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Measurements of Gamma-Ray Decay Heat of Fission Products
for Fast Neutron Fissions of **U, *Pu and U

By Masatsugu AKIYAMA, Kazuo FURUTA,
Toshio IDA, Kaoru SAKATA and Shigehiro AN

Gamma decay heat released from fission products (FPs) has been measured. for fast-neutron
fissions of 2%%U, 2**Pu and U using the radiation spectrometry method. The sample irradiations
were for 10 and 100s in the fast neutron source reactor “YAYOI” of the University of Tokyo.
Spectral data for 7-ray were obtained at post-irradiation time intervals ranging 11~25,950s using
a Nal(TD) scintillation detector. The data were processed to the form of 7-ray energy release rates
per fission for each set of time-interval parameters. The standard representation of the decay heat
following fission pulse (in cooling times ranging 19~24,000s) was provided from the 7-ray energy
release rates. The uncertainties (1¢) of the decay heat data were about 5% for **U and ***Pu, and
about 7% for **U.

The data obtained from the present experiments are compared with three summation calcula-
tions using JNDC, TASAKA and ENDF/B-IV decay data libraries, and with other experimental
results. The summation calculation results using the JNDC FP decay data library are in better
agreement with the present data than the other calculations.

KEYWORDS: decay heat, gamma decay, uranium 235, uranium 233, plutonium 239, energy spectra,
fission products, fast fisstion, energy-release rate, gamma radiation, comparative evaluations, accuracy,
summation calculation, INDC decay data library, TASAKA decay data library, ENDF/B-IV decay
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Table 1 Accuracy required for residual heat emitted by ﬁssion.grpducts?

Cooling time
Fission| ;. 10s | 100s | 10%s | 105s | 105s | 107s | 10°s
1.7 | 2.8h 26h 124 | 116d | 3.2y
Thermal
23 SU
2395, 25(12) | 20(1) k——10(5) :?
233y 10{5) <5
1
Fast
235
v } 10(s) <5
238py) k———integrated (0-24h) 10 [
L. 3

t The accuracy is given in %, with the long term requirements given in parentheses().
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Fig. 1 Neutron energy spectrum at center of
grazing hole of “YAYOI” where
samples were irradiated
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Fig. 2 Examples of responses of Nal(TD
detector to monoenergetic 7-rays
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Table 2 Energy group structure of response matrix
of NaI(TD scintillation spectrometer

Bin ME"‘;:;; Width Bin ’g:e'f;; Width Bin "gri:;; Width
No. (MeV) . (MeV) No. (MeV) (MeV) No. (MeV) (MeV)
1 0.063 0.006 36 0.625 0.03 71 2.220 0.06
2 0.069 0.006 37 0.655 0.03 72 2.280 0.06
3 0.075 0.006 38 0.685 0.03 73 2.340 0.06
4 0.081 0.006 39 0.715 0.03 74 2.405 0.07
5 0.087 0.006 40 0.745 0.03 75 2.475 0.07
6 0.093 0.006 41 0.775 ©0.03 76 2.545 0.07
7 0.09% 0.006 42 0.810 0.04 77 2.615 0.07
8 0.105 0.006 43 0.850 0.04 78 2.685 0.07
9 0.111 0.006 44 0.890 0,04 79 2.755 0.07
10 0.117 0.006 45 0.930 0.04 80 2.825 0.07
11  ©0.135 0.01 46 0.970 0.04 81 2.895 0.07
12 0.135 0.01 47 1.010 0.04 82 2.965 0.07
13 0.145 0.0l 48 1.050 0.04 B3 3.035 0.07
14 0.155 0.0L 49 1.090 0.04 84 3.110 0.08
15 0.165 0.01 50 1.130 0.04 85 3.190 0.08
16 0.175 0.01 51 1.170 ©.04 8 3.270 0.08
17 0.185 0.01 52 1.210 0.04 B7 3.350 0.08
18 0.200 0.02 53 1,250 0.04 83 3.430 0.08
19 0.220 0.02 54 1.295 005 83 3.510 0.08
20 0.240 0.02 55 1.345 0.05 90 3.590 0.08
21 0.260 0.02 56 1.395 0.05 91 3.670 0.08
22 0.280 0.02 57 1.445 ©0.05 92 3.750 0.08
23 0.300 0.02 58 1.495 0.05 93 3,830 0.08
24 0.320 0.02 59 1.545 0.05 94 3.915 0.09
25 0.340 0.02 60 1.595 0.05 95 4.005 0.09
26 0.360 0.02 61 1.645 0.05 96 4.095 0.09
27 0.380 0.02 62 1.695 0.05 97 4.185 0.09.
28 0.400 0.02 63 1.745 0.05 98 4.275 0.09
29 0.420 0.02 64 1.800 0.06 99 4.365 0.09
30 0.445 0.03 65 1.860 0.06 100 4.455 0.09
3L 0.475 0.03 66 1.920 0.06 101 4.550 0.10
32 0.505 0.03 67 1.980 0.06 102 4.650 0.10
33 0.535 0.02 68 2.040 0.06 103 4.750 0.10
34 0.565 ©0.03 63 2.100 0.06 104 4.s0 0.10
35 0.595 0.03 70 2.160 0.06 105 4.950 0.10
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Table 3 Parameters used in determination
of number of fissions
(@) Decay data

Nuclide »"Nb %"Nb
Half-life 60+ 8 s 72.1+0.7min
y-ray energy (MeV) 0,743 0.658

r-ray branching (%) 92.8%£0.3  98.2+0.1

(b) Fission yields of *"Zr

Nuclide @y 2Py Yy
Fission yield (%) 5.947=0.042 5.2732=0.053 5.457=0.055
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Table 4 Determination of number of fissions

(a) 235U
Sample No. U5-16 U5-1 U5-13 U5-19
Irradiation
s 10 10 100 100
VImN 1118 1.956 1,39 1.392
-=0,050  £0.0727 0.0t 0,031
N 1.7119 1.884 1.389 1.381
+0.058 0081 20,03 =+0,035

Average number 171 1.920 1.392 1.381

of fissions £0.045  =0.077 0.0 ==0.034

(b) 239Pu
Sample No. PU-4 PU-7 PU-9
Irradiation

time (s) 10 10 100
m»Nb 1.847==0,061 2.528-0.0837 1.664-0.045M
“Nb 1.8730.069 2.533=0.096 1.692=£0.090

Average number

of fissions 1.860-0.065 2.531-=0.090 1.6780.048
(€) sy
Sample No. uU3-9 U3-18 U3-8
Irradiation
time (s) 10 10 100
mNb 2.4880.136T 3.698--0.2001 2.826=0.130tt
$"Nb 2.4663-0.155  3.58130.224 2.731£0.147

Average number
of fissions 2.477E0.146 3.639=0.213 2.781£0.136

t Multiply by 107 to get the number of fissions.
1t Multiply by 10°® to get the number of fissions.
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Table 5(a)~(c) 7-ray energy release and yields from fission products created

Table5 (a) #5U

by fast-neutron fission of #%U, #*Py and **U

Waiting Counting Cooling@

Average Photon

R N . Energy Release Yield
T(ls“;e T;'s“;e T(ls“;e {MeV/fission) (photons/fission) (Mﬁ‘x;;;gz ton)
(1) Irradiation Time =10s, Number of Fissions = (1.717:0.054)x10° fissions
11 6 19 0.213 +0.010 0.215 %0.009 0.9904£0.038
25 10 35 0.195 +0.009 0.196 +0.008 0.994+0.038
45 10 55 0.126 *0.007 0.123 +£0.005 1.025£0.048
75 20 20 0.150 +0.007 0.146 *0.006 1.026£0,042
115 40 140 0.180 +0.008 0.177 £0.007 1.021+0.038
195 60 230 0.146 *0.007 0.147 #0.006 0.996+0.040
315 80 360 0.116 *0.006 0.123 +0.005 0.947+£0.040
495 100 550 0.0916+0.0045 0,102 0,004 0.901+0.039
7958 200 oc0 Q.115 *0.005 0.132 +0.005 0.870£0.032
1395 400 1600 0.132 £0.005 0.154 *0.006 0.858%£0.026
2195 500 2450 0.103 *0.005 0,122 £0.005 0.847£0.034
3195 600 3500 0.0807+0.0038 0.0952£0.0038 0.848+0.035
(2) Irradiation Time =10s, Number of Fissions = (1.920%0.077)X107 fissions
17 8 26 0.208 *0.011L 0.208 %0.010 0.99840.036
35 10 45 0.153 %0.008 0.150 *0.,007 1.01940.040
55 20 70 0.198 *0.010 0.190 *0.009 1.037+0.036
95 20 110 0.118 +£0.007 0.115 #0.005 1.023+0.052
155 40 180 0.128 +0.007 0,127 +0.006 1.007+£0.040
255 60 290 0.109 +0.006 0.112 +0,005 0.971+0.039
395 100 450 0.112 *0.006 0.121 *0.006 0.931%0.03S
595 200 700 0.145 +0,007 0.163 £0.007 0.891+0.027
895 400 1200 0.170 +£0.008 0.198 *0.009 0.856+0.022 -
1795 400 2000 0.102 £0.005 0.119 +0.006 0.856+0.030
2695 500 2950 0.0813+0.0046 0.0956+0.0045 0.850£0.038
3795 600 4100 0.0650+0.0039 0.0757+0.0036 0.859+0.043
(3) Irradiation Time =100s, Number of Fissions = {1.392:0.034)%10° fissions
70 40 140 0.195 *0.006 0.184 *0.005 1.056+0.016
150 60 230 0.151 *0.004 0.150 #0.004 1.009£0.016
270 80 360 0.116 +0.003 0.122 £0.004 0.950£0.016
450 100 550 0.0924+0.0027 0.102 *0.003 0.908+0.015
750 200 900 0.114 +0.003 0.131 +0.004 0.869+0.013
1350 400 1600 0.123 +0.004 0.152 *0.004 0.846+0.012
2150 500 2450 0.103 +0,003 0.122 £0.004 0.845£0.012
3150 600 3500 0.0822+0.0023 0.0961+0.0028 0.855+0.014
4350 800 4800 0.0746+0.0021 0.0860+0.0025 0.868+0.014
5950 1000 6500 0.0627+0.0018 0.0711+0.0021 0.881+0.015
7950 2000 9000 0.0808+0.0023 0.0900+0.0026 0.898+0.014
11950 3000 13500 0.0659+0.0019 0.0729+0.0021 0.904+0.016
17950 4000 20000 0.0461+0.0014 0.0525+0.0016 0.877+0.018

(4) Irradiation Time =100s, Number of Fissions= (1.387i0.034)><10e fissions

110 40 180 0.136 *0.004 0.132 *0.004 1.037%0.017
210 60 290 0.111 *0.003 0.113 #0.003 0.981%0.017
350 100 450 0.112 #0.003 0.121 *0.004 0.92740.015
550 200 700 0.144 $0.004 0.162 *0.005 0.890%0.012
950 400 1200 0.171 10.005 .0.199 #0.006 0.859+0.011
1750 400 2000 0.101 +0.003 0.119 #0.004 0.848%0.012
2650 500 2950 0.082810.0023 0.096740.0028 0.85740.014
3750 600 4100 0.067210.0019 0.077720.0023 0.866+0,015
5150 800 5600 0.0602+0,0017 0.0687+0.0020 0.875%0.015
6950 1000 7500 0.051540.0015 0.0575+0.0017 0.897%0.016
9950 2000 11000 0.05990.0017 0.066340.0020 0.90310.016
14950 3000 16500 0.0475+0.0015 0.053010.0016 0.89510.019
21950 4000 24000 0.035210.0011 0.041320.0013 0.85210.020

@1 Teoor™ TwairF0.5X (Tieraa. + Teoune)
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Table

5 (b)

NBPu

BAEFH¥2H8

Waiting Counting Cooling@
Time

(s)

Time

(s}

Time
(s}

Energy Release
{MeV/fission)

Yield

(photons/fission)

Average Photon
Energy-
{MeV/photon)

(1) Irradiation Time =10s, Number of Fissions = (1.860t0.065)><107 fissions

11 6 19 0.163 *0.008 0.177 20,008 0.923%0.036
25 10 35 0.148 *0.008 0.156 #0.007 0.94910,048
45 10 55 0.0984%0.0055 0.101 +0.005 0.970%0.048
75 20 90 0.118 20.006 0.124 *0.005 0.953*+0.039
115 40 140 0,143 20.007 0.152 *0.006 0.93620.034
195 60 230 0,117 +0.006 0.133 #0.006 0.881%0.040
315 80 360 0,101 x0.005 0.116 *0.005 0.874+0.034
495 100 550 0.087820.0042 0.101 *0.004 0.868+0.033
795 200 900 0,114 20.005 0.134 +0.006 0.850+£0.029
1395 400 1600 0.135 £0.006 0.161 #0.007 0.838£0.024
21935 500 2450 0.109 +0.006 0.128 *0,005 0,851%0.035
3195 600 3500 0.0840+0.0041 0.0988+0.0042 0.850%0.033
(2) Irradiation Time =10s, Number of Fissions = {2.531%0.090)x107 f£issions
17 8 26 0.156 *0.007 0.166 +0.007 0.940+0,032
35 10 45 0.118 *0.006 0.12]1 20.005 0.971%0.038
55 20 70 0.152 #0.007 0.157 20.007 0.967+0.031
o5 20 110 0.0919+0,0046 0.0970+0.0041 0.947+0.032
155 40 180 0.104 +0.005 0.113 30.005 0.916120.033
255 60 290 0.0905+0.0043 0.103 £0.004 0.878+0.032
395 100 450 0.102 #0.005 0.117 10.005 0.875+0.028
595 200 700 0.140 *0.006 0.162 *0.007 0.863+0.023
995 400 1200 0.174 %0.007 0.204 *0.008 0.852+0.020
1795 400 2000 0.106 *0.005 0.125 0.005 0.847+0.024
2695 500 2950 0.083420.0042 0.0975%0.0041 0.856+0.033
3795 600 4100 0.0652+0.0032 0.0753%0.0032 0.866+0,.033

{3) Irradiation Time =100s, Number

of Fissions= (1.67820.048)x10°% fissions

950 400 1200 0.173 *0.005 0.208 +0.007 0.830%0.011
1350 . 400 1600 -0.131 $0.004 0.159 £0.005 0.823%0.011
1750 400 2000 0.104 +0.003 0.126 #0.004 0.821+0.012
2150 500 2450 0.103 +0.003 0.126 +0.004 0.818+0.012
2650 500 2950 0.0822+40,0026 0.100 £0.003 0.820+0.012
3150 €600 3500 0.079%10.0025 0.0970+0.0032 0.823+0.012
3750 €00 4100 0.0650+0.0021 0.0784+0,0026 0.828+0.014
4350 800 4800 0.0707£0.0022 0.0845%0.0028 0.83840.013
5150 800 5600 0.0563£0.0018 0.0670+0.0022 0.839+0.014
5950 1000 6500 0.056610.0018 0.0671%0.0022 0.843%0.014
6950 1000 7500 0.0455%0.0015 0.0538+0.0018 0.846%0.015
7950 2000 2000 0.070210.0022 0.0823£0.0027 0.852+0.013
9950 2000 11000 0.051520.0016 0.0607£0.0020 0.850£0.014

11950 3000 13500 0.0557£0.0018 0.0664+0.0022 0.8384£0.014
14950 3000 16500 0.0409+0,0014 0.049410.0016 0.828+0.017
17950 4000 20000 0.0402+0.0013 0.0501%0.0018 0.802+0.018
21950 4000 24000 0.0309+0.0011 0.0397+0.0014 0.779+0.022

@ ? Teoor=Twait+0.5X (Tirraa. + Teornd)

Imsx
N(Ta, To+3 T)=—22= 5% $(ED4E, (13)

i, THEFEE=FAX—13(12)%REUNROEDH
LLTHEZbRS,
(3) BEFBAEHER
EBRCHLhICERES RS R AL R S
BUCHEHRLTEL 2 &1, (OORNLAVWCEEDORS
Bl BT D SR HETEL L, BHRHOR

HBMOEREDH D CLFHEMBEEBE LELTHC
&, hEDRBEEHETHS,
BAEEN ORI BRERSA—~E T, £R S Al FP
DHETRIEOPDEIERTE S BAE, HLRME Ty
PRSI Te L TR T, Of L DFH58EY, oF
D Tw>(Tat TN R Y IOBAEE, HEEER S
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H(Tat+ T TOBBBSBIES L 2T b nCE
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Table 5 (c) U
Wa;;i.:g Co;x;;i.ng Co;;.!:.:g aEnergy Release Yield Aver;g:rg:own
o (s.) P (MeV/fission) (photons/fissiqn) (MeV/photon)
(1) Irtadiation Time =10s, Number of Fission= (2,477+0.146)x107 fissions
11 6 19 0.151 £0.010 0.150 £0.010 1.008%£0.042
25 10 35 0.154 %0.011 0.147 $0.010 1.04740.044
45 10 55 D.102 +0.007 0.094110,0060 1.082+0.042
75 20 a0 0.127 £0.009 0.116 +0.008 1.09410.044
115 40 140 0.154 £0.011 0.147 +0.009 1.053+0.042
195 60 230 0,130 10,009 0.130 +0.008 0.997+0,043
315 80 360 0.110 +0,008 0.113 +0,007 0.975+0.039
495 100 550 0.089210.0062 0.0961+0,0061 0,928£0.039
795 200 900 0.114 +0,007 0,125 +0.008 0.910+£0.029
1395 400 1600 0,127 £0,008 0,144 +0,009 0.882+0.030
2185 500 2450 0.101 +0,008 0,113 +0.007 .0.896+0,.045
3195 600 3500 0.0810+£0.0084 0.0906+0.0070 0.894+0,088
{(2) Irradiation Time =10s, Number of Fission==(3.639i0.213)><107 fissigns
17 8 26 0.162 #0.012 0.158 x0.010 1.028+0.050
35 10 45 0.126 *0.008 0.119 +0.008 1.057+0.039%
55 20 70 0.166 +0.011 0,156 +0.010 1,063+0.035
95 20 110 0.103 *0,007 0.0965+0.0061L 1.070+0.040
155 40 180 0.115 #0.008 0.112 *0,007 1.027+0.037
255 60 290 0,103 #0.007 0,105 0,007 0.981+0,032
395 loo 450 0.110 +0.007 0,117 +0.007 0.948+0,029
595 200 700 0,145 #0.009 0.159 +0.010 0.912%£0,022
995 400 1200 0.177 #0.011 0.197 £0.012 0.897+£0,020
1795 400 2000 0.104 0.007 0.116 +0.007 0.896+£0,025
2695 500 2950 0.0847+£0.0061 0.0948+0,0060 0,893+0,041
3795 700 4100 0.0699+0.0050 0.0764+0.0049 0.915+0.042
(3) Irradiation Timé =100s, Number of Fission= (2.781&0.139)30.08 fissions
750 200 800 0.116 +0.006 0.128 10,007 0.%02+0,013
as50 400 1200 0.178 #0.009 0.199 £0.011 0.894+0.013
1350 400 1600 0.133 £0.007 0.150 +0,008 0.886+0,013
1750 400 2000 0.105 +0.005 0.119 #0.006 0.883+£0.013
2150 500 2450 0.105 +0.005 0.119 #0.006 0.884+0,013
2650 500 2950 0.0850+0,0044 0.0960x0,0051 0.886%0.014
3150 600 3500 0.0833+£0.,0043 0.0937£0.0050 0.888+0.014
3750 600 4100 0.0688+0,0036 0.0769+0.0041 0.895%0,015
4350 800 4800 0,0755+0.0039 0,0833+0.0044 0.906+0.015
5150 800 5600 0.0623+£0.0032 0,0683+0,0036 0.913+0.016
5950 - 1000 6500 0.0645+0.0033 0.0703+£0.0037 0.918+0,015
6950 1000 7500 0.0535£0.0029 0.0576x0.0031 0.928+0.022
7950 2000 8000 0,0836+0.0045 0.0896+£0.0047 0,933+£0,021
9950 2000 11000 0.0635+£0.0033 0.0679+0.0036 0.935+0,016
11950 3000 13500 0.0700+0.0036 0,0748+0.0042 0.937£0.025
14950 3000 16500 0.0523%£0.0031 0.0569+0.0034 0.919+0.040
17950 4000 20000 0.0522+£0,0028 0.0578+0.0Q034 - 0.903+0,030
21950 4000 24000 0.0396+0.0022  0.0455+0.0028 0.871+0.033

b, Tichb,

FlTw+2(Te+ T}

=F(Tr, Tw+% Tc)/Tx
MR H3SED, K, TwS(Te+T)OBEKIVTIL
UDRK v arfcfevoe, = Oﬁﬁ'ﬂﬁﬁE%ﬁ 7

ZHALT,

FTw+2%(Te+ Tod}

=nF(Tr, Tw+3% Tc)/Tr

2 © Teoar=Twaiet0. 5X (Tiseas- +Teount)

(14)

s

X ) R RS B IR L, 2T, BIEGK
7 V%, BEESRA R CREIEM = Tw+ 4(Te+ T
BTSRRI, ARSI Ta, BEIRSIY = Tr +
B Te wk 5 HRREBH LG COBM I EEYR
BRSRCHl- ML O E LTRRED X 5 ek,

7= fcal{TW"*'%(TR"{" TC‘)} (16)
E;N(I;,Tbrk}ii%)/lh

RMIERIL(Tr, Tw, Te)=(10s,115,6) DB A 1 E B
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