluation of decay heat by K. Shure
(20), This in turn was based on the work by Perkins and King
(21) and Stehn and Clancy (22), Since that time, significant
changes have been made in the nuclear data files upon which
current calculational efforts are based. (The Perkins and
King input to Shure's evaluation was computational, while
that of Stehn and Clancy was experimental,) Figure 1 shows
the deviation of Shure's evaluation from the current OSU-
proposed decay heat standard. The most recent change in the
data files has been a correction of the branching ratios of
the decays from Zr-98, In Figure 2 it is seen that this cor-
rection made a change of up tc 8% in the total decay energy
at long times after shutdown from a constant fission rate
for .2}{10LL seconds. The error in the gamma component was even
larger than this.

There is, of course, no certainty that additional er-



5
ors will not be found in the data files, These errors can be
either typographical mistakes made when the files were cre-
ated or experimental errors of the input data. It appears,
however, that most of the errors have been discovered and
that the current set of experiments are in line with the

calculated wvalues,

Codes Used for Decay Heat Calculations

At 0SU, an early version of the summation code CINDER,
which originated with the doctoral thesié of T. R. England
(23), and a smaller code, ROPEY (24), are used for calcu-
lational work, The CINDER code, herein referred to as OSUCIN,
has been shown to agree with CINDER-10, a later version of
CINDER in use at Los Alamos Scientific ILaboratory (LASL),
and with RIBD, the decay heat code used at Hanford Engineer-
ing Development Laboratory (HEDL), to within +,5% for decay
times up to 104 seconds . (25), OSUCIN is a summation code
which, for an arbitrary input power history, calculates the
decay power, from both beta and gamma radiations, for all
decay chains, these latter having been linearized by appro-
priate duplieation where decay-branching occurs.

ROPEY is a small code developed at OSU for decay heat
calculations., It directly solves the differential equa-
tions of a set of input decay chains under the assumption
of no neutron capture in the fissicn products and with all

nuclides with half-lives greater than 2200 years ccnsidered



stable, It calculates both the differential decay heat for

a burst of Tissions (the function h(t) in Mev/fission-sec)
and the integral decay heat for an infinite irradiation (the
function Ro(t) in Mev/fission)., These two functions are re-

lated by

-]

Ro(t) = jth(t)dt.

For a period of constant fission rate of time T (or, equiv-
alently, a period of constant power for z period of time
short enough that there be no significant depletion of the
U~235). the integral decay heat, in (Mev/sec)/(fission/sec) =

Mev/fission, is given by
R(t,T) = Ry(t) - Ry(£+T),

For the short irradiations used in these experimepts,
the assumption of constant fission rate is valid, and ROPEY
has been used for all reported comparisons, Using the same
data base, ROPEY has been shown to agree with OSUCIN to the
number of figures printed out (seven) for cases where neu-
tron capture in the fission products is not allowed (25).
The effect of neutron capture is small (~one percent) even
for high fluxes and burnups (26), so that it can be safely
neglected for the low burnups reported in these experiments,

In many cases, the experimenters have reported data
which is the decay heat integrated over a counting interval,

In these cases, the ROPEY comparison was generated by fit-



ting the R function over the counting interval to a simple

exponential, R(t,T) = ae~Pt

, and then integrating this ex-
pression. The number of points used to fit the calculated R
function over the counting interval were chosen so as to

make the correlation cocefficient, r2, greater than ,995.
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10
IT. PREVICUS DECAY HEAT EXPERIMENTS

A, Beta Experiments

Introduction

Four experiments were compared here and are described

below in chronological order. They are :

Armbruster and Meister (4), 1962

McNair, et. al., (5), 1968

MacMahon, et. al. (6), 1970

Kutcher and Wyman (7), 1966:;Tsoulfanidis (8), 1971.

Iﬁ the previous review of these experiments, by Perry
(3) in 1973, the comparisons were made with the differential
decay heat, the function h(t). Since only one of these ex-
periments, Kutcher and Wyman, included any data of the decay
heat from fission pulses, the function h(t) had to be de-
duced from the time dependence of the decay heat from vari-
ous finite irradiation periods. In this report the compari-
sons have been made with the original data wherever possible,
This method of comparison allows a better look at the accur-
acy of the experiments for different irradiation periods. In
the case of the Armbruster and Meister experiment, however,
the data was presented in a graphical form that was hard to
interpolate. Since this interpolation has already been done
by Perry, the experimental data of Armbruster and Meister is

taken from Perry's report. Thus, Figure 3 shows the function
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txh(t) for each of the four beta experiments and is taken
from Perry's report, with the addition of the propoced decay
heat standard. Figure 4 shows the deviations of thece fcour
experiments from the standsrd, Table I is a listing of the
data plotted in Figures 3 and 4,

The datz from the four experiments described herein
show fairly good agreement for all but the shortest cooling
times (€10 seconds), although they disagree by as much as
20% in absolute magnitude. At these short cooling times the
datz also exhibit the largest deviations from the calculat=-
ed values of ROPEY, This is probably due to the large uncer=

tainties in the calculaticns at the short cooling times.

Armbruster and Meister (4)

A one mg/cm2 vranium laver (90% U-235) was irradiated
in a thermal flux of SXIO12 n/cmz-sec. The fission products
produced in this flux formed a collimated beam which passed
through a magnetic mass separator. After passing through the
mass separator and a methane gas transmission counter, the
fission products were trapped on a .07-mm thick catcher
foil. The beta particles emitted by the fission products
trapped on the catcher foil were detected by a scintillation
spectrometer operated in coincidence with a second trans-
nission counter to discriminate against the gammas. (The

scintillator was an NE 102 crystal,) To take into account the

gamma rays which struck the scintillator in coincidence with
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the betas, the entire measurement was repeated with a beta
absorber between the second transmission counter and the de-
tector.

The spectrometer was calibrated with a Bi-207 source.
To calibrate the first transmission counter for fission
products, the catcher foil was replaced with a CsI detector
of equal area which had a 100% detection probability for
fission products. The coincidence rate between the CsI de-
tector and the transmission counter then determined the loss
factor for fission products between the counter and the
catcher foil,

For each mass value of fission vproducts deflected into
the detector assembly, two different series of measurements
were carried out : one for short irradiation periods (data
accumulated from .1-200 seconds after shutdown) and one for
long irradiation periods (data from 100-3000 seconds). Since
no defensible error analysis was presented with this experi-
ment, Perry (3) suggested that an error of no less than
+20% be assigned,

The report on this experiment contained no tabulation
of experimental data points, and the graphs used to present
the results were small and almost impossible to interpolate.
I have thus relied on the work of Perry for the data for
this experiment., From Figure 4, we see that the Armbruster
and Meister data is everywhere higher than the calculated

values, ranging up to 50% higher for both short (1 second)
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and long (5000 second) cooling times.,

McNair et, al. (5)

This experiment use an NE 102 plastic phosphor scintil-

lator to detect the beta energy at cooling times from 1 to
2

5x105 seconds after irradiation periods of 10, 107, 103, 10&
and 105 seconds. Two large cylindrical blocks, one of NE 102
and one of perspex, fit together to form the detector as-
sembly. The fission sample, a thin foil of enriched uranium
sealed between disks of NE 102 and perspex, fit into a cavi-
ty in the two large blocks, so that the fission foil was
essentially on the midplane of two complete blocks, one of
NE 102 and the other of perspex, This made the NE 107 es-
sentially a 2% beta detector.

The gamma ray contribution to the signal from the scin-
tillator was determined by repeating all of the measurements
with a steel beta absorber around the fission foil. The
calculation of the number of fissions was accomplished by
monitoring the neutron flux at the fission foil with a cali-
brated fission counter. (The calibration was done with ir-
radiated gold foils.) Knowing the mass of U-235 on the fis=-
sion foil and the effective cross section of U-235, the
number of fissions could be calculated.

The experiment was performed in two parts. In the

first, the fission foils were irradiated in the thermal col-~

umn of a research reactor. This yielded data for cooling
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times greater than 20 seconds and could be calibrated abso-
lutely, In the second part, the entire detector assembly,
with the fission foil in rlace, was immersed in water and
irradiated by a Pu-Be neutron source., Since the flux levels
were guite low in this part of the experiment, only pulses
from the scintillztor could be measured and the data could
not be calibrated absolutely. This data, which extended from
1 to 90 seconds after shutdown, was grafted onto the data
from the first part of the experiment,

The authors investigated the exprerimental errors from
both the self-consistency of the data from different irradi-
ation periods and from the quality of the equipment and cal-
culations used, The total error introduced in the absolute
calibration was 4-5%, When combined with the errors due to
reproducibility, the total uncertainty of the experiment was
about +7%.

The authors presented their data directly as the func-
tion R(t,T), in Mev/sec for a one fission/sec fission rate,
instead of as an integral of R(%,T) over a counting inter-
val, The data and their RCPEY comparisons are given in Table
11, with the ratio of data to ROPEY shown in Figure 5. The
differential decay heat curve derived from these finite ir-
radiation results is plotted in Figure 3.

It is seen that for short cooling times, 1 to 10 sec-
onds, the deviation from the calculated values is a strong

function of the irradiation period. For irradiation periods
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4

of 103, 10" and 105 seconds, the cdata show good agreement
among themselves and are within 11% of the ROPEY values, be-
ing lower over most of this time range. The data from the
100-second and 19-second irradiations, however, diverge
greatly from the calculated values for the short cooling
times. There are possibly systematic errors in the methods
of the low-flux level part of the experiment, although a
large portion of the deviation is probably due to the uncer-~
tainties in the calculated values. Agreement between the
curves for the five different irradiation periods is reached
by about 40 seconds after shutdown. In general, the data is
about 10 to 20% low over the cooling time range from 10 to

103 seconds, and 5 to 10% low over the range from 107 %o 105

seconds,

MacMahon et., al, (6)

A major problem in the beta decay heat experiments is
the elimination of or the correction for the amount of gamma
energy that is also detected, Two previous methods, that we
have seen are to use a gas transmission counter to signal
only the passage of beta particles and to use an absorber
thick enough to trap all of the betas, To surpass the dif-
ficulties of these methods, the authors used a magnetic
field to deflect all of the betas, The difference between
two measurements, one with the magnetic field off and one

with it on, is then the beta energy release rate,
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Three different setups were used to obtain reliable
data over a wide range of irradiation and cooling times. In
the first, a collimated neutron beam with a flux of 107
n/cmz-sec passed through a collimator and a fission counter,
to monitor the flux, and then impinged on a bare U-235 foil,
The foil was very thin and allowed essentially all of the
fission products to escape, of which a2 definite fraction
were collected on a catcher foil, At the end of the irradi-
ation period, a mechanical arm swung the catcher foil into
contact with the detector assembly. The detector was an NE
102 crystal with the magnetic field applied between the
catcher foil and the crystal. The number of fission products
on the catcher foil was determined from the count rate in
the fission counter and the ratio of U-235 in the counter to
that in the fission foil, Irradiation times of 103 and 104
seconds were used with this setup.

To make measurements at longer times after shutdown, a
higher flux region of the reactor was used and a pneumatic
rabbit transferred the fission foil and the catcher foil to
the detector. Measurements of the Mo-99 activity from the
dissolved catcher foil after the decay heat measurements
yielded the number of fissions. Measurements at times short-
er than 10 seconds after shutdown were obtained with the
fission foil and the catcher foil back-to-back in the cen-

tral vertical beam tube of the reactor,

These three experimental setups provided an overlap of
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data which agreed to within 3% except for the low-flux level
short cooling time data., The experiment was assigned a total
error of t6.5% for times less than 5 seconds after shutdown,
+5% for times in the range 10-101'L seconds and *97% for times
greater than 104 seconds,

Experimental results are quoted in point-wise form as
Mev/sec for a unit fission rate just as the data of McNair,
Table III lists the data and their ROPEY comparisons, and
the ratio of data to ROPEY is plotted in Figure 6, Although
the authors were attempting to improve the quality of the
beta energy release data from the fission of U-235, they
seemed to have worsened it, Thz data shows the same trends
as the McNair data, but their deviations from the ROPEY val-
uves are greater. At times after shutdown less than about Lo
seconds the curves for the 100-second and 10-second irradi-
ations diverge from the othsr irradiation times. For times
greater than about L0 seconds, the data ranges from 20 to

30% lower than the calculated values,

Kutcher and Wyman (7); Tsoulfanidis et. al., (8)

The data presented here was obtained in two separate
experiments performed at the University of Illinois. The
first, by Kutcher and Wyman in 1966, measured the beta spec-
trum from the fission of U-235 for beta energies greater
than .75 Mev, The second, by Tsoulfanidis et. al. in 1970,

provided overlapping data by measuring the beta spectrum for
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.1<EB<1,O Mev, This latter publicaticn presented the inte-
grated energy values for the two experiments,

Beta spectra were measuvred at various times during a
constant fission rate, after shutdown follcwing the irradi-
aticn period and after a fission burst., The fission foils
were irradiated in a neutron beam from the Illinois TRIGA
reactor, and the spectra were measured with the foils in
place in the beamn,

In the first experirent, for §a>.75 Mev, beta particles
were detected by a plastic scintillator, with a gas trans-
mission counter and a coincidence unit used to discriminate
against the gammas, The sample foils were 38 mg of U-235
sandwiched between aluminum foils, An ionization chember
with the foil as electrode was use to determine the number
of fissions that had occurred, Irradiation pveriods of one
and three hours were used, and the data presented below in-
cludes the three-hour irradiation case,

For the second experiment, the transmission counter
method was not used because the energy loss through the
counter would be a sizable fraction of the beta energy. In-
stead, a thin plastic scintillator was used which had no ef-
fect on the gammas being emitted but was thick enough to ab-
sorb all of the electrons with energies btelow 1,0 lev,

The fission foil was similiar to that used in the first
experiment, except that a thin film of U-235 was applied to

one of the outside surfaces. A separate detector was
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used to calculate the number of fissions from the count rate
caused by the fissicn fragments escaping from this surface
coating.

The data presented below is a combinztion of a three-
hour irradiation for Eﬁ)'75 Mev and an eight-hour irradia-
tion for ,1<Ea¢1.0 lkev, (Equilibrium had been reached after
three hours for the higher erergy betas,) The experimental
uncertainties were +7.4% for the shutdown measurements and
T9,4% for the pulse measurements., |

For the shutdown measurements in the counting interval
(tl,tz), the total energy release rate, in lev/Tission as
reported by Tsoulfanidis, was compared against

1
"tl

+
52 R(t,T)dt
Ty

to

For the pulse runs, the differential energy release rate,

in Mev/fission-sec, was compared with

1

t
2 1
h(t)dt = ——— (R (t,) - Ro(t,)),

The results of these comparisons are listed in Table IV
and plotted in Figure 7. It 1s seen that for the measures:
ments of decay heat after shutdown from a finite irradiation
period, the data is within one standard deviation (f7.4%) of
the calculated values for all except the shortest times af-
ter shutdown., For the measurements following fission pulses,

the data deviates more than one standard deviation (+9,4%)
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from the calculated values at both the shortest ({40 sec-

onds) and longest (>2500 seconds) cooling times,



TABLE I. DIFFERENTIAL BETA DECAY HEAT : EXPERIMENTAL AND ROPEY
Cooling{ ROPEY Kutcher VMcNair MacMahon Armbruster
Time t Data Data Data Data

(sec) |txh(t) | txh(t)} ROPEY | txh(t)] ROPEY | txh(t)] ROPEY | txh(t) ROPEY
1x10° |.376 905 | 2,41 .530 | 1.41
2 . 505 860 | 1.70 7601 1.50
3 . 580 L840 | 1.45 .860 | 1,48
5 . 664 .855 11,29 .805 | 1.21 L9551 1,44
74 711 .855 11,20 .B810 | 1,14 .980 | 1,38
1x10 .751 1,050} 1.40 .825 [ 1,10 .785 11,05 .955 11,27
2 .768 .9051( 1,18 725 | 9L .700 | .91 .860 | 1.12
3 749 8351 1,11 675 .90 .650 . 87 8151 1,09
5 714 7451 1,04 615 | .86 .590 .83 .75511.06
7 5 694 6951 1,00 5751 .83 550 1 .79 720 | 1,04
1x10 654 645 .99 .535 .82 .510 1 .78 .680 | 1.04
2 . 552 .55511,01 U465 . 8l L1430 .78 61510 1,11
3 . 501 .515| 1,03 4251 .85 400 | .80 .580 11,16
5 459 4801 1,05 L4101 .89 .370 | .81 .5401] 1,18
7 443 4651 1,05 410 | .93 .365 1 .82 .520 11,17
1x10°  |.432 455 11,05 410 | .95 370 | .86 Los|1.15
2 . 398 A501 1,13 375 .ol .35 .87 551 1,14
3 .354 420 1.19 .325 .92 .295 1 ,83 4301 1,21
5 .279 .320 11,15 270 | .97 .225 | ,81 400 | 1,43
7 .263 245 .93 .105 74
1x10 . 243 230 | .95 180 | .74
2 .222 215 .97 165 | 74
3 211 205 1 .97 160 | .76
5 .184 .180 .98 140 .76
7 .155 .155 {1,00 .125 | .81
1x10° |.12L 125 {1.01 1151 .93
2 . 0784 0751 .96

12
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The function txh(t), after pulse irradiations, for
ROPEY and four beta experiments, Taken from Perry

Figure 3.
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TABLE II. MCNAIR BETA DECAY HEAT FOR VARIOUS IRRADIATICNS
(MEV/SEC FOR 1 FISSION/SEC)
Irrad.l Cooling
Time Time Da.ta
(sec) | (sec) Data ROPEY ROPEY
100 | 1x10% | 2.093x10° | 1.408x10° |1.487
2 1,481 1,169 o1 |t.267
5 4 9,26 x10°°1 8,02 x10”"{1,15
1x10 5,65 5,31 1,06
2 2,88 3,08 .935
5 1,082  _,11.300 .| .832
1x10 5,07 x10 6.17 x10 . 822
2 2,23 3 2,68 3 . 832
5 3 8.2 x1077{9.,1 x10~ .90
> | 1x10] b,2 o 14.3 0 .98
10 1x10 3,539x10° {3.,035x10° {1,166
2 2,928 2,737 1.070
5 1 2,175 2,217 . 981
1x10 1,597 1,754 .910
2 1,094 11,278 .| .856
5 6,05 x10°°{7.32 x10 . 827
1x10 3,41 4,18 .816
2 1.73 _»12.13 _o| -812
5 3 7.29 %10 8.28 x10 . 880
1x10 3,82 4,10 .932
2 1.82 _211.93 3| M3
5 0 5.3 xlOo) 5.8 x10 . 914
107 |1x10 L.hsux10Y |Lh.212x10° [1.057
2 3,908 3,908 1,000
5 4 | 3.183 3.371 .932
1x10 2,548 2,880 . 885
2 2,003 2,353 . 851
5 5 1,412 1,683 .839
1x10 1,031 _ |t.22h .| .842
2 7.22 x10 8.43 x10 . 856
5 3 4,30 4,80 . 896
1x10 2,65 2.90 L9114
2 1.40 o f1.53 2| 915
5 4,63 x107°15,17 x10 . 896
1x10" 2.13 2,30 .926




TAELY. II., CONTINUED

Irrad,] Cooling
Time Time Data
(sec) | (sec) Data. ROFEY ROPREY
10% l1x109 | s.2m4x100 | 5.003x109| 1.048
2 L,644 4,699 .988
5 4 3,878 4,160 .932
1x10 3,281 3,667 . 895
2 2,732 3,136 . 871
5 5 2,128 2,45k . 867
1x10 1,729 1,977 .875
2 1.395 1.509 .924
5 4 1,018 (10111 4| 916
1x10- 7,47 x107°1 8,14 x10°1 .,918
2 4,92 5.45 .903
1x10 1,49 > 1,61 A .925
2 8,40 x107°| 8,80 x10”“ .955
5 5 3.27 3.32 .985
s 1x10g 1.17 o |1. 16 0 .01
10 1x10 5,662x10 5,460x%10 1.042
2 5,088 5,156 .987
5 4 | %317 L,617 .935
1x10 3,716 L,12L .901
2 3,168 3.593 . 882
5 5 2,559 2,910 .879
1x10 2,163 2,432 . 889
2 1,826 2,013 .907
5 1,442 1.556 .927
1x107 | 1,164 _,|1.2h9 | 932
2 8,97 x10° 719,61 x10 | .,933
5 4 6,08 6,46 Lokl
1x10 4,49 L, 68 . 959
2 3,13 3,18 .984
> . s 1,58 2|1.55 ol 1.02
1x10 7,03 x107°16,97 x10 7}1,01
2 2,64 -3 2,82 .036
5 9,7 x107-11,00 .97



ion;
ion:

_t
t
t

ia
i

a
1a

ec Irradi
-sec Irrad
-sec Irrad
-sec lrrad
-sec lrradi

- ¢ o 10 "S
— 10
102
10}

= L0

1on;

i

i

10mn
10n
Y |

m

at
at
|

TN

i

down (sec)

hut
ta to ROPEY for

o
rd

e After

im

T

26

viclNa i

v

e

aa

Ratio of

Figure 5.

iations,

ol

various 1rra

beta data,



TABLE III.

(MEV/SEC FOR 1 FISSION/SEC)

MACMAHON BETA DECAY HEAT FOR VARIOUS IRRADIATIONS

Cooling 10-sec Irradiation 100-sec Irradiation 1000~-sec Irradiation
Time Data Data Data
(sec) Data ROPEY |ROPEY| Data ROPEY  |ROPRY| Data ROPEY  |ROTRY
x10° 2,29x109 | 2.36x10° | .970{3.20x10° |3.52x10% | .909
6 1.9k 2.10 .92412.78 3.25 .855
8 . 1 1,70 1,91 .890}{2. 53 3,04 .832
1x10 5,12x1071] 5.31x10 L964] 1,5 1,75 .886|2.41 5.88 . 837
> 2.68 3.08 .B7ol1,00 1,28 .813]1.95 2,35 . 830
3 1,80 2.13 .84s| 8,50x107 1] 1,02 L| +833|1.67 2,05 .815
5 1,05 _5|1.30 _,| .803|5,82 7.32x10"Y| ,795[1,36 1.68 .810
7, |7.25x10779,18x10 2790] &, 5k 5,68 799(1.18 11,45 814
1x10 4,81 6.17 .780] 3,28 4,18 .78519,79x10 1.22 . 802
> 2.06 2.68 7691 1,68 2.13 789/ 6,85 8,43 .813
3 1,28 1,64 .780[1.13  _,[1.40 | .807|5.40 6.6k .813
5 7. 19%x107219.08x1073| .792| 6.45x107°] 8,28x10 77911, 0l 4,80 .8l
7 5.09 6.29 .809] L, 91 5,89 .83413,23 3,80 .850
1x10°  |3.66 4,30 .852 3. 50 §.10 .85h|2.47 2.90 . 852
2 1.69 _,|1.98 .85411,65 _,11.93 .855[1.,26 _,|1.53 , | .82k
3 9.77x107*1,18 | .828/9,67x10701,16 | .83%|7.76x107%|9.8Bx10 - 802
5 L, 57 5.85x10 78114, 50 5,78%x10 .78513.94 5,17 762
7 " 2,85 3.75 760 2,85 3.72 .76612,52 3.45 730
1x10 1,83 2.43 .753|1.78  _,|2.h2 736|166 5| 2.30 722
2 8,15%10 {1,111 L .73418,20x107°{1,08 .759
3 5,38 7.03x10"%| ,765}|5,28 6.91x1073 | .75k4
5 2.98 3.67 "812|2.87 3.62 793
7 1,79 2,21 .810(1,84 2,19 . 840
1x107 1,18 1,23 1959

x4



TABLE III. CONTINUED

Cooling 1Ol’L-sec Irradiation 105-sec Irradiation
Data Data

Data ROPEY ROPEY|] Data ROPEY ROPEY
3,88x10°% | 4,30x10° | .902{4,19x10° |4.76x10° | .880
3,47 L, 0L .85913,78 4,49 , 842
3,22 3.83 .84113,53 4,29 . 823
3,08 3,67 .83913.39 h,12 . 823
2,57 3,14 .818(2,88 3,59 . 802
2,28 2.83 ,806(2,59 3,29 787
1,98 2,45 .80812,29 2,91 . 787
1,78 2,22 .80212,09 2,67 .783
1,58 1.98 .79811,89 2,43 .778
1.26 1,51 .83411,57 2,01 781
1,11 1 1.35 .82211,42 1,80 . 789
9,05x10" | 1,11 .| «815]1.21 1.56 776
7,90 9.63x107"| ,820{1,09 | 1.40 779
6,62 8,14 .81319,59%x10" 11,25 1 767
4,17 5,45 .765]7.00 9,61x10" .728
3,07 4,10 .74915,78 8,09 714
1.95 2.79 69914 ,45 6.46 . 689
1.49 2,14 .69613,80 555 . 685
1,10 > 1,61 o .683{3.,19 4,68 . 682
5,89x107°| 8,80x10"°| ,669]2,16 3,18 . 679
3.77 5,91 .638]1,63 2,38 685
2,20 3,21 . 685

1.41 -3 1,99 .709

8,06x10 1,15 701

8¢
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TABLE 1V,

TSOULFANIDIS BETA [ECAY REAT INTEGRATED

OVER

COUNTING IKTERVAL. FINITE (MEV/FISSION) AND
PULSE (IEV/FISSION~-SEC) IRRADIATICNS

Counting

Irrad.] Interval Data
Time (sec) Data ROPEY ROPEY
0-12 4.98x10° | 4. u2x10° |1.13

15=-27 3,51 3.35 1,05

£0-72 2,58 2.50 1.03

8 hr 180-240 1,87 1,77 1,06
900-1020 | 1,09 11,06 11,03
3600-3900 5,18x10 5,38x10 . 963
10800-11100} 2,67 2.85 . 937

10-16 7.77%107%} 6.19x107%| 1,26

60-70 1,06 1,06 411,00
Pulse | 180-228 | 2.52x1077|2.74x1077| 920
900-1020 4.66x1o:5 L,52x107/{1,03
3600-3900 | 9,80x10 °}8,71x10 711,13
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B. Gamma Experiments

Introduction

Four experiments were compared here and are described

below in chronological order. They are :

Peele et., al. (9,10)
Fisher and Engle (11)
Warkentin (12)
Bunney and Sam (13)

Just as with the beta experiments, the comparisons re-
ported here have been made with the original data wherever
possible in order to see the effect of irradiation time on
the experimental accuracy. When this was not possible, due
to the lack of information or the poor quality of the
available references, the work of Perry (3) has again been
relied upon, Figure 8 shows the function txh(t), taken from
Perry, for each of the four experiments, with the ROPEY re-
sults included for comparison. In Figure 9 the ratio of
data to ROPEY is plotted, and Table V is a listing of this
data., Perry's evaluation was used as the experimentzl data
for Warkentin's and Peele's experiments, in which the data
were reported in a graphical form that was hard to inter-
polate,

The gamma data presented here is of poorer quality than

the beta data just presented in two respects, First of all,
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there is a greater amount of scatter about the mean, The
various experiments show little agreement on the shape of
the decay heat curve, with deviations from ROPEY of 20 to
L0% over most of the cooling time ranges. (Like the beta
data, the disagreement on the shape of the curve and the
deviations from ROPEY for the gamma data increase at the
shorter cooling times,) Also, there is less overlapping of
data in the gamma experiments, which lends even less con-
fidence in the results than was the case with the beta

data,

Peele et. al, (9,10)

The authors executsd a series of experiments to measure
the gamma spectra from the thermal fission of U-235 at de-
cay times ranging from very short {~40 ns) to long (1-1600
s). Pair production and Compton multiple-crystal scintil-~
lation spectrometers were used to measure the gamma spectra
in the energy range ,3-5.5 liev for timss after fission in
the range 1-1600 seconds,

The crystals were surrounded by 15-20 cm of lead and 20
cm of a LiF-paraffin mixturs as shielding azainst back-
ground gamma and neutron activity., The fission samples were
thin disks of uranium irradizted in the nylon carriers of
the opneumatic transfer system in the central region of the
reactor. A thin hole in the lead shield produced a colli-

mated beam of gamma photons, and a plastic plug at thz end
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of this collimator absorbed all of the beta radiation from
the fission source, The number of fissions was computed
from the measured weight of each sample and the activation
of gold foils irradiated alongside the fission foils,

Althouzh the authors report that much effort was ex-
pended on the data analysis of this experiment, no error
estimates were presented, This was dus to the removal of
funding before the final revort was issued., Later estimates
by the authors suggested that an error of 15-20% be as-
signed.

Since the project was naver completed and the final re-
port never issuad, the available reports give the gamma
spectra as a function of time after fission only in graph-
ical form. Perry's (3) interpolatibn of thase graphs has
been used as the exverimsnial data, with the comparisons
given in Tarle V and Fizure 9, Ve see that the experimental
d=t2 is always higher than thes calculated values, although
over most of the cooling time range the deviation is with-

in the sugzested uncertainty (20%).

o]

Fisher and Enzle (11)

This experiment, performed at LASL in 1963, measured
the gamma activity of the fission products from the fast
fisszion of various isotopes of Th, U and Pu, Only short
times after fission, from .2 to 45 seconds, were investi-

gatad,



Following a pulse irradiation with fast neutrons from

the Codiva-II rezctor, the Tission folls were transferred

=

vie a rabbit svstem to the detector assembly, A JHZ filter
between the figsion source and the detector served to elim-
inete all of the beta particles withcut producing signifi-
cant bremsstrahlung, and a thin hole in the lead shield
surrcunding the detector formed a collimated beam of gamma
rays. These gamma rays vere detected by a large cylindrical
NaI(T1) crystal, four inches long and four inches in disme-
ter. The crystal waz shielded from delayed neutrons from
the reactor by a large thickness of water,

The fission foils were thin metal disks with a diameter
of .105 inch, For the U-235 irradiaticn, the metel was
99,0% U-235 and ,1% U-238, The metal disks absorbed a con-
siderable fraction ($40%) of the softest gammas, but this
fraction was thought to be easily calculated., The number of
fissions that had occurred in the sample was calculated by
a radiochemical measurement of the lo-99 activity. The un-
certainty in the number of fissions was judged to be +6, 5%,
with the total uncertainty of the experiment set at r12%.

The authors reported 17-energy-bin gamma spectra and
the energy-integrated values for various time intervals
after fission. The data, in Mev/fission-sec, are compared
with

t

1 2 \
- n(t)dt.
To-ty St
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Table VI lists the data and their ROPEY comparisons, and
Figure 10 is a plot of the ratio of data to ROPEY. The ex~
perimental data are considerably higher than the calculated
values over the entire range of cooling times investigated.
Part of this error could be in the different fission prod-
uct yields from fast fission as compared to thermal fission
but one would not expect this to make more than a few per-
cent difference in the decay heat. The majority of the ers=-
ror is probably in the uncertainties of the calculated val-

ues at the short cooling times.
Warkentin (12)

In this experiment, two types of gamma ray dosimeters
were used to measure the gamma dose rates after the excur-
sion of a compact and essentially unshielded SNAPTRAN-1 re-~
actor. The irradiation was essentially a pulse, and the
gamma decay heat was measured from 1 %o 104 seconds after
the pulse,

Two types of instruments were used to measure dose
rates, a constant-recording Tracerlab gamma dose rate de-
tector and a constant~recording General Electric Type G-12
gamma lonization chaﬁber. These detectors were assigned un-
certainties of *20% due to errors in calibration.

The dosimeters measure dose rates from the reactor in
r/hr, and so had to be converted to energy release rates,

in bliev/sec, by a gamma leakaze calculation, The spectra of
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Perkins and King (21) were used, No other error estimate
was given by the author, and Perry (3) assumed an uncer-

tainty of 20% in his report,

Bunhney and Sam (13)

In this experiment, gamma spectra were obtained at long
times after shutdown following short irradiations in the
TRIGA reactor at the University of California, Berkeley, in
1969, Since the authors were mainly interested in dose rate
calculations from the fallout produced by nuclear weapons,
they investigated the gamma spectra at times from 15 min-
utes to 3 days after shutdown,

The fission foils were ,038~mm thick uranium foils
wrapped in either aluminum foil or polyvinyl alcohol film
and sealed between layers of polyethylene film, Different
irradiation times and counting intervals were used for each
of nine different cooling times, The lengths of the count-
ing intervals were chosen to give good counting statistics,
and each measurement was performed at least three times to
demonstrate reproducibility,

After irradiation, the foils were transferred wvia the
rabbit facility of the'TRIGA to the detector assembly,
There, the gamma rays from the fission source were dztected
by a large MaI(Tl) crystal which was shielded from back-
ground gamma radiation by at least four inches of lead. A

polyethylene block, to which the fission foil was tavped,
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served to absorb all of the beta particles, and a thin hole
through the lead shield formed a collimated beam of gamma
rays coaxial with the crystal,

The number of fissions that had occurred was determined
by a radiochemical measurement of the [i0-99 activity of
each of the uranium samples and 1ts associated wrappings,
In the only error analysis presented for this experiment,
the authors report that an uncertainty of +10% should be
assigned to the number of fissions., In all, a total uncer-
tainty of at least 115% seems reasonable,

If we denote the gamma spectra, in photons/fission-sec-
Mev, by [(E), then the Bunney and Sam data is +the function
{"(E)b=E, where AR is the width of the energy bin (1 out of
100) about the gamma energy £, If T is the irradiation
time and a6t = tz-tl is the counting interval, then the to-
tal gamma energy released during the counting interval for

a unit fission rate is

100
Znimimi.
i=1

The corresponding ROPEY wvalue is

t
1 2 :
= St R(t,T)dt.
1
These comparisons are listed in Table VII and the ratio

of data to ROPEY is plotted in Figure 11, We see that the
data ranges from 35% high at the shortest cooling time, 15

minutes, to 22% high at the longest coolinz time, 3 days,
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The most likely cause of this systematic discrepancy is the
calculation of the number of fissions, a quantity in which

the authors seemed to have little confidence,



TABLE V. DIFFERENTIAL GAMMA DECAY HEAT : EXPERIMENTAL AND ROPEY
Coecling|l ROPEY Fisher Peele Bunney Warkentin
Time t Data Data Data _ Data

(sec) | txh(t) txh(t] ROPEY | txh(t) ROPEY| +txh(t)} ROPEY txh(t )} ROPEY
1x10° | .275 525 | 1.91
2 364 . 565 1.55 465 1,28 655 1,80
3 A1l 655 | 1,58 .560 | 1.35 730 [ 1,76
5 1469 735 | 1.57 610 | 1,30 .800 |1.71
7 1 . 505 770 11,52 610 | 1.21 .820 [1.62
1x10 . 545 800 | 1.47 615 | 1,13 840 | 1.54
2 ,620 845 11,36 665 | 1,07 840 | 1.35
3 650 .865 11,33 L740 | 1,14 .825 | 1,27
5 672 .885 | 1,32 ,780 1,16 800 | 1.19
7 5 671 ,780 | 1.16 770 | 1.15
1x10 649 760 | 1,17 J7ho 1 1.1k
2 «555 .655 1,18 690 1,24
3 497 .580 | 1.17 655 | 1,32
5 LL66 .535 (1,17 600 1,32
5 sk .520 | 1.15 570 | 1.26
1x10° | .468 1525 | 1.12 645 | 1,38 sk | 1.15
2 . 505 . 525 | 1,04 650 | 1,29 485 .96
3 0501 -635 1027 0“'50 090
5 458 .575 | 1,26 420 .92
7 416 ,515 | 1,24 400 .96
1x10 .362 55 11,26 375 | 1,04
2 2L ,300 | 1.23
3 .196 .250 | 1,28
5 .165 .205 | 1,24
7 5 .150 .185 | 1.23
1x10 .136 175 1.29

0%
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TABLE VI.

FISHER AND ENGLZ GAMMA DECAY HEAT.
PULSE IRRADIATION,

FAST FISSION.

Counting

Interval Data

(sec) Data ROPEY | ROPEY
2=¢5 . 564 455 1.24

1-2 311 221 1,41

b-5,5 153 , 0982 1.56

10-13 L0706 .049O | 1.44

35-45 , 0221 , 0167 1.32

b3
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TABLE VII.

RUNNEY AND S&M CAMMA DECAY HEAT.

Irrad,; Cooling
Time Time Data
(sec) | (sec) Data ROPEY ROPEY
10 900 6.96x10‘Lp 5.1l+x1o‘LP 1.35
10 1800 3,63 2,79 1.30
5 3600 1,70 1.36 s 1.25
8 7200 7.,14x107° | 5,73x107° | 1.25
20 18000 1,81 5 1.45 6 1.25
Lo 36000 6.23x10 5,07x10" 1,23
80 86400 2,10 7 1,64 v 1,28
80 172800 8,50x10 6,63x10° 1.28
80 259200 4,02 4,02 1,22

L5
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b7

C. Calorimetric Experiment of Lott et, al., (14,15)

A1l of the experiments described previously measured
either the gamma or the beta energy separately, and often as
spectra, and all used a form of scintillation spectrometer.
In contrast, this experiment measured the total gamma plus
beta activity after U-235 thermal fission and used a calori-
metric technique. As will be seen later, this is the tech-
nigue used by Yarnell (19) at LASL and by Friesenhahn (18),
in a hybrid version of calorimetry and srectirometry, at IRT
to measure the decay heat,

Tﬁe main disadvantages of the calorimetric method have
been the slow time response and the limited amount of infor-
mation that can be obtained. “While scintillation spectrome-
ters exhibit an a2lmost instantaneous response to an absorbed
quantity of energy, the calorimeter used by Lott had a time
response of about 115 seconds., This slow response compli-
cates the calculation of actual emitted energy from the
measured response, The calorimeter used by Yarnell has a
much faster response, of the order of a few seconds, and
should provide results of improved accuracy. Also, gamma and
beta spectra cannot be measured by the thermal calorimeters
of Lottt and Yarnell.

The ma jor advantage of the method is that it is the
most simple to perform and yields the most precise answers,
Unlike spectrometer measurements, calorimetric measurements

have small corrections for gamma efficiency and beta self-
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abtsorption, have no need For detector response unfolding
technioues and have a high statistical accuracy due to the
detection of all beta particles and gamma photons,

The calorimeter used in this experiment was of the con-
duction type, and the major components were two large blocks
of silver, 76 mm in diameter and 160 mm in height, An irrad-
iated fission sample was placed at the center of one of the
blocks, while the other block served as a reference. The
silver blocks were connected to a thermostat block by 1216
thermocouples which served to measure the temperature dif-
ference between the silver blocks and the thermostat block.
With +the sample in thermal equilibrium with the silver
block, the temperature difference recorded by the thermo-
couples should be directly proportional to the energy given
off by the decay of the fission products in the sample.

The fission samples used were thin sheets containing 10
g of uranium enriched to 93% in U-235, These samples were
irradiated at a constant power for three different irradia-
tion periods - 100, 1000 and 5000 seconds, Following the ir-
radiation, the samples were transferred to the calorimeter
within 10 seconds by a pneumatic system. The samples were
brought to the ambient temperature of the silver blocks be-
fore their insertion into the blocks, The time response of
the calorimeter was about 115 seconds,

The number of fissions that had occurred was found by

measuring the activity of the 1596,2 kev gamma line of
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La-140, This method ascsumes a fission yield of 6.30% for
Ba-140, the precursor of La-140,

A fraction of the gamma energy released by the fission
products in the sample escaped from the silver block and was
not measured. The amount of this escape fraction had to be
calculated from assumed gamma svectra and from an assumed
rartitioning of the beta and gamma components of decay heat.
For cooling times less than 1500 seconds, the gamma spectra
of Maienschein (9) were used, while for cooling times great-
er than 1500 seconds the disintegration schemes of the fis-
sion products were used, The partitioning of the veta and
camma decay powers was obtzined by combining the data of
Maienschein and Machkiahon (6), Based on these assumptions,
the gamma energy escaping represented about 10% of the total
decay energy being emitted.

Denoting by A(t) the response function of the calor-
imeter (response to a unit pulse) and by E(t) the fission
product decay power absorbed by the calorimeter, then the
power measured by the calorimeter, m(t), is given by

d t
m(t) =5 § E@MAG-TaT+ a(v)

0
where Q(t), the thermal pulse due to the introduction of the

sample, is given by

dA(t)

o(t) = Q g1 -
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The problem is then one of determining E(t) given m(t),
Q(t) and A(t)., The authors utilized two different methods to
solve this problem
1) The first method is based on the physical solu-
tion of the generalized decay equations, whose
solutions are the sums of exponentials, One

first writes the function E(t) in the form

E(t) =2EieXp(-1?.lt)
i

1 < ramet E
and then the parameters QO’ and Oi are those

i
that minimize the following XZ value

2 _ . 2
l - Z(m(tj'QO'hi’vi) - m('tJ)).
J
2) The second method is based on the method of mo-

ments, The function m(t) is first put intc some
analytic form and then E(t-T) is expanded in a

Taylor's Series about t

2
B(t-1) = 5(00() - qr(1)(x) + T @)y

By introducing the moment of order n of the

transfer function,

%
Mo (%) = i;l—%-Ln { a(mTer
' 0

n

the integral eguation Tor m(t) becomes

m(t) = gzt "Zr\lz.l(t)w(i)m.

1



51
By limiting the expansion of E(t-7) to the order
n and by deriving the above expressions n times,
the following system of equations 1s obtained

which can be solved for E(t) :

Y1
m(t) = > B} 1) (4)
i=o

n
M) (4) = ZBE‘ gli)t)
i=0

The authors used a fifth-order expansion of
E(t-T7).
Several sources of error were considered :

1) First, there was an error involved in the analy-
sis of the measured quantities, The error in ob-
taining E(t) from its integral relationship with
m(t) and A(t) is not easy to ascertain, and the
authors felt that an uncertainty of +1% should te

assigned due to the observed differences in the

a

~ectlts of the two methods used.,

+

2) “he uncertainty involved in measuring the trans-
fer functicn and fitting it to an analytic form
was considered to be T, 5%,

3) The error indetermining the number of fissions
was essentially the error involved in measuring
the Ia-14C gamma line, and was assigned an un-

certainty of *3%, There was assumed to be no er-

ror introcduced by uncertainties in the fission
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yielé of Ba-ilL0,

L) The authors considered an error of +10% on the
amount of gamra energy escaping the silver block
of the calorimeter, Since this energy arounted to
about 10% of the total energy being emitted, an
overall uncertainty of +1% was assigned to the
mezsured decay npover,

In all, the authors felt that an error of iS% shculd be as-
signed to all the tabula®ted results. This uncertainty is
considerably less thzn the error in all of the previous ex-
periments, (Beta experiments, ~10%; gamme experiments,
~M2%, )

Table VIII shows the experimental total decay cower,
in Mev/sec for a unit fission rate, and the ROPLY compari=
sons for the three different irradiation periods, Table IX
shows the experimental differential decay power, in Mev/sec
for one fission, as derived from the finite irradiation
data, and the ROPEY comparisons,

To obtain the differential function, h(t), from the in-
tegral function, R(t,T), the authors fitted the data to the

form

R Ty = MR -
R(t,7) = KR, (T)exp(-pt)
i
and then, using the relzation
t+T
2(t¢,7) = §  n(t)at

<+
L
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octained the function h(t) from

n(o) = o ).
: 1-€Xp(t#iLj : i
Figures 12 and 13 show graphically the comparison be-
tween ROPEY znd the experimental data. We see that the data
diverges more and more from the ROPEY values as the irrad-
jation time decreases, probably due to greater uncertainties
in the number of fissions. At the shortest cooling times,
{100 seconds, the data is more than 10% low for the 100~
second irradiation data, and is within 7% of the calculated
values- for the remainder of the cooling times, For the 1000~

and 5000-second irradiations, the data is within the quoted

experimental error over the entire cocling time range.
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TABLE VITI. TLOTT DECAY HEAT DATA, TOTAL GAMMA PLUS BETA.
FINITE IRRADIATIONS (MEV/FISSION).
Irrad, Cooling
Time Time Data
(sec) | (sec) Data ROPEY ROPEY
100 | 7xt05 | 9.819x107" 1.131x1091 ,868
1x10° | 7.553 8,383x10 ,901
1.5 5.39 5.71 9L
2 L,11 4,26 . 965
3 2,75 2.79 . 986
5 1,70 1,66 1,024
7 o |1.24 5 11,20 . {1,033
1x10- | 8,99x%10 8,59x10 1,047
1.5 6,22 5,88 1,058
2 L,71 L, 4o 1.070
3 2,93 2,80 1,006
1000 | 2x10° | 1.692x10° | 1.700x10° .995
3 1,385 1,347 1] 1.028
5 1,031 -1 9,916x10 | 1,040
7 3 8.352x10 8,014 1,042
1x10 6,554 6,238 1.042
1.5 4,73 4,61 1,026
2 3,42 3.58 1,011
3 2,37 2,38 . 996
5 1.32 _, | 1.33 . 992
7 4 8.61'}:1") - 8.8&)\.10 0970
1x10 5,46 5,67 . 963
1.5 3,22 3.32 . 970
2 2,13 2,25 . 947
5000 | 3x10° |2.579220° | 2.552x10% | 1,011
5 2,158 2,093 1,031
7 L 11.862 1.815 1,026
1x10° |1.552 1.532 1,013
1.5 1,220 1,221 . 999
2 1,006 11,010 ! . 994
3 7.347x10 7.407x10" .992
5 4,63 L,69 .987
7, 3.3 3 36 .,85
1%10° 2,25 2,28 . 987
1,5 1,00 5 | 1.42 .986
2 9,80x107% | 1,00 5 .980
3 6.05 6.,14x10" .985
5 3,34 3,26 1.025
7 2,01 2,07 971




TABLE IX.

LOTT DECAY HEAT DATA, TOTAL GAMWA PLUS BETA.

PULSE IRRADIATICH (MEV/FISSION-SEC).

Cooling

Time Data

(sec) Data ROPEY ROPEY
7x10% 1.629%102] 1.0Lox10"2| ,836
1x10 1,127 -3 1,303 3 . 865
1.5 7.347%10 7.961%10 .923
2 5.341 5.537 . 965
3 3.300 3.326 . 992
5 1.899 1.830 1,038
7 1,365 | 1.282 1.065
1x10° 19.631x10™%| 9.001z10"F | 1,070
1,5 6,45k 6.070 1,063
2 4,763 4,519 1,054
3 2,908 2,852 1.020
5 1.529 s 1.503 s 1,017
7y 9,806x10 9,696x%10 1,011
1x10 6,111 6,047 1,011
1.5 3,46 3,473 . 997
2 2.286 2,331 .981
3 1.355 61 14357 61 999
5 7.,216x10 6.,961x10 1,037
7 s L, 416 L,354 1,014
1x10 2,674 2,597 1,030
1.5 1,493 7 1,432 7 1,043
2 9,84Lx1077 1| 9,421x%10 1,045
3 5.732 5,490 1,044
5 3,261 3,165 1,030
7 6 2,424 2,288 1,059
1x10 1,676 1,601 1,047
1,5 1,094 511,037 g |1.055
2 7.896x107"{ 7.,512x%10 1,051
3 4,838 b, 597 1,052
5 2,474 2,312 1,070
7 1,605 1,494 1,074
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III. CURRENT DECAY HEAT EXPERIMENTS

Introduction

Three of the ongoing decay heat experiments are de~
scribed below and their results compared with the proposed

standard. They are

Dickens et, al, (16,17) at ORNL
Friesenhahn and Lurie (18) at IRT Corporation
Yarnell et., al, (19) at LASL

The approach of each organization to the measurement
of decay heat is different, so that any systematic effects
of a particular method can be recognized by a lack of agree-
ment with the other methods, It is hoped that the diversity
of experimental methods will yield a decay heat curve of
good quality for comparison with the theoretical calcula-
tions,

IRT uses a "nuclear calorimeter" for their measure-
ments, ORNL uses a more classical scintillation spectro-
meter and LASL uses a thermal calorimeter., The ORNL data,
although the first to be published, shows some serious dif-~
ficulties with the beta data, Their gamma data is of higher
quality and agrees fairly well with the calculated values.
IRT has just presented its preliminary results and their
situation is just the opposite., Their beta data is in good
agreement with the calculated values, but their gamma data

shows some systematic error, The ILASL group has not yet
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supplied any preliminary results, but are working on the
optimization of their experimental design,

Although the IRT and ORNIL data are still preliminary
and contain some systematic errors, they represent a great
improvement over the decay heat measurements described in
the previous chapter., With the exception of the calorimetric
experiment of Lott, all the previous measurements contained
errors in the range of 10 to 20%., These new measurements

have brought the errors down to the range of 5 to 10%,

Dickens et. al, (16,17)

ORNL uses a classical scintillation spectrometer to
measure the fission product decay heat. Their approcach is to
measure the beta and gamma spectra separately and then inte-
grate these spectra to obtain the total decay heat, This
serves the dual purpcse of providing much-needed spectral
information, ,for other research purposes, as well as the de-
cay heat curve.

The gamma ray spectrometer employs a large NaI(T1l)
crystal and a magnetic field to deflect the beta rays. lMeas-
urements of the heta spectra, with an NE 110 crystal, are
taken both with and without the magnetic field. The beta
spectrum is then the difference of these two measurements.,

Samples are irradiated in the Oak Ridge Research Re-
actor and transferred to the spectrometer by a pneumatic

system, Following the spectrcmeter measurements, the number
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of fissions that have occurred is determined by measuring
the Mo-99 activity.

The experimentzl gamma and beta data and the corres-
ponding ROPEY calculations are given in Table X and plotted
in Figures 14 and 15, For comparison with the experimental
data, the output of ROPEY, in Mev/fission, had to be nu-
merically integrated over the counting periods and divided
by the irradiation period, This integration was performed
by fitting the R function to a simple exponential,

'bt, and then integrating this expression,

R(t,T) = ae
For the gamma decay heat, data and calculation agree to
within 7% over the cooling times investigated. (For the 2.4
second irradiation, 3-300 seconds; for the 100 second irrad-
iation, 10-12,000 seconds.) The major experimental uncer-
tainty is in the determination of the number of fissions,
The beta data, however, suffers from more serious dif-
ficulties, the main one being the fabrication of a suitable
sample holder. The sample cover must be thick enougzh to con-~
tain all of the fission products, and yet thin enough to al-
low all of the emitted radiation to escape. The sample cov-

ers currently being used are quite thick and absorb a sig-

nificant amount of beta radiation,

=i

Friesenhahn and Turie (18)

IRT uses a large total absorvtion scintillation detec~

tor to measure both the beta and gamma components of decay



61
heat, This detector combines the advantages of thermal cal-
orimeters and scintillation spectrometers, hence the term
"nuclear calorimeter", Like the calorimeter, it has a high
statistical precision due to the absorption of all of the
emitted radiation and has a small detector response cor-
rection, Like the spectrometer, it has a fast time response,
can provide differential information and can function effi-
ciently with samples of low activity,

The detector consists of 46 separate modules which can
be operated independently of each other. (See Figure 16) A
central cylinder, 24 inches in diameter, is surrounded by
forty~-four 9-inch diameter cylinders (logs) in a close-
packed array. All of the logs and the central cylinder con-
tain a 60-inch lensth of active liguid scintillator solution
and 2 9-inch lizht pipe on each end, Each end of the logs is
viewed by a five-inch diameter photomultiplier tube, and
the central liquid scintillator is viewed by eight photo-~
multiplier tubes on each end, An NE 110 plastic scintillator
6 inches in diameter and 16 inches long, is located at the
center of the central cylinder,

The plastic scintillator serves to absorb all of the
beta radiation emitted by the irradiated sample, while the
liquid scintillators, totalling 4000 liters in volume, ab-
sorb a2ll but a small fraction of the gamma radiation, Each
scintillator is wrapped in aluminum foil to reflect ligzht

back into the scintillator and improve its response to ab-~
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sorbed radia+tion,

An aluminum~uranium alloy in the form of very thin
foils (.,0254-mm thick) is used as the fission sample, The
uranjum is 92,26 atom % U-235, and the alloy is 22,8 weight
% U=235, These foils are enclosed by thin sheets of Hylar
to trap the fission products,

Instead of applying radiochemical techniques to deter-~
mine the number of fissions that have occurred, IRT irradi-
ates a second foil and counts the number of fission products
in an ion chamber, Whereas the foils used for the decay heat
measurements are covered with a thin deposit of HMylar to
contain the fission products, the foils used for the fission
rate determination are not enclosed, but merely deposited on
a very thin nickel substrate with Mylar edges for rein-
forcement, This allows essentially all of the fission prod-
ucts to escape and be detacted by the ionization electrons
they produce in the ion chamber, This method avoids the ex-~
perimental uncertainties involved in measuring the gamma
activity of Mo-99 or La-140,

Since the system is an efficient detector of radiation
emitted by the sample, samples of high activity are not re-
quired, For this reason, a water-moderated Cf-252 source

8 n/cmz-sec is used, At the

with a thermal flux of about 10
end of the 24~hour irradiation, the samples to be used for
decay heat measurements are transferred to the detector

within one second by a rapid transfer pneumatic system,
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Since the foils used in the fission rate determination are
too fragile to use in the rabbit system, they are manually
inserted in the ion chamber,

The complex operations of data acquisition are con-
trolled by computer, Before each measurement on an irradi-
ated sample, background measurements are taken in the plas-
tic scintillator, the central liquid scintillator and the
logs, A standardized Co-60 source is inserted and the signal
from the plastic scintillator is adjusted until it is in
balance with the ligquid scintillators. Ten cycles of meas-
urements with a C0~-50 rabbit followed by background meas-
urements are performed to provide the calibration for sub-
sequent decay heat measurements,

A coupled photon-electron Monte Carlo code was used to
provide correction factors for the raw data, These correc-
tion factors include the beta energy loss in the sample it-
self, which used the beta spectrum of Tsoulfanidis (7,8),
and the gamma energy escape fraction, which used the gamma
spectrum of Bunney and Sam (13),

The authors report a net uncertainty in their measure-
ments of +2,4%, The breakdown of this uncertainty is given
in Table XI, taken from reference 18, Uncertainties in the
activity of ths standard Co~50 sources used for calibration
contributed the largest error, *1,4%, while the determina-
tion of the number of fissions and thes normalization of the

raw data to the ion chamber measurements each contributed
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about +1,2%.

A comparison of the preliminary IRT results and the
calculstions of ROPEY is given in Table XII and in gravhical
form in Figure 17. The IRT beta data is encouraging in that
the deviation from ROPEY is, except for a few points, less
than 5% over the entire range of cooling times (1 to 109
seconds )., Also, the data is scattered both higher and lower
than the calculated values, suggesting that there are few
systematic errors in the data acquisition, Even more impor-
tant, the beta data is within *+3.7% of the ROPEY calcula-
tions for cooling times less than 1000 seconds, the period
of major importance in decay heat removal,

The gamma data reported by IRT is not quite as encour-
aging, First of all, the data is significantly lower than
the ROPEY calculations over most of the cooling time range.
For times from about 15 seconds after shutdown upwards, the
data deviates more and more from the calculations, bzcoming
15% low at the longest cooling time, Over the crucial period
up to 1000 seconds after shutdown, the data ranges from 6%
hizh to 7% low,

There are several possible sources of error in the IRT
gamma data. First of all, the gamma escape correction for
the scintillators was computed with a Monte Carlo code uéing
the gamma spectrum reported by Bunney and Sam (13), This is
fairly ancient (1969) data and may be in error, If the er-

ror in the spectrum results in a calculated leakage that is
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too low, then the data, when corrected for the leakage, will
also be low, (In addition,the calculated response function
of the scintillators will also be inaccurate,) It is be=-.
lieved that this older data does indeed rredict spectra

that are too soft, as can be seen later in this report in
the calculation of the gamma energy leakage from the calor-
imeter being used for decay heat measurements at LASL., Using
the gamma spectra measured in the current decay heat experi-
ments at ORNL, a gamma energy escape probability of G =4,87%
was obtained, A similiar celculation using the Bunney and
Sam data gave G = 4,3%, Considering the small size of the
correction for gamma lzakace, it is not likely that an er-
ror in spectra has a very large effect on the final re-
sults, However, IRT is currently planning to reveat their
calculation of gamma leakage using the ORNL data and also
the spectra calculated from the ENDF/B-IV data files by T.
R. England,

Another possible error has been brought up by the
studies of the decay heat from the fission product halogens
and noble gases, These constitute only about 8% of the fis-
sion products produced in the thermal fission of U-235, but
they contribute up to 45% of the zamma decay heat at long
cooling times (27 )., If there are any protlems with the dif-
fusion of these gzses through the lylar covers of the ir=-
radiated foils, an error could be made in the garmma heat

determination., The long irradiation period in this experi-
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ment, 24 hours, might give ample time for a significant
leakage of the fission product gases,

In all, the general azreement of the beta data with
the ROPEY calculations is encouraging, although the fact
that the deviation is not within the quoted uncertainty
suzgests that either the uncertainty represents a very op-
timistic estimation of experimental errors or that there
are still some buzs to be worked out. Since the data is
still preliminary, it would be wise to wait for a final re-
port before passing judgement.

The gamma data, however, represents little improve-
ment over the data of the previous experiments, and a care-
ful exzmination of every aspect of the experiment is in

ordzr,

Yarnsll et, al, (19)

The decsy heat experiment being performed at IASL em=-
ploys a thermal calorimeter with a block of oxygen-free
coprer as the absorber, The basic principle is to use the
heat absorbed by the copper to vaporize liquid helium.
Knowing the heat of vaporization of liquid helium, the
amount of absorved decay heat can be calculated from the
observed boil-off rate of gaseous helium,

At four degrees Xelvin, the temperature of liquid he-
iium, coppver has a low heat capacity and a high thermal

diffusivity. This provides a low thermal inertia - only a
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small amount of heat can be stored in the copper - and a
high rate of transfer of the absorbed heat to the helium,
As a result, the time response of the absorber is only a
few tenths of a second.

The copper block is a cylinder with a diameter of
17.78 cm and a height of 21,59 cm, (See Figure 18,) Ir-
radiated samples are insesrted through a 1,27-cm diameter
hole extending 12.7 cm along the axis of the cylinder. This
hole and a shallow reservoir above the calorimeter are
filled with liquid helium, The reservoir is made shallow to
provide a short convection path for the ligquid,

Heat is applied to the helium vapor in a controlled
way to raise it from four degrees Kelvin to room tempera-
ture, where the mass flow can be measured by a resistance
flowmeter, The flowmeter is a guartz-coated platinum sensor
mounted in a venturi in the gas line, The sensor tempera-
ture is maintained at 2 constant number of degrees above
the temperature of the gas., 4 feedback circuit monitors the
changes of the resistance of the platinum sensor and ad-
justs the heat supply accordingly. The mass flow of the he-
lium is then a function of the power reguired to maintain
this constant temperature difference,

The major time delay in the system is the transfer
of helium vapor from the copper absorber to the flowmeter.
With heat pulses from an electrical heater immersed in a

liquid helium bath, the flowmeter response was 90% in 2
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seconds and 100% in 5 seconds. This is a very fast time re-
sponse compared with the 115 second response time in Lott's
experiment, Transfer from the reactor to the calorimeter
takes about two seoconds, the lowering of the sample temp-
erature to four degrees Kelvin takes another four seconds,
and then measurements can begin as soon as the pulse from
the introduction of the sample has died away., It is expected
that decay heat measurements can begin at 10 to 20 seconds
after shutdown,

The fission samplezs are thin foils of uranium enriched
to 93% in U-235 and sealed between sheets of aluminum
foil ,13-mm thick to ensure that no fission products es-
cape, The samples are checked for possible leaks or sur-
face contamination with U-235 both before and after the ir-
radiation, Since the samvles are measured at a very low
temperature, the fission products should be in a solid
form and have no chance to =2scape during the measurements,

The number of fisslons that have occurred will be de-
termined by a radiochemical analysis of the dissolved {fis-
sion foil. For this pupose, the activities of Mo-99, La-140
and Nd-147 are measured,

A1l of the beta radliation emitted by the sample is ab-
sorbed in the calorimeter, and all but a fraction G of ths
gamma radiation 1s absorbed, In order to predict the out=-
come of the experiment, a lionte Carlo code was written

which determines the gamma snergy leakage probability as a
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function of the initial gamma energy. When integrated over
the gamma svectrum emitted by the sample, the total energy
leakage probability is obtained., The code and its inpuv
are more fully described in the Appendix,

The gamma spectra of Bunney and Sam (13) were the
first to be tried, and they yielded an escape fraction of
G = ,043, When the spectra from the current ORNL experi-
ment were obtained, the calculations were repeated, with
the result G = ,0487, Although the ORNL data is still ore-
liminary, these results sugzest that Tthe Bunney and Sam
datz are too soft, az was suzgested earlier,

No results and no error analysis have been presented
yet, as the experimenters are still working on the op-
timization of their desizn, However, one of the larger
errors of the measurements is likely to be in the deter-
mination of the number of fissions, which the authors claim
is less than two percent due to the wealth of experience
gained at LASL over the years,

For the 2x10u-second irradiations used in this ex-
periment, the calculated values of liev/fission, includ-
ing the correctior for gamma escape, are given in Table

XX

=
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TABLE X. DICKENS DECAY HEAT DATA AND ROPEY COMPARISONS
Irrad.| Cool.|Count Data ROPEY Ratio
Time |Time |Time Mev/fissjon Mev/fission Data/ROPLY
(sec) | (sec)| (sec)| Gamma | Beta|Total | Gamma | BetaTotal Gamma | Beta|Total
2.4 ; ! 219 ig% 483 | L186| .263| b9 | 1,178|1,004{1,075
5 2 L1641 ,1971 .361 431,201 L343 | 1.147) .980{1.,053
7 2 .1331 .150] .283 117 ] ,163) ,280 | 1.,136] .,917]1,011
9 5 2Lh2 | ,267( .509 2281 ,305) ,533 | 1,062 ,877}{ .952
14 5 .1781 .183| .361 1731 ,220{ .393 | 1.029} .833} .,917
19 10 260 ,237] 497 2561 .,305| ,561 | 1,015| ,775] .885
29 10 .190| ,159{ .349 .188] .212¢{ ,400{ 1,011} .752| .870
39 20 2781 ,216] 494 271,201 ,561 1,026 7411 ,877
59 20 1951 ,145] 340 L1921 ,199) .392 | 1,015} ,730{ .870
79 20 1491 ,108] ,257 L1611 149 2951 1,020} .725| .870
99 50 254 ,185] 439 2541 ,253( ,507 | 1,000| ,730| .862
149 {50 163} ,119] ,282 1661 ,165] .330 .980} ,719| .855
199 {100 2061 ,153] .359 213 | 213§ 426 L9711 7191 .840
100 10 20 227 |1 ,207| 434 2391 ,2621 ,501 .952| ,7871 .870
30 20 1611 ,130f .291 1651 ,171 | .336 L9711 .7581 .862
50 50 266 ] ,203] 469 2751 .278] .553 9711 ,730} ,847
100 |50 L1691 .125] ,294 1721 L1711 L343 .980] ,730| .835
150 100 .212{ .155] .367 2181 .218] 436 L9711 ,7091 ,840
250 100 ,1381{ ,100] .238 L1401 .142) ,282 .9901| ,704] ,840
350 {200 186 ,137; .323 ,186| .188] ,374 ] 1,000 .730]| .862
550 | 200 .1291 ,099| .228 131 ,128) .259 .9801 .775| .877
750 |200 1011 ,077) .178 ,103| .097] .200 .980| .794}1 .893
950 | 500 ,1851 ,142] ,327 1951 .173] .368 .952| .820| .885
1450 | 500 1321 ,0971 .229 L1404 ,118] ,262 ,9171{ .820) ,877
1950 | 500 .100} ,069] ,169 .113} ,086( .,199 .885] .800| 847
2450 111950 ,6361 ,3811 1,017 ,7801 ,5001 1,280 LB131 L7641 794
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Figure 16, Schematic Drawing of IRT Calorimeter.
(Taken from Reference 18.)
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TABLE XI. EXPERIVENTAL UNCERTAINTIHZS IN IRT DATA
(Taken from Reference 18)

Correction Uncertainty

Scintillator Measurements (%) (%)
Beta absorption in sample 3.2 0,6
Gamma energy escape (relative) 0,2 0.5
Uniformity of scintillator response -—- 0.5
Normalization to ion chamber ~—— 1.2
Co-60 standard source activity - 1.4

Ion Chamber Normalization

Bias efficiency L,o 1,0
Dead time 19,7 0.4
Fission prdduct escape —-—— 0.5
Fission rate reproducibility -—— 0,2

Net

H
N
=
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BLE XII, IRT DRECAY HEAT DATA AND ROPEY COMPARISONS
24~-HOUR IRRADIATION (MEV/FISSION)
Cooling Gamma Beta
Time Data Data
(sec) Data | ROPEY|RGPEY Data | ROPEY|ROPEY
.750 5.,548615.232911,060 | 5,5278|5,5421] ,997
1,00 5.405215,1587{1,048 | 5,5920}5,44111{1,028
1,25 5.335415,094211,047 | 5,4980{5,3528(1,027
1,65 5.2670{5,0051{1,052 5.351415,2301{1,023
2,00 5.1638{4,9375{1,046 | 5,2096]|5,1366|1.,01%
2,45 5.033214,8610|1,035 | 5,2108{5,0302]1,036
2,95 £.,9198(4.786511.028 | 5.0228 4,9261(1,020
3.60 | 4,8618{4,702211,034 | 4,8330|4,8077{1.,005
L,25 L,7576|4,628611,028 | 4,7156{4,7039(1,002
5,00 L,652014,553711,022 | 4,5958{4,5981]|1.,000
5.95 L,s14214,4705]1,010 | 4.,4956{4,4803]|1,003
7,00 4.5588(4,3899]1.016 4,3138{4,3664{ ,988
8.25 L,346814,3055]1,010 | 4,2070{4,2478] .990
9.55 L,2428|4,2221]|1,005 | 4,067414,1319 .984
11,3 b,1400{4,1378)1,001 | 3,9136{4,0163] ,974
13,1 Lh,o674 |k, 0514 1,004 | 3,8000{3,9000] .974
15.3 3.9598]3.9625¢ .999 | 3,675613.7830{ .972
17.8 3.866013,8696] ,999 | 3.5348{3.6637] .965
20,7 3.771813.77821 ,998 | 3.,4164|3,54941 ,963
24,1 3.6504(3.6810] 9oL 3.3128{3.4314( ,965
28,0 3.559413,58611 ,993 | 3,2028{3,3193| ,965
32,5 3.452413,4881} ,990 | 3,1096{3,206Lk| ,970
37.7 3.346813,39031 ,987 | 3,0206{3,0967 .975
43,8 3.,244613,2913] ,986 | 2,90u412,9879] ,972
61,0 3,004413,0698] ,979 | 2.6866]2,7514) ,976
70.3 2,921612,9733 .983 2,590012,6510{ ,977
81.1 2,8212(2,8774] ,980 2.4972 2,56241 ,978
93,7 2,7212(2,7822] ,978 | 2,4160/2,4555 ,984
100, 2,622412,7378] ,958 | 2,3372{2,4107! ,969
125, 2,5332]2,5969| .975 | 2.,2476(2,2695] .990
145 2.,4L5812,5077 .975 2,1538(2,1803| ,988
167, 2.3520{2,4214) ,971 | 2,0820]/2,0951| ,994
194, 2,262642,3383| .968 | 2,0106|2,0126] ,999
224, 2,1876]12.,2584] ,969 | 1,9344{1,9330 1,001
259, 2,1022}2,1814] ,964 | 1,8628]1,8559]1,004
300, 2,0230)2,1071]°,950 | 1,7988]1.7810/1,010
348, 1,9466 2,1071 ,956 | 1,7340{1.7084{1,015
ho3, 1,8758{1,9657 ,954 | 1,6662{1,6377|1.,017
543, 1.7308{1.8294} ,946 | 1,5362[1,5001]1,024
622, 1,6657|1.,7681 ,942 | 1,L620)1,4391|1.016
700, 1,6100{1,7141] ,939 | 1.4034}1,3860[1,012
779, 1,5586{1.6657| .936 | 1,3564/1,3391(1,013
’58, 1,50701,62171 ,929 | 1,318811,297011,017
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TABLE XII. CONTINUED
Cooling Gamma Beta
Time Data Data
(sec) Data | ROPEY]|ROPEY Data | ROPEY|ROPEY
937 1.,475011.5812] .933 | 1,2652{1,25383{1,006
1020 1.,4°0511,58341 ,027 | 1,2246(1,2240(1,000
1090 1.305211,5085| ,925 1.1906 1.19201 ,999
1250 1,3352{1,4433} ,925 | 1,1250(1,1341} ,993
1600 1,1868}1.3237 .897 1.030411,0312| .9992
1850 1.113411,2538| ,888 L9685 ,97411 ,994
2170 1,0588{1,1728] ,903 . 87881 ,9104]| ,965
2400 1,006811,1227] ,387 . 87651 ,872411,005
2720 ok96{1,0587| .897 .78821 .82531 ,955
2950 90921{1.0179 .893 JT7BL Y 7961 L 973
3500 8240{ ,9350| ,883 74921 ,738711,014
3810 7882 89351 ,882 71561 ,710311,007
Lo3o L7634 8660 .881 ,70521 ,692711,020
4350 .7314y ,8310f .881 .6730) ,6693{1,006
4590 7004t ,8061 880 .6508! ,6538] ,995
4900 6818} ,77591 .879 .6318) .6345] .996
5130 6626 ,75521 ,877 .6320) ,621411,017
5570 6344 ,71871 .883 .59821 ,598411,000
6050 6020| ,6825 .8863 5788 5757 .998
7030 .5525) ,62041 ,891 . 52761 .5370(.984
7550 52141 ,5922 .897 . 5068 51941 ,976
8050 5130f ,5669| ,905 L5761 .50351 .909
8560 L4930} ,5438] ,907 L7Lu8) ,4887 .971
9390 L6561 5099 .913 o2 ] ,4670] ,963
10400 L2081 47381 ,897 b2l 44311 ,998
12900 .36221 ,4050| ,894 4028 ,3954(1,019
15400 .3196) ,3548 .901 3456( ,3575 .967
17900 .28241 ,3171] .891 32421 ,3265] ,993
20400 25561 ,2875] .889 .30421 ,3001)1,014
22900 23441 ,28341 ,890 28341 ,277111,023
25400 2168( ,2438] ,889 25541 ,25731 ,993
30400 1908| ,2130| ,896 2144 ,2239] ,958
35400 L1674 ,1896( ,883 .20021 ,1969{1,017
Lokoo 15421 ,1711 .901 .1706) .1746] ,997
L5400 13941 ,1558} .895 15161 ,1560| .972
50400 12701 ,1430{ ,888 13921 ,1403f ,992
60400 1096 ,1227{ ,893 1094t ,1155] .947
70400 ,0924{ ,1071{ ,863 .1056( ,0970{1,089
89300 07421 ,0859( ,R54 . 0716} ,0730 .981
97200 0690} ,0791] ,872 06541 ,06571 ,996
100000 06572 ,0767) ,877 . 0602 ,0631} .,954
102000 0642 ,0754{ ,887 .0580] ,0618! .939
151000 . 0430l ,05061 ,850 . 03261 ,03691 ,884
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TABLE XIII,

INCLUDED

PREDICTIONS OF LASI DECAY HEAT
GAMMA LZAKAGE

Cooling Decay Heat

Time lev/fission

(sec) Camma Beta Total
1x10° | 4.658 | s5.164 | 9.822
2 L, 446 L,859 9.305
3 4,297 4,639 8.936
5 L,082 4,321 8,403
74 3.926 4,089 8,015
1x10 3.748 3,828 7,576
2 3.363 3,297 6,660
3 3.118 2,989 6.107
5 2,797 2,614 5.411
7 5 2,581 2,377 L,958
1x10 2.357 2,136 L,493
2 1,959 1.719 3,678
3 1.758 1.507 3.265
5 1.531 1,265 2,796
7 q 1.387 1,115 2,502
1x10~ 1.187 ,9625 1 2,150
2 .9228 .6827 1,605
3 7372 .5394 | 1,130
5 . 5200 .3926 9126
7 39253 3160 7113
1x10 , 2332 , 2486 .5318
2 L1347 L1871 .2818
3 .08579| ,1018 .1886
5 .05029{ .,05705, .,1073
7 s ,03466] ,035608] ,07074
1x10 ,022921 ,02131 ,0LL23

EXPERIMENT,
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80
IV. CONCLUSION

In his 1973 report, Perry (3) reviewed the decay heat
experiments that had been performed up to that time, cit-
ing the authors' suggested uncertainties or assigning his
own., He presented in graphical form the comparison of all
these experiments to the calculated differential decay
heat function, h(t), as presented by Shure (20). In his
Master's thesis, Wei (2), extended this review by propos-
ing a gamma decay heat experiment which hoped for signif-
icantly lower experimental uncertainties.

This report has added some information to Perry's re-
view of previous experiments and has extended the review
to the experiments currently being performed, The addi-~ _ .
tional information has been 1) a comparison of the finite-
irradiation data and the calculated values, intended to
show the effects of irradiation time on the experimental
accuracy, an effect that does not show up in the differ-
ential function and 2) a review of the calorimetric ex-
periment by Lott (14,15) that was not included in Perry's
report.

Considering the poor agreement between calculation
and experiment observed in the previous decay heat exper-
iments, the comparisons given in this report, which use
the OSU-proposed standard, are not significantly different

from the comparisons reported by Perry. They have been in-
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cluded so that this report would be a complete review of
all pertinent decay heat experiments, up to the point at
which no more experimental data is reguired to verify the
calculational procedures. (Some experiments have not been
included due to the lack of available information, the in-
vestigation of inappropriate cooling times, the use of
fissile materials other than U-235 or the presentation of
data that was inconsistent with all other experiments.
Also, this cannot really be called conclusive since the
final results of the current set of experiments have not
yet been published,)

The differential beta data from these previous exper-
iments is seen to be in generally good agreement as to the
shape of the decay heat curve for cooling times from 10 to
10“ seconds, with less overlapping of data, and thus more
uncertainty, outside of this time range, If one assigns an
equal weight to each experiment, then the average experi-
mental decay heat value deviates about 20 to 30% from the
ROPEY values for cooling times greater than 5 seconds, and
shows even greater deviation at cooling times less than 5
seconds. In addition, the data shows about a 25% scatter
over most of the cooling times investigated,

The gamma data from the previous experiments is of
poorer quality than the beta data in two respects. First
of all, there is a greater amcunt of scatter about the

mean. The various experiments show little agreement on the
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shape of the decay heat curve, with deviations from ROPEY
of 20 to 40% over most of the cooling time range, (Like
the beta data, the disagreement on the shape of the curve
and the deviations from ROPEY increase at the shortest
cooling times.) Also, there is less overlapping of data in
the gamma experiments, which lends even less confidence in
the results than was the case with the beta data,

The inclusion of the finite-irradiation data and
their comparisons has served one basic purpose : to show
the effect of irradiation time on the experimental ac-
curacy. From the experiments of McNair (5) and MaclMahon
(6) we can see that the data from the longer irradiation
periods are in generally good agreement, as regards the
deviation from ROPEY, while the data from the shorter ir-
radiation times diverges more and more from the longer-
irradiation data. The essential point is that one cannot
expect the deviation of the differential data from ROPEY
to be indicative of the deviation of the finite~irradia-
tion data, especially at cooling times less than 100 sec-
onds. Together with the results of the current experi-
ments, this data suggests that errors exist in the nuclear
data files for those nuclides of major importance at short
cooling times., These are the nuclides with short half-
lives, for which it is hard to obtain reliable data,

The calorimetric experiment by Lott represented a

significant improvement in decay heat data, and could be
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included among the current set of experiments in evalu-
ating the proposed standard. At the shortest cooling
times, less than 100 seconds, the data is more than 10%
low for the 100-second irradiation data, but is within 7%
of the calculated values for the remainder of the cooling
times. For the 1000~ and 5000-second irradiations, the
data is within the quoted experimental uncertainty (+5%)
over the entire cooling time range. Except for the short-
est cooling times, the data of Lott demonstrates the ac-
curacy that is expected from the current experiments. Were
it not for the fact that a verification of the calcula-
tional methods requires a redundant body of data from dif-
ferent experimenters and methods, this data could have
been sufficient evidence of the proprietyof the methods,

From the differential decay heat data presented by
Lott we see an effect similiar to that mentioned above.
The differential data shows a greater deviation from ROPEY
than the data from the finite irradiations, Although some
uncertainty is introduced by the method used to obtain the
differential data from the finite-irradiation data, the
differences seem too great to attribute to numerical
methods alone,

It was stated earlier that the faithful use of decay
heat calculational codes in the design process rests upon
the experimental verification of the calculated results,

The question inherent in this statement, of course, is
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"How close is close enough?"., If deviations of 20 or 30%
were acceptable, then there would have been no need to
perform the current set of gxperiments. On the other hand,
if deviations of one percent or less are required, then
even the current experiments will not be good enough, and
a radical design change will be required to measure the
decay heat to such accuracy.

The question of how accurately the experimental data
- and calculations must agree is a hard one to answer. It is
an intricate question, involving both the economics of
building residual heat removal systems for removing con-
servative estimates of decay heat, and the social aspects
of public approval of reactor safety systems.

In deciding howaccurate an agreement must be ob-
tained, all are in agreement that the cooling time range
of prime interest is from shutdown to 103 or 10“ seconds
afterwards, Most of the decay heat is released in this
time and places the maximum load, and thus the maximum
uncertainty, on the heat removal systems. Most of the pre-
vious experiments emphasized this time range, as it was
felt that there was sufficiently accurate information
(half-lives; decay schemes, mean energies, etc.) avail-
able on the nuclides of major importance for decay heat at
long cooling times to allow an accurate calculation of the
decay heat at long cooling times.

The current experimenters have also followed this
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logic and have attempted to obtain reliable data at the
shortest possible cooling times. The scintillation spec-
trometer experiment at ORNL and the nuclear calorimeter
experiment at IRT have both, because of the nature of
their equipment, been able to measure the decay heat at
a few seconds or less after shutdown, The thermal calor-
imeter at LASL is somewhat slower, but can stili begin
measurements at about 10 seconds after shutdown,

Unfortunately, only ORNL and IRT have reported pre-
liminary results, and these contain some systematic er-
rors that have not yet been traced down. The group at LASL
is still working on the optimization of their experimental
design, but expect the actual data-taking to proceed rap-
idly once they have sufficient faith in their design.

The ORNIL data was the first to be published, and the
gamma component is in fairly good agreement with the ROPEY
predictions. Problems exist, however, at short cooling
times for the short (2.4 second) irradiation and at longer
cooling times for the longer (100 second) irradiation.
Considering both irradiation periods, the data are within
+5% of ROPEY for cooling times from about 15 to 1500 sec-
onds, The major experimental uncertainty is thought to be
in the determination of the number of fissions.

The ORNL beta data suffers from more serious dif-
ficulties, stemming from the problems encountered in con-

structing a sample holder thick enough to contain all of
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the fission products and yet thin enough to allow all of
the beta particles to escape without significant energy
loss. The sample holder now being used is quite thick, and
this shows up as a measured decay heat that is up to 40%
lower than the calculated ROPEY values.

The situation with the IRT preliminary data is just
the opposite. Their beta data is in good agreement with
the calculated values, while their gamma data shows some
systematic errors. They seem to have overcome the diffi-
culties with beta absorption that plague the ORNL group,
and the deviation from ROPEY is, except for a few points,
less than 5% over the entire range of cooling times. The
data is scattered both higher and lower than the calcu-
lated values, and is within +3.7% for cooling times less
than 1000 seconds, the period of major importance in decay
heat removal,

Although the IRT gamma data is not ygt acceptable as
verification of the calculational methods, it is still in
somewhat better shape than the gamma data from all the
previous experiments. For times greater than about 15 sec-
onds after shutdown, the data deviates more and more from
the calculations, beconing 15% low at the longest cooling
time, Over the crucial period up to 1000 seconds after
shutdown, the data ranges from 6% high to 7% low.

As mentioned in the last chapter, two of the pos-

sible sources of error in the IRT gamma data are the use
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of old and possibly inaccurate gamma spectra and the pos-
sibility of leakage of fission product _gases from the
sample during the irradiation. Both of these errors are
being investigated,

Although the author's rather mathematical outlook
may have made it appear that the experiments, rather than
the calculational methods, were on trial, the burden of
proof really lies on the mathematics. It must be shown
that the mathematical models can predict the decay heat
measured in these experiments, under the assumption that
the data represents the entire decay heat within the ex-
perimental uncertainties, The task remaining to be done to
make this a complete review of decay heat experiments is
to combine the data from the various experiments into one
experimental decay heat curve (differential). The uncer-
tainties in this curve would be indicative of the uncer-
tainties in the various input data, and the result could
be compared with the predictions to see what aspects, if
any, of the mathematical models or nuclear data files
need to be worked on.

Although this comparison cannot be competely done un-~
til after the final results from the current set of ex-
periments are in, an idea of the conclusions can be'ob-
tained by looking at the preliminary data. If we take the
best of the ORNL data, the gamma component, the best of the
IRT data, the beta component, and the Lott data, then we
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see that the beta and gamma components are in line with
the ROPEY values at all but the shortest, less than 100
seconds, and longest, greater than 104 seconds, cooling
times. The problems with the agreement at times soon after
shutdown are probably due to the uncertainties in the nuc-
lear data files, while the problems at longer times are
probably due to greater uncertainties in the measurements
as the decay heat decreases,

The 20 to 30% (gnd higher) deviations evident in all
of the previous decay heat experiments except Lott's did
not constitute sufficient verification of the calcula-
tional procedures. It is doubtful, however, whether ad-
ditional experiments, at least on a large scale, are nec-
essary. It would be wise to conduct more specialized ex-
periments to get at the problem area of short times after
fission, but there seems to be sufficient evidence in sup=
port of the calculations at long times after fission.,
(This, of course, assumes that the difficulties in the
gamma data of IRT and in the beta data of ORNL will be
resolved,) In addition, further work should be done
towards improving the quality of the data used by the var-
ious mathematical models and towards determining the un-
certainties in the decay heat given the uncertainties in

the input data,
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GAMMA LEAKAGE FRCM IASL CAT.ORIMETER
BY MONTZE CARI.C TECHNIQUES

Introduction

The calorimeter currently being used at LASL to meas-
ure the total decay heat from the thermal fission of U-235
is a cylindrical copper block 17.78 cm in diameter and
21.59 cm high. The irradiated samples are inserted in the
calorimeter through a 1.27-cm diameter hole extending 12,7
cm downwards along the axis of the cylinder., This hole and
a shallow reservoir above the copper block are filled with
1iquid.he1ium. The computer program GLEAK, descrited here-
in, calculates the amount of gamma energy leakage bty fol-
lowing a large number of photon histories., The gamma pho=:
tons are assumed not to interact with the helium and albedo
effects from other parts of the calorimeter are not in-
cluded,

To calculate the gamma leakage, follow the procedure
outlined below for each of a number of initial gamma ener-
gies, ranging from .02 Mev to 10 Mev, This will give a
spectrum of gamma leakage probabilities which, when inte-
grated over the gamma spectrum of the fission source, will
give the total gamma energy leakage, The cross sections for
copper were taken from Storm and Israel (28 ) with the scat-
tering either Compton, coherent or pair production. The

gamma spectra of Bunney and Sam (13) and of Dickens (16,17)
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at CRNIL have heen used.
Procedure

Follow a large number of paths (histories) of gamma
photons, each starting with the same energy and from the
same position, If the photon is absorbed within the copper
block or its energy falls below a certain cutoff energy,
that particular history adds nothing to the total energy
leakage. If the photon escapes, the energy it has when it
escapes is added to the total energy leaksge, Thus, the
fraction of the initial energy that escapes is the sum of
the escaping energies divided by the number of histories,

For any given photon energy, interpolation in a table

of input values gives ﬂt,,ugp/ﬁs,,AgOh/MS and ﬂgp/ﬂs, where

;xgp = Compton scattering cross section
/AEOh = coherent scattering cross section

/Agp = pair production scattering cross section

C coh
mg = APt O+ 4 PP

s

Mot = total cross section

(Interpolation is lLagrangian, second order.) The distance

travelled by the rhoton is then sampled from

F(s) = exp(jgts)
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which is the probability that a photon will suffer a col=-
lision after travelling a distance s, s is then found from

s =1 In(P(s))
At
where P(s) is chosen randomly from (0,1).

Given that an interaction has occurred, its type
(scattering or absorption) is determined by comparing
another random number in (0,1) with the ratio ﬂs/ﬁt. If
the interaction was an absorption or occurred outside of
the copper block, the history is terminated, If it was a
scattering event, then another random number is chosen to
determine which of the three types of scattering has oc-
curred.,

If the scattering was of the Compton type, then the
enrgy of the emergirng rhoton is obtained by sampling from
the Klein-Nishina distribution by a method devised by H.
Kahn (29)., The energy and direction of the emergent photon

in this case are related by

511

E* = l-cos(v) + ,511/E

where E and E' are the energies before and after the col-
lision, in Mev, and N is the angle of the emergent photon
relative to the direction of the incoming photon.

If the scattering was coherent, then the angular de-
pendence of the emergent photon is 1 + cosz(w) (28 ) and we

assume, for simplicity, that E' = E,
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Finally, if the scattering was a pair production
event, two ,511 Mev photons are produced. Their distribu-
tion is isotropic and they are emitted in opposite direc-
tions. Both are followed to their end before the history
is terminated.

The procedure for following individual photon histo-
ries is quite stfaightforward, but the ctylindrical geome-
try of the problem makes matters rather complicated, The
gamma absorber is a copper block with a hole drilled part
way down the center, With the origin of cylindrical coord-
inates. at the bottom of this hole, where the fission sample
lies during the measurements, the boundaries of the block

are defined by p vA and Znin? which are the maxi-

max’ “max
mum radial component and the maximum and minimum z (verti-
cal) components. (See Figure 20.a)

For a photon starting from the position (xi,y.,zi) and

travelling a distance s in the direction (EE,WE), the co-

ordinates of the collision point are

X. T s sin®. cos.
i i ©° 43

. = 4, + in©. iny.
Yi+1 i S sin®= s q&

o

. =g, T .
2541 z5 S cosQl.

A large fraction of the execution time of the Monte
Carlo cocde 1s taken up in converting 2 scattering with the

directions w and % v the zngles’® and @ .in the original
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coordinate system in order to keep track of the position
of the photon in the calorimeter. (2 is the polar angle,
random in (0,27), about the direction of the incoming pho-
ton,) If ©; and ; are the directicn angles of the incoming
photon and n and § are the angles describing the scatter-
ing, then the new direction angles of the emerging vhoton
can be found by applying spherical trigonometry. (See
Figures 20.b)

Applying the Law of Cosines to the spherical triangle

£

formed by the directicns of the incoming and outgoing pho-

tons, we get
coSs 6 - = cos"®. COS + sin ©. sinwy cos &
O 61+1 i "\ i Y\ p] ¢

Since :4q is aplane angle, we have

. _ 2
sin ei+1 = ﬂl-cos Gi+1 .

Applying the Law of Sines gives

ginw sind
[ ]

sin( R34y - %) = 555 i1

Since P:ivqg =93 is a grherical angle, we must apply the Law

of Cosines again to get

cosY\ - cos ei+l cos ei

sin&;44 siney

cos( @4y - ®;) =

Finally,\?i+1 and ¢ ; are plane angles, and are related

h v
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sing;y, = cosg; sin(p ., -p.) + sing, cos (@, 4=, )

and

COS@; 44 = cosg; cos(?i+1-§3) - sin\pi sin(Qi+1-pi),

The 2bove steps suffice to determine the photon's

position and direction at any point in its history.
Results

The above procedure was followed for 38 different in-
itial gamma energles, For each initial energy, ten 1000~
histofy batches were run to cet an idea of the dispersion
of the results,In Table XIV are listed the mean percent gam-
ma energy leakage and the standard error of this mean for
each initial energy., The last guantity is the standard de-
viation of the computed escape probabilities divided by the
sguare root of the number of batches, The leakage »rob-
ability is plotted in Figure 19,

If we denote the leakage probability by P(E) and the
gamma spectrum by [7(E), in photons/fissicn-sec-Mev, then
the fractional gamma energy leakage is given by

(oEE(E)P(E)dE
§oER(E)dE

As a first approximation to the actual gamma spectrum
emitted by the fission sample, the 1969 data of Bunney and

Sam (13) was used., Thic data was presented as 100-enerpy-
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tin valuves of [{(i)A#, where AF is the width of the enerpy

tin about the erersy U, The escape fraction G is then

100
ELE(E(E, AR,

j§ By E( l,F'( l)A :
G 100 ‘

Y OE.(E. AR,

Periint i i
This data yielded the result G = ,043, The recent ORNL
data obtained by Dickens (16,17) ig given in 176-energy-~bin
values of M(E). A calculation similisr to the one above

gave G = ,0487,



TATLE XIV. GANMA SNERGY IFAKSGE PROBARILITIES

FROM LAZI. CALCFINETER,

Initial Zscape

knergy FProb, Stancard
[ B(E) frrer
(iev) () (%)

.02 1,6600 ,0374
,03  1,7500 ,0655
.05 1,4B800 ,0371
.07  1,7900 ,0790
. 1,5300 ,0317
125 1,6L00 ,018L

.1 1,7000 ,0379
.2 1,6182 ,0k05
.25 1,8925 ,0656
3 1,6259 ,0178
A 2,050  ,0311
.5 2,4069 ,0422
.6 2,3818 ,0634
.7 2,4813 L0564
.8 2,643 ,0333
.9 2,8621 ,0166
1. 2,5086 ,0685
1.25 L,0700 ,1778
1.5 L,5873 ,0685
1,6 5.3458 ,2053
1,8 5.7313 ,2318
2, 6.2885 ,2627
2,2 €,2443  ,1146
2.5 6,5546 ,1597
3. 7.2030 L0711
3.5 8,1218 ,1932
L, 8,2762 ,2418
L,s5 8,4993 ,1867
5, 8,7503 ,2201
5.5 8.6877 .2541
6. 8,4950 ,1361
6.5 8.5392 ,1695
7 28,8061 ,3190
7.5 g,6211 ,0800
8., 8,2054 ,1210
Q. £,0367 ,2721
1C. 8,85430 4104
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Figure 20, a) Geometry of LASL calorimeter. b) Spherical
triangle formed by direction angles of incom-
ing and outgoing photons.



