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A CRITICAL REVIEW OF THE 
ENERGY RELEASED IN NUCLEAR FISSION 

by 

J.P. Unik and J . E. Gindler 

ABS TRACT 

This report presents calculations of the total energy 
released during and following the fission of z3zTh, z33U, z35U, 
z38U, Z39Pu, z40Pu, z41 Pu, and z4zPu by neutrons of various 
energies . Two independent methods of calculation are used. 
The first method is based on the fact that the total energy 
released in fission is equal to the difference in energy
equivalent masses of the reactants (target nuclide plus neu 
tron) and the stable fission products. The second method 
involves the summation of all individual contributions to the 
total energy release. The total energy absorbed in a reactor 
(the total energy released as a result of fission minus the 
antineutrino energy plus the energy released by capture of 
the fission neutrons in the reactor materials and the subse
quent decay of the capture products) is estimated for a par
ticular EBR-II-type reactor . Estimates are also made for 
the dependence of the total energy releases as a function of 
neutron energy . The limitations of these calculations and 
estimates as well as deficiencies in available data are dis
cussed in detail. 

1. INTRODUCTION 

As a result of the fission process, two excited fission fragments are 
formed which emit neutrons and gamma-rays within a very short time .* 
The deexcited fragments, or primary fission products as they are commonly 
called, then undergo radioactive decay, emitting beta particles, antineu
trinos, more gamma rays, and X rays, and occasionally a delayed neutron . 
The total energy released directly from each fission event is the sum of 
the kinetic energies of the fission fragments EK, neutrons En, gamma 
rays and X rays E-y, beta particles E13, and antineutrinos Ei:J. To distin
guish between those neutrons and gamma rays emitted during the deexcita
tion of the fission fragments from those emitted following {3 decay of the 

*occasionally, other light particles such as alpha particles, tritons , etc ., may be emitted or more than two 
fragments rna y result. The probability of occurrence for these events is quite low and is not considered 
in the present report. 

NOTE: The literature search for this report was completed in October 1970. 
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fission products, we consider the former to be prompt processes and the 
latter delayed p rocesses and designate the energies with the appropriate 
subscript, p or d; i .e. 

E -yp t E -yd ( l) 

and 

(2) 

For a statistically large number of fission events, the average total energy 
Qf directly released per fission is the sum of the average energies for each 
de excitation mode: 

(3) 

The a ccuracy to w hich Qf can be determined by means of Eq . 3 depends on 
the a cc urac y to which each component energy can be measured . 

Thermodynamically, the energy released by fission is equal to the 
energy equivalent masses of the reactants minus the sum of the energy
equivalent masses of the products: 

Qf = M(A,Z) + Mn + Ei - L YiM(Ai,zi) - vT~· 
i 

(4) 

where M(A,Z ) is the atomic mass in MeV of the fissionable target nucleus 
with mass number A and c harge Z, Mn and Ei are, respectively, the 
energy - equiva}ent mass and incident energy of the neutron, Yi is the yie ld 
of the stable fission product (Ai,Zi), and iiT [not to be confused with the 
antineutrino symbol) is the a v erage total number of neutrons emitted per 
fission (i7T = vp +vd). 

If m(A,Z) denotes the mass excess in MeV, 

m(A ,Z ) = M(A,Z)- Amo. (5) 

whe re mo is the rest energy o f one atomic mass unit, then Eq. 4 may be 
rewritten 

Qf = m(A,Z) + E i - L Yim(Ai,Zi) - (vT- l) ~· 
i 

(6) 

where mn is the neutron mass excess. The accuracy of Qf obtained by 
means of Eq . 6 is very good. Masses and therefore mass excesses of the 
fissioning nuclides and the stable fission products have been determined 
accurately by mass spectrometry (generally to the order of 20 keV). Since 
the mass excesses of the stable fission products formed with large yields 



are relatively constant and the mass yield distributions for different fis 
sioning systems considered here are rather similar, as shown in Fig. I. 
errors in the determination of radiochemical yields d o not greatly influence the 
summation~ Yim(Ai,Zi). Only the mass distributions for 232Th and 241 Pu 

1 

are shown in Fig. I. These two mass distributions repr esent the extremes 
for the fissioning systems considered in this work. Note that Eq. 6 does 
not permit calculation of the individual component energies summed in 
Eq . 3. The energies of these individual components are important tore
actor design because of the manner in which each component is absorbed 
by the different reactor materials. _,p 

--90 . . •. :.-· .. , ...... 0 

~ - 88 .... ., .... .,... • ........ .. 

~ -86 • 0 0 

~-84 : • • .. 

~-82 .. • 

~-eor . ·. 
~ :;:[ .. ~. .. 
~ - ~ . ~ 

- 12 ~ _,0 

Fig. 1 

Mass Excesses for the Stable Isotopes 
wi th the Lowest Nuc lear Charge for a 
Given Mass Number A (top: Ref. 10); 
Radiochemical Mass Yield Distribu
tions for Fast-neutron Fission of 
232Th (Ref. 13) and Thermal Fission 
of 241pu (bottom: Ref. 11). ANL 

Neg. No. 121-7164. 

In a critical reactor, one neutron of energy Ei is required to per
petuate the chain reaction . This reduces the average total energy released 
directly in the fission process to the net value 

(7) 

The effective average total energy absorbed in the reactor is reduced from 
the value a£ by the amount Ev because of the low ~bsorgtion pro!::_ability of 
antineutrinos in the reactor. Also, the quantities End, E -yd and E f3 are 
time-dependent, and the full magnitude of the latter two quantities w ill not 
be realized for practicable irradiation and cooling times in a reactor . This 
again reduces the effective average total energy resulting directly from 
fission such that 

(8) 

where the energies 6 E f3 and 6 E -yd depend on the irradiation history of the 
reactor . In addition to Qeff • energy Qc is liberated by the capture of the 

II 
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remammg (vT - I) neutrons in the reactor materials. This latter energy is 
dependent on the neutron energy spectrum and the arrangement, amounts, 
and types of reactor materials. 

The total energy QT released in fission and absorbed in a reactor 

is given finally by 

The present report critically reviews available information con 
cerning the energy released by fission of the fissile nuclides z33U, z35U, 

(9) 

Z39Pu, and z41 Pu and the fertile nuclides Z3ZTh, z38U, z40 Pu, and z4zPu by neu
trons having energies up to 14 MeV. Data are selected which, in our 
opinion, represent the most reliable values for each individual contribu -
tion to Qf (Eq. 3). The values of Q[ are calculated and compared for those 
fissioning systems where sufficient data exist by summation of the individual 
contributions (Eq . 3) and by the calculation involving energy-equivalent 
masses (Eq . 4) . Values for the total energy release QT and the dependence 
of QT on the average energy of the captured neutron are calculated for a 
representative configuration of the Experimental Breeder Reactor II 
(EBR-II) . Since QT depends on the specific details of the core and blanket 
configuration, these latter values must be considered as being illustrative 
only. 

A summary of the energies of the individual contributions to Qf and 
other pertinent reactor data has been compiled previously . 1 Early calcula
tions using the energy-equivalent mass formalism (Eq. 4) were made by 
Walker .z Most recently, an excellent, thorough analysis of the energy re
lease in the fission of ZJsu, ZJSU, Z39 Pu and z41 Pu by neutrons has been made 
by James 3 In many aspects, for the sake of consistency and comparison, 
the present analysis closely parallels that of James. 

This report has been prepared at the request of reactor physicists 
to provide a concise summary of the most reliable and accurate values for 
contributions to the total energy released in fission as well as accurate 
values for the total energy release. (Two companion reports 4 •5 summarizing 
different aspects of the fission process have also been prepared.) Conse
quently, very little supplementary information on the details of various ex
perimental methods used to obtain the data is given here. For further 
information, refer to the original references reported here or to several 
recent survey articles on nuclear fission .6 - 9 

2. CALCULATION OF Q{ FROM MASS EXCESSES 

. . The quantity Q:[, the net average energy released directly from the 
flsswn process, has been calculated for a variety of fissioning systems for 
which complete mass-yield distributions are known using (l) Eqs. 6 and 7, 



(2) the experimentally determined atomic masses tabulated by Mattauch 
et al.,

10 
and (3) fission-fragment mass-yield distributions compiled by Meek 

and Rider •
11 

Rider ~ !!!- ,12 and Harvey et al. 13 The calculated values of 
I --

0£ depend on the length of time for which the energy release is integrated 
after fission. To compare the results for the energy release Of: calculated 
from nuclear masses to that obtained by summation of the individual con
!_:ibutions (see Sect. 4), the values of the average fragment mass excesses 
X£ = ~ Yim(Ai,Zi) and consequently 0£ were calculated for the stable end 

1 

products of fission-product beta decay (infinite time after fission). Also, 
for illustration, the average fragment mass excesses have been calculated 
for integrating times of -30 days, - I year, and - IOO years after fission by 
using the mass excesses for isobars with appropriate half-lives for each 
mass chain Ai· The results of these calculations for the average fragment 
mass excesses and 0£ values are given in Table I . The constancy of the 
average fragment mass excesses for different fissioning systems is clearly 
demonstrated by examination of the Xf( oo ) values given in Table I. As 
mentioned before and illustrated in Fig. l, this is attributable to the fact 
that the mass yields for the different fissioning systems considered here 
are similar and the mass excesses rather constant over the entire mass 
r egion of interest. As a result, the relative 0{ values for different fis
sioning systems are mainly dependent on the relative masses of the targets 
and the average number of emitted neutrons. The constancy of the weighted 
fission-product mass excess (average value : -173.4 MeV for all systems) 
makes possible the estimation of the energy release from fission by using 
this mass calculation method for those fissioning systems for which no 
reliable mass-yield measurements exist. This procedure is illustrated in 
Table I by calculation of the of: values for fission of 240Pu and 242Pu by 
fission-spectrum neutrons. Since no complet~ mass-yield measurements 
are available for these cases, the a v erage fission-product mass excesses 
were taken to be equal to the average of the values for thermal-neutron 

TABU I. O/ Calculated lrorn Experimentally Determined Nuclear Masses 

X, , Average Mass Excess ol Computed !rom 
Fission Products. MeV 

iiJ 
Mass Yields 

Target Neutron VIAl Mass Excess 
Nuclide Energy Ref. Target, MeV 3D days 1y• IOOyr Stable Measur~ VTPII Na,r!<IOI tilr-llmn Oit.ool 

232Th fNb l3 35.512 .t 0.020 -170.90 - 171.38 · l71.!1l - 171 .84 :t 0.20 2.36±0.07 1.83 1.1'1 10.98±0.56 196.37 t 0.35 

mu ]t 12 36.814±0.021 -ln.35 · 172.76 - 173.12 -173.17 2.4866 .t 0.0069 1.46 5.15 12 .00 .t 0.06 197.99:t0.21 

nsu II 40.906 t 0.021 -172.51 · In.92 -173.27 -113.32 z.cm .t o.0066 1.49 6.14 11.48 .t 0,05 202.74 ± 0.21 

2J>u FN II 40.90!i :t 0.021 -172.47 - 172.88 -113.22 -173.28 2.52.t0.02 1.44 5.97 12.27:t0.16 201 .92 ± 0.26 

235u 14d II 40.906 .t 0.02 1 -11J.45 · 17J.ro -174.10 -174.11 4.46±0.10 4.22 5.2 1 27.93±0.81 187.15 :t. 0.83 

1J8u FN 11 47.2911:0.021 ·In.45 · 171.86 ·113.17 ·113.21 2.81+0.05 1.84 6.73 14.61±0.40 205.99 ± 0.45 

1J8u 14 11 47.291 ± 0.021 ·In.93 ·173.26 · 173.S4 · 173.64 4.31±0.08 •.ro 6.l7 26.n t o.64 194.21±0.67 

239Pu T II 48.573 ± 0.021 · 173.03 · 113.41 ·173.71 -113.76 2.8199±0.009 2.91 l .lO 15.17 t 0.07 207.16 ±0.21 

239pu FN 11 48.573 t 0.021 -tn.I!IJ -113.18 -173.48 -11).S4 3.01 ± 0.05 2.57 l . ll 16.2"2 ± 0.40 205.89±0.45 

241pu T 11 52.849 ± 0.021 -172.95 - tn.34 -173.64 -tn.68 2.934 ± 0.012 1.86 6.1l 15.61 :t. 0.10 210.92 t 0.22 

240pu FN Est. 50.190 :t. 0.020 · I1lnt! 3.11±0.2()1 11.5 t 1.6 206.4 t 1.6 

242pu FN Est. S4.701 t 0.023 ·I1l72t! 3.18 ± O.«JJ 11.6 ± 3.2 210.8 t 3.2 

3SeeTable4. 
bflsslon·neutron spectrum. 
Cfhermal neutrons. 
dJ4·MeV neutrons. 
tAver~ge of 239Pu and 241Pu Xt~l values for thermal neutrons. 
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fission of Z39pu and Z4 1Pu. Also to be noted from the time-dependent average 

fission-product mass excesses given in Table I, an error less than I MeV 
will be made if the energy release values for infinity are used for inte
grating times greater than 30 days after fission has taken place . However • 
fo r. short-term irradiations with integrating times less than 30 days, the 
time dependence must be analyzed in greater detail. 

The average number of neutrons emitted, vT(oo}, and the average 
total beta-decay chain lengths~ NJ3T(oo), have also been calculated from the 
reported mass-yield d1stnbut10ns by usmg the followmg equat10ns (there

sults are given in Table !}: 

(10) 

and 

(II) 

where AF and ZF are the mass and charge of the fissioning nucleus, Y(A) 
the total cumulative yield for mass number A, and Zs(A) the "first" stable 
atomic number for the beta-decay mass chain A . The values ofi7T(oo} and 
N /3 T( oo } calculated in this manner serve as a check on the consistency of 
these parameters calculated by other methods later in this report. 

3. INDIVIDUAL CONTRIBUTIONS TO TOTAL ENERGY RELEASE 

3 . 1 Total Fragment Kinetic Energy Release, EK 

Three basic methods have been used to measure the average total 
kinetic energy of the fragments, EK. 

I. Calorimetric (C) . In the calorimetric method, the heat generated 
when fragments are absorbed in a calorimeter is directly measured. Only 
a few such measurements have been reported using this method . The ac
curacy that can be achieved is uncertain, because of difficulties associated 
with determining the total number of fissions occurring during the heat 
measurements and the uncertainties in the corrections for heating of the 
calorimeter by beta particles and gamma rays . 

II. Double Velocity (DV) . In the DV method, the velocities of both 
fission fragments are measured simultaneously. Applying the laws of con
servation of linear momentum and mass enables the preneutron emission 

masses. velocities, and kinetic energies of the fragments to be calculated. 
The DV measurements are difficult to perform because of low geometric 
efficiencies, but in principle can yield the most accurate absolute values. 



III. Double Energy (DE). The DE method is the most widely used 
because of its simplicity and its high geometric efficiency. The kinetic 
energies of both fragments are measured simultaneously using two detec
tors (silicon solid- state detectors or gas - ionization chambers). The major 
difficulty with this method is the currently inadequate energy-calibration 
procedure. For solid-state and gas-ionization detectors, the pulse-height 
response for heavy ions (fission fragments) is not directly proportional to 
the energy, but is dependent on the mass and perhaps the nuclear charge of 
the fragments. Much of the existing EK data reported in the literature 
using this method is based on energy calibrations obtained simply by nor
malizing measured 235 U or 252 Cf pulse-height spectra to the energy spectra 
obtained from various double velocity experiments. Hence, (1) these 
double-energy results are not truly independent measurements, but are 
calibrated relative to different EK standards, and (2) the results obtained 
for fissioning systems different from the calibration standard are question
able, because of the omission of the mass dependence from the calibration. 
For the more recently obtained data using gold-surface barrier detectors, 
a more precise energy - calibration method has been used which includes an 
approximate mass dependency. 14 This calibration is based on the pulse
height response of the detectors to monoenergetic bromine and iodine ions. 

The criteria used in this work for the selection of the most accurate 
literature values of EK and the comparison of the results obtained using 
these three methods are: 

l) The EK measurement using one of the three basic methods 
should be independent of the other methods. Consequently, for the double
energy method, only those values obtained using the mass-dependent energy 
calibration14 have been used. 

2) The sum of both fragment energies must have been determined 
for each observed event. 

3) All necessary corrections, such as those for neutron emission 
and energy loss in the target material, must have been applied to the double
velocity and - energy data. 

The published results of double-velocity and -energy measurements 
have generally been corrected for neutron emission and represent the initial 
total kinetic energy before neutron emission has taken place, EKi. The heat 
produced by stopping fragments (as measured calorimetrically and of im
portance in reactor work) results from the final total kinetic energy after 
neutron emission from the fragments, EKf· The relationship between the 
average initial and final total kinetic energies is given by 

EKf ( 12) 

15 
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and 

c ( 13) 

where AL and AH are the a v erage preneutron emission mass es of the 

light and heavy fragments, respectively. 

The EK results that satisfy the previously stated criteria are given 
in Table 2 with various averaged values . Total kinetic-energy values are 
also given for the spontaneous fission of 252Cf, which is a commonly used 
EK standard . Comparison of the individual and weighted average results 
of the double - ve locity and -energy methods discloses a discrepancy of 
about 4 MeV between the results of the two methods, several times greater 
than the quoted standard deviations. This discrepancy, which is nearly 
constant ove r a wide range of fissioning nuclides, is more clearly illustrated 
in Fig. 2, where the initial EKi values are plotted as a function of the pa

rameter z~/A~3 Here ZF and AF are the nuclear charge and mass 
number of the fissioning nucleus , respectively . A simple model predicts 
that the EKi va lues have a linear dependency on the Z~j A¥'3 parameter . 15 

131rh 13Ju 135u 138u 

167.111-' 0.17 167.68 ! 1.1 

167.45.! 1.7 

171.9 ± 1.4 

171.1 : 2.0 171.0 ! 1.0 170.1 .! 2.0 

171.1 .!1.8 172.0 .:!: 1. 8 

172.0 ! 1.8 

163.01! 1.1Jb 

169.7 !HI' 

167.0Z ± 1.7 167.57 ! 1.1 

171.80! 1.1 171.95 ! 1.0 170.1 ! 2.0 

161.79' 169.41 169.76 167.931 

160.011 167.49 167.91 165.89 

167.1 ± 1.6 

166! 2 

TABLE l Summary of ~ Data 

139pu 140pu 24lpu 242p0 

174.41 ± 1.1 

177.7 ± 1.8 119.6.! 1.8 

179.3 ± 2.0 

177.1 ± 1.8 

174.41 ± 1.7 

177.95 ! 1.1 179.6 ! 1.8 

176.18 176.14' 177.819 175.69' 

173.97 173.83' 175.579 173. gge 

151cr 

185.7 ± 1.9 

181.1 ± 1.7 

186.5 ± 1.2 

184.3 ± 2.0 

185.8 .± 1.8 

183.70 ! 1.3 

185.89 ! 0. 98 

184.80 

Method' 

OV, i 

DV, i 

DV, i 

OV, i 

DE, i 

DE, i 

DE. i 

0£. i 

DE, i 

DE, i 

DE, i 

DV, i 
weighted average 

0£, i 
weighted average 

DE·DV, i 
arithmetic average 

OE·OV, f 
arithmetic average 

c. f 

C, f 

Ref. 

17 

18 

19 

10 

11 

11 

16 

13 

14 

15 

16 

17 

18 

aov • dO!!ble ·velocity method: DE • double-energy met hod: C • calorimetric method; i • initial preneutron emission ft<: and f final postneutron 
emission EK . 

b&<i value obtained for En · 2.87, which is near the average captured-neutron energy for an incident fast-neutron spectrum. We assigned an error ot 
.±0.22 MeV, which must indicate relative precision and not the absolute error. We have assigned the typical absolute error of :!:2.0 MeV to this value. 
~Value obtained tor £n • 2.97 MeV. 

No average value was calculated. because of the large discrepancy between the t\fO reported values. 
eeatculated using £q. 16. 
fo£ value normalized to a hypothetical arithmetic mean of ov and 0£ measurements using the factor of 0.987264 obtained from the ratio of the 
arithmetic mean to 0£ value for 2J5u. 

gSame as ldl. using !actor of 0.99005 obtained from 239pu data . 
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In addition to the double-energy data given in Table 2, EJ:i values for 
fission-spectrum neutron-induced fission of 231 Pa and 23 Np (Ref . 16) have 
been included . The results of weighted linear least-squares fits to the 
double -velocity and -energy data are 

(14) 

and 

( 15) 

The 232Th data were not included in the least-squares fit, because of the 
large discrepancy between the two reported valu es . From Fig. 2, the linear 
dependency of EKi with z~/A~3 is seen to be a good assumption, and the 
data from the double- velocity and -energy methods appear to be similar, 
except for a 4 . 1-MeV displacement . The dashed line in Fig. 2 repr esents 
the least-squares fit for the double-energy v arues reduced by 4 . 1 MeV . 
There is currently no quantitative explanation for this discrepanc y between 
the two experimental methods . Howev er , the double-velocity EK. data of 

17 
1 

Milton and Fraser are generally considered to be low as the result of 
small-angle scattering of the fragments in the flight tubes . On the other 
hand , the double-energy EKi data may be high because of the omission of 
a nuclear-charge dependency in the energy calibration . Wilkins 29 has 
estimated that the measured value of EKi for 252 Cf spontaneous fission de
creases by -1 .5 MeV w ith the inclusion of the nuclear-charge dependency. 
In light of these possible trends in the systematic errors of the two methods 
(the DV values possibly low , and DE values possibly high), we have as
sumed that the more correct EKi values are represented by the arithmetic 
mean of the DV and DE results. The arithmetic mean value of EKf for 
235u is seen from Table 2 to be in good agreement with the calorimetric 
values. For 232Th and those systems in which EK values have not been de
termined (240Pu and 242Pu), we have used values calculated from the results 
of the linear least-squares fit to the double-energy data decreased by a 
constant 2 .04 MeV as representative of the arithmetic average of double
velocity and -energy results: 

17 
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( !6) 

The EK values obtained using the arithmetic average of the results obtained 
by both methods and also calculated from Eq . 16 are assumed throughout 
this work to all have the same uncertainty of ±2 MeV . 

3 .2 A verage Energy Released by Neutrons , En 

The average kinetic energy per fission released by neutrons is 

(17) 

where v is the average number of prompt p or delayed d neutrons emitted 
per fission, and B is the average energy per neutron. 

Table 3 lists measured values of vd for various fissioning systems. 
The bombarding-neutron spectrum used for the indicated "fission-neutron" 
measurements was that of the GODIVA bare 235U metal assembly . 

TABLE 3. D e la yed-n eutron Yields for Various Incident Neutro n Ene rgies 

Fission 

Nu c lid e Thermal a N eutronsa• b 

232 Th 0 .0066 ± 0 .000 3 0 .0496 ± 0 .0020 
zJ3u 0 .0066 ± 0 .000 3 0 .0070 ± 0.0004 

" 'u 0 .0158 ± 0 .0005 0 .0165 ± 0 .0005 

""u 0.0412 ± 0 .0017 
ZJ9pu 0 .0061 ± 0 .000 3 0 .0063 ± 0 .000 3 
Z4oPu 0 .0088 ± 0 .0006 
Z41pu 

aoata from Ref. 33 . 
bNeutrons from the GODIVA assembly. 
c oata from Ref. 34 . 

3. 1 MeVc 14 .9 Mevc 

0 .060 ± 0.006 0.031 ± 0 .0004 
0 .0077 ± 0 .0008 0 .004 3 ± 0 .0004 
0 .018 ± 0.002 0 .0095 ± 0 .0008 
0 .049 ± 0.005 0 .028 ± 0 .002 5 
0 .0069 ± 0 .0007 0 .004 3 ± 0 .0004 

0 . 005 7 ± 0 .0007 
0 .0084 ± 0.0012 

Little information is available on the energy spectra of the delayed 
neutrons . Three measurements 30

- 32 for the fission of 235U give an average 
neutron energy of 0 .52 or 0.56 MeV per neutron, depending on whether all 
six half-life groups are considered in the averaging or only those groups 
for which energy measurements are reported . Fortunately, because of the 
small n::mber of delayed neutrons emitted per fission, End is small rela 
tive to Enp · A value _::f Bd equal to 0. 54 ± 0 . 10 was used for all nuclides. 
Calculated values of End are given in column eight of Table 4. 

Extensive measurements have been made of iip at thermal-neutron 
energies and as a function of incident neutron energy. Column three of 
Table 41ists i7T ' the total number of neutrons, vp + iid' emitted per fission 



for thermal-neutron energies and fission neutrons. The thermal-neutron 
values are those recently revised by the IAEA committee JS The values of 
i7T for fission neutrons have been calculated for an incident neutron spec
trum of the form shown in Fig. 3 using the group fission cross sections 
reported by Davey36 and the energy dependence of i7T recommended by 
Fillmore. 37 The above neutron spectrum represents a hypothetical neutron 
spectrum for the center of a Zero Power Reactor (ZPR) assembly and cor
responds approximately to the homogenized core composition of an EBR-II 
loading. 38 There is a slight discrepancy of O.Zo/o between the value of i7p 
(3. 764) for zszcf used by Fillmore37 to normalize his data and the value 
given in Table 4. This results in calculated i7T values that may be as 
much as 0.01 neutron per fission too large. 

TABLE 4. Aver~ge Neutron Energy per Fission 

Nuclide 

2lJu Thermal 

2J5u Thermal 

J. 239p0 Thermal 

4. 24lp0 Thermal 

5. 232yh Fission neutrons9 

6. 23Ju Flss1on neutrons9 

1. 2l5u Fission neutrons9 

l 2J8u Fission neutrons9 

9. 239p0 fissionneutrons9 

10. 240py Fissionneutrons9 

11. 24Ip0 Fission neutrons9 

It 242p0 Fission neutrons9 

ll. 2S2cr Spontaneous fisston 

Vf 

2.4866!0. 1Xl6~ 

2.422Cii.!O.CKJ66b 

2.8799!0.009Qb 

2.934!. 0.00120 

2.36!0.07h 

2.55!0.04h 

2.52!0.02h 

2.81! 0.05h 

101! o.osh 

111 !. o.zoh 
106!. o.tzh 

3.18 '"""'·' 
3.765! O.Olzb 

i>'p 

2.480 

2.401 

2.874 

2.919 

2.31 

2.54 

2.50 

2.77 

3.00 

3.16 
). (141 

lt6k 

3.756 

Bp 
lt)lperimentall 

lulcutatedl 

1.9H!O.lXIZC: 

1.943!0.044' 

2.041 !0.038' 

2.002! 0.0511! 

2.216! 0.158C 

Bp' Enp End '· 
1.963! 0.042 4.893±.0.IS4<1 o.oos!. 0.001 4.897! 0.154 

1.9S0!0.042 4.611!0.101" 0.009' 0002 4.686 ! 0.107 

2.029 ! 0.044 5.866! o.md 0.003!. O.tXH 5.869! O. lll 

2.0]7!. 0.044 5.844!.0.149'1 O.(Q ! 0.0021 5.852!.0.149 

1.9]3! 0.043 4.46 ! 0.171 0.021 'Q005 4.49 !0.11 

1.913!.0.043 5.01 ! 0.14i 0.004.! O.(X)I 5.02 ! 0.14 

1.966!0.04) 4.92 ! O.tti Q(K)9! 0.002 4.92 ! 0.11 

2.012!0.044 5.57 !0.16i O.Ol2!0.1XM 5.60 ! 0.16 

2.052!0.046 6.15 !.0.111 O.Cm!O.OOI 6.15 !.0.17 

2.076.!0.055 6.56 ! 0.451 0.005! 0.001 6.56 !0.045 

2.056!0.049 6.25 !0.29i O.CQI! 0.002 6.26 !.0.29 

2.076!0.078 6.56 !0.87; 0.012! O.(XB 6.57 ! 0.87 

2.168!0.048 &. 141 ! O.tszd 0.005! 0.001 8.146 !. 0.182 

aealculated from the relationship Bp • 0.75 • 0.65~ IRel. 391. 
bDala from Ret. 35. 
'Arithmetic average ol several measurements.4 
dtalculated uslr19 Bp (experimentall. 
e0ata from Rrl. 40. 
fiid • 0.015 (Ref. 371. 
9Fission-neutron spectrum of the form shown in Fi9. l 
hCalculated lor fission-neutron spectrum 91V!n by lfl. group fission cross sec!Jons g1ven •n Ref. 36. and iiy as a function of E; g1ven in 

Ref. )7. The errors are representall'Je of those of iir IE;I measurements and do not reflect errors in the fission cross sections or 
neutron flux . 

!Calculated using Bp lcalculatedl. 
ltlf(EI assumed to be the same for 242pu as lor 240Pu. 
kpd estimated to be 0.023! 0.003. 

I 
01 I I 

NEUTRON ENERGY (MeV) 

Fig. 3 

Hypothetical Neutron-energy Spectrum for the Centet 
of a ZPR Assembly Which Approximates That of a 
Homogenized Core Composition of an EBR-Il Loading 
(Ref. 38). ANL Neg. No. 121-7162. 
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Jaffey4 has recently surveyed measurements of the energy spectra 
of fission neutrons. Although there is considerable disagreement between 
the a v erage neutron energy B measured by various investigators. calcu
lations of Enp using the extre~e measurements of Bp indicate a var iation 
of only 0.6-0 .7 MeV per fission. Values of Bp (experimental) listed in 
Table 4 represent an arithmetic a ve rage of recent measurements .

4 
Values 

of Bp (calculated) were calcula ted from the relationship 

BP = o.75 + o.65 lvP + 1. 

given by Terrell.39 

3.3 Average Energy Released as Photons, E')' 

3.3 . 1 In troduction 

(18) 

The rate of emission of gamma rays following fission has been de
scribed theoretically by Griffin .41 An adaptation of this description is 
presented as an introduction to this section . 

Shortly after the emission of neutrons by the highly excited fission 
fragments, the remaining excitation is removed by the rapid emis sian of 
gamma rays. Gamma rays are emitted until the fragment reaches its 
ground state or an excited isomeric state whose decay is much slower than 
the typical gamma decays . Most of this gamma radiation is emitted within 
10- 6 sec after fission . Howeve r, gamma rays continue to be emitted at a 
decreasing rate for times up to 10- 3 sec after fission. 

For times between 10- 3 and 10- 1 sec, a plateau is observed in the 
gamma-ray intensity . Since the typical fission fragment has reached its 
ground state by 10- 3 sec, its next decay will be a beta decay. This gener
ally requires a time on the order of seconds. During this period, a few 
beta decays will occur, followed by gamma-ray emission whenever the beta 
decay goes to an excited state of the daughter nucleus . For times short 
compared to 10- 1 sec, these decays are so few as to leave the populations 
of the various fragments unchanged. The observed average decay rate 
therefore remains constant during this interval, as does the rate of delayed 
gamma-ray emission arising from beta decays to excited states. 

For times greater than 1 sec, sufficient beta decays occur to shift 
the fragment population closer toward stability . This shift causes a de
crease in the a ver age beta-decay energy as well as a decrease in the aver
age rate of beta decay and subsequent delayed gamma-ray emission. 

3.3.2 Average Energy Released by Prompt Photons, E'YP 

Prompt photons are defined in the present report as those photons 
associated with the deexcitation of the fission fragments before beta decay. 
They are assumed to occur within 1 msec after fission. 



The most extensive measurements have been made on the fission of 
ZJSu. These measurements cover nearly the entire r ange from 0 to 10 - 3 sec 
after fission, if one assumes there is little difference in the gamma-ray 
emission associated with the fission of Z35u by thermal or fission spectrum 
neutrons. (Protopopov and Shiriaev4 Z have reported that the average total 
energy of gamma rays emitted within 2 x 10 - 7 sec after fission of z35U by 
thermal. 2.8-, and 14.7-MeV neutrons is the same within an experimental 
accuracy of ±15% .) 

Peelle and Maienschein43 have recently completed an analysis of 
data on the gamma rays emitted within 6 .9 x 10- 8 sec after fission of z35U 
by thermal neutrons. They determined that within this time an average 
energy of 7.25 ± 0 .26 MeV was released per fission by an average of 
8 . 13 ± 0.35 photons with energies from 10 keV to 10.5 MeV. A negligible 
energy yield is expected by gamma rays less than 10 keV or greater than 
10 .5 MeV. Less than 0.1 photon per fission is expected below 10 ke V, and 
none is expected above 10.5 MeV. 

The value of 7.25 ± 0.26 MeV per fission is used in the present re 
port (see Table 5) as the energy released within the first 69 nsec after the 
fission of z35U . This is somewhat g r eater than the energy release meas 
ured by Verbinski ~ ~.44 within the first 10 nsec . They found 6.5 1 ± 0.3 MeV 
were emitted by 6.69 ± 0.3 photons within the shorter time range. Gamma 
rays with energies between 140 keV and 10 MeV were measured. They 
estimated that 0 . 1 MeV per fission might be released by photons of lower 
energy . A time - of - flight technique was employed to exclude neutron back
grounds. Figure 4 compares the gamma - ray spectra of Verbinski ~ al. 44 

and Peelle and Maienschein .43 The results of Verbinski et al. are typically 
about 10% lowe r than those of P ee ll e and Maiehschein . C~ses for the dis
agreement between the two spectra may be attributable to exclusion of 
some gamma rays because of the shorter coincidence resolving time in the 
Verbinski ~ al. experiment, neutron effects in the Peelle and Maienschein 

TABLE 5. Average Energy Released by Photons at Various 
Times afte r the Fission of 2 35U by Neutrons 

Time, 
sec 

0-6 .9 X 10-B 
6 .9 X 10- 8 -1.0 X 10-b 
1.0 X 10-6 - 1.0 X IQ- l 

t.o x to-'-t.o 

t.o-t.o x to' 
1.0 x to'- "" 

E"'' 
MeV fission- 1 

7.25 ± 0 . 26 
0.353 ± 0 . 706 
0 .037 ± 0 .02t 

SP ; 7. 64 ± 0 . 75 

0 . 52 ±0 . 26 
6 .65 ± 1.3 
0 .032 

E"'d 7 . 20 ± l. 3 

£"1 t4 .84 ± l. 5 

Remarks and References 

Ref. 43 . 
See text. Refs . 45-47 . 
See text. Refs . 47-49. 

See text. 
Refs. 50, 51. 
Ref. 3 . 
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work, in which a Nal detector was 
employed, or in the determination of 
the detector-response function to 
gamma rays of various energies and 
the subsequent unfolding problems 
more or less common to the two 
measurements. 

In an early paper,Maienschein 
et al. 45 reported that from 5 x 10- 8 

~ 10- 6 sec after fission (5.7±0.3)% 
as many counts were observed over 
the energy range from 0 . 15 to l. 93 MeV 
as were observed in the first 5 x 
10- 8 sec for the same energy range. 
Assuming the gamma-ray energy 
spectrum in the longer time region 
to be the same as that for the very 
prompt gamma rays {:,;;6.9xl0- 9 sec), 
the energy released in the longer time 
region is 0.057 x 7.25 = 0.413 MeV 
per fission . Maienschein46 later pre 
sented the average energy released 
as a function of time from 5 x 10- 8 

to 10- 6 sec . These data, as inter
preted from his Fig. 4.6.1, are presented in Fig . 5. Conservative limits of 
a factor-of - two have been placed on these data. 46 Figure 5 also shows an 

Fig. 5 

Energy Released by Photons and Number of 
Photons Emitted per Fission of 235u by 

Thermal- o r Fission-spectrum Neutrons as 
a Function of Time :s; l msec after Fiss ion. 
AN L Neg. No. 121-7129. 
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interpretation of the Maienschein ~ al. 45 data made by Celnik and Spielberg47 

normalized to give an energy release of 0.413 MeV per fission, as calcu
lated above . These latter data, plotted on a semilogarithmic scale, form 
nearly a straight line from 5 x 10- 8 to 10- 7 sec. Therefore a relationship 
of the form E(t) = aebt has been fitted to the data and integrated from 5 x 
10-

8 
to 6.9 x 10-

8 
sec, yielding a value of 0.060 MeV per fission. Sub

tracting this from the 0.413 MeV per fission determined previously gives 
0.353 MeV per fission released from 6.9 x 10- 8 to 10- 6 sec. A factor-of-two 
uncertainty is assigned to this energy release (see Table 5). 

Walton and Sund48
•
49 have determined the energy released and the in

tensity of photons with energies ) 140 keV as a function of time from 2 x 10- 6 

to 2 . 5 x 10-
2 

sec after fission of 235U by fission spectrum neutrons . These 
data are presented in Fig . 5 by the open triangles. Triangles pointed upward 
represent energy- emission rates E l'(t). Triangles pointed downward repre
sent photon-intensity rates Nl'(t). Walton and Sund49 have estimated an un
certainty of -30o/o in the intensities of photons with energies ) 510 keVin the 
plateau region up to 0.025 sec (see Fig . 6). Allowing for photons of lower 
energies, an uncertainty of 50o/o in the energy-emission rates appears to be 
a fairly realistic estimate. The energy-emission rates have been fitted 
over various time ranges from 2 x 10- 6 to 10- 3 sec by analytical expres
sions of the form E(t) = aebt + cedt . These expressions have been inte
grated and summed to give an average energy release of 0 .030 ± 0.015 MeV 
per fission. Interpolation of the normalized data of Celnik and Spielberg47 

at 10- 6 sec to that of Walton and Sund49 at 2 x 10- 6 sec, as shown in Fig. 5, 
gives an additional energy release of 0.007 ± 0.014 MeV per fission. The 
average total energy released by photons from 10- 6 to 10- 3 sec after fission 
is then 0 . 037 ± 0 . 021 MeV per fission (see Table 5) . 

Summation over the various time regions from 0 to 10- 3 sec after 
fission, as in Table 5, gives an energy release by prompt photons of 7.64 ± 
0 . 75 MeV per fission . This is somewhat lower than the value of 8.01 ± 
0 .87 MeV used by James 3 based on the analysis by Holden~ al. 52 However, 
both values agree well within the quoted uncertainties. 

Recent measurements by Berick et al. 53 of the intensities of gamma 
rays with energies ) 380 keV from 0.01 t;-4~ec after fission of 235 U indicate 
that the Walton and Sund48

•
49 data may have been normalized to too large a 

value in the plateau region (see Fig. 6) . We have therefore converted the 
intensity rates determined by Berick ~ e.J:. 53 into energy-emission rates. 

The ·intensity rates determined by Be rick ~t ~ - 53 for photons with 
energies ) 380 keV were normalized to the rates determined by Fisher and 
Engle 54 to include a broader spectrum of photon energies. An average 
(1.515) of the normalization constants determined at 0 . 35 and 1.5 sec after 
fission was applied to the data of Berick ~ al. 53 To convert to energy
emission rates, an average energy (0.940 MeV) per photon determined from 
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the measu rements of Fisher and Engle 54 at 0.35 and 1.5 sec was applied to 
the normalized photon-intensity rates. The energy-emission rates so de
rived are given in Fig. 6 and are referred to as the "normalized" Berick 
et al. data. The energy-emission rates of Walton and Sund48

•
49 we re then 

normalized to the normalized data of Berick ~ al. 53 at 0.025 sec after fis
sion. The "no rmalized" Walton and Sund data are give n as solid triangles in 
Figs. 5 and 6. Interpolation to the normalized Walton and Sund data , as shown 
in Fig. 5, and integration of the data to l msec after fission gives 0.031 MeV 
p e r fission . The difference between this value and that derived directly from 
the data of Walton and Sund is almost negligible. 
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Fig. 6. Energy Released by Photons and Number of Photons Emitted per Fission of 235u by Thermal- or Fission
spectrum Neutrons as a Function of Time ;,: 1 msec after Fission. ANL Neg. No. 121-7130. 

Sufficient measurements have been made of the prompt gamma r ays 
following the fission of z39Pu by neutrons to approximate the average energy 
released by them. Verbinski et al. 44 have measured the average ene r gy re
leased within 10- 8 sec by ga~a-;ays with energies ) 140 keY to be 6.82 ± 
0 .3 MeV per fission. If one assumes that the energy spectrum is the same 



within 10- 6 sec as it is within 10- 8 sec, then by using the Verbinski ~ al. 44 

measurements with z39Pu and Z35U to normalize to the 7.60 ± 0.75 MeV re
leased per z35U fission within the first J.Lsec, we obtain a value of 7.96 ± 
0.94 MeV per z39Pu fission. Interpolation to 2 J.Lsec and integration of the 
data of Walton and Sund48

•49 for Z39Pu to 1 msec gives an energy release of 
0.054 ± 0.029 MeV per fission. Interpolation and integration of the nor
malized Walton and Sund data give 0.049 ± 0.027 MeV per fission. The 
average energy released by prompt gamma rays in the fission of z39 Pu by 
thermal or fission spectrum neutrons is therefore taken to be 8.01 ± 
0.94 MeV per fission (see Table 6). Note that if the energy release were 
calculated by using the Verbinski et al. 44 measurements on Z

39 Pu and z35U 
to normalize to the 7.64 ± 0.75 MeV per fission obtained for z35U over the 
first msec, a value of 8.00 ± 0.94 MeV per fission would be obtained. 

1.0 X 

1 .0 X 

2.0 X 

4.5 X 

2.0 X 

1.0 X 

TABLE 6. Average Energy Released by Photons at Various 
Times after the Fission of Z39 Pu by Neutrons 

Time, 
sec 

0-1 . 0 X 10-6 

10- 6- 1 . 0 X 10-3 

10- 1 -2 .0 X 10 -I 

10- 1 -4 . 5 X 10 
10-2.0 X 102 

10 2 - 1.0 x to• 
10 8 - oo 

£,. 
MeV fission-' 

7 .96 ± 0.94 

0.05 ± 0.03 

E -y p = 8 .0 1 

0.10 ± 0 .05 

2.86 ± 0 . 71 
0.99 ± 0 . 25 
2 . 46 ± 0.62 
0.03 

± 0.94 

E -yd 6 .44 ± 0.98 

£, 14 .45 ± t.4 

Remarks and References 

Calculated using 235U data . 
See text . Refs. 43-47. 

Refs . 47-49, 53, 54 . 

No rmalized data of 
Refs. 48, 49, 53. 

Ref. 54 . 
Ref. 50. 
Ref. 55 . 
Ref. 3. 

Little information concerning prompt gamma-ray emission is 
available for other fissioning systems. Early measurements of the average 
energy released in the spontaneous fission of zszcf by prompt gamma rays 
we re 9 MeV per fission 56 without a time interval specified and 8.2 MeV per 
fission57 within -3 x 10-9 sec. Verbinski et al. 44 have also measured 
gamma rays with energies > 140 keV emittedwithin 10- 8 sec after fission 
for this system. They found the average energy released to be 6.84 ± 
0.3 MeV per fission. Using the z35U data as described above to obtain the 
energy released wi thin the first msec, a value of 8.03 ± 0.94 MeV per fis
sion is obtained. The energy spectra derived by Verbinski et ~.44 for the 
thermal-neutron fission of z35U and z39 Pu and the spontaneous fission of 
zszcf are very similar. The spectrum of zszcf exhibits about 50% more 
gamma rays below 0.7 MeV than that of z35U and fewer gamma rays above 
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5.0 MeV. The spectrum of 239Pu is ve ry much like that of 235U, having 
somewhat more gamma rays below 0.7 MeV than the latter. Protopopov 
and Shiriaev42 •58 have reported that, within their experimental accuracy 
(± 15"/o), the average total energies of gamma rays emitted in the fission of 
Z38u and 235 U by 2.8- and 14.7-MeV neutrons are the same as for 

235
U by 

thermal neutrons. In view of these latter results, the fission gamma-ray 
spectra of 235U, 239 Pu, and 252Cf. and the values of E I'R derived for the same 
nuclides, it appears that a value of approximately 8 MeV per fission is ap
propriate for EI'P. for all nuclides under consideration. We therefore as
sign a value of 7.6 ± 1.5 MeV per flss10n to all those nuchdes o ther than 
Z35U and 239pu (see Table 7). The change in this value with incident neutron 

energy appears to be very small. 

TABLE 7. Average Energy Released 
as Photons within 1 msec after 

Fission by Neutrons 

Nuclide 

z33u 

Z38U 

Z40pu 

Z4lpu 

Z4ZpU 

Eyp• MeV fission- 1 

7.64 ± 0. 75 

8.01 ± 0.94 

7.6 ±1.5 

3.3.3 Average Energy Released by Delayed Photons, E -yd 

Delayed gamma rays are defined in the present report as those 
gamma rays associated with the beta decay of fission products. They oc
cur at times ) 10- 3 sec after fission. 

As with prompt gamma rays , most investigations of delayed gamma 
rays have been made in the fission of 235U by thermal or fission spectrum 
neutrons. There are several experimental measurements of photon inten
sity or energy-emission rates that investigate the time range from 10- 3 to 
I sec. The results of some of these investigations are shown in Fig. 6 . In
tegration of the various data from 10-3 to 1 sec gives nearly identical val 
ues of the energy release. Integration of the Walton and Sund48 •49 data from 
0.001 to 0.025 sec, interpolation to the Petrov data59 at 0.05 sec, and inte
gration of the latter data yie ld an energy release of 0.52 ± 0.26 MeV per 



fission. Integration of the normalized Walton and Sund data48 •49 from 
0.001 sec to either 0 . 01 or 0.025 sec and of the normalized Berick et al. 53 

data from either 0.01 or 0.025 sec to 1 sec gives 0.50 ± 0 .025 MeV pe;
fission. The 0.52 ± 0.26 MeV value is given in Table 5. Iyer and Ganguly 60 

have indicated a gamma-ray energy release from 0.01 to 1 sec after fis
sion of 0 . 442 MeV per fission. Integration of the data of Walton and Sund48 •49 

and Petrov
59 

over this time range gives 0.514 MeV per fission . Integration 
of the normalized data of Walton and Sund and Berick ~ al. gives 0.494 MeV 
per fission. The agreement between these three values is rather good for 
this time range. 

Holden et al. 52 have reported an energy release of 6.65 MeV per fis
sion by gamma rays emitted from 1 to 10 8 sec after fission . This value has 
been used by James3 with an uncertainty of 1.3 MeV per fission suggested 
by Story. 61 Much of the experimental data for gamma rays emitted in this 
time range is shown in Fig. 6 . The data of Zigman and Mackin50 are based 
on measurements made at the U.S. Naval Radiological Defense Laboratory 
and the Knabe and Putnam62 summary of experimental work done at Oak 
Ridge National Laboratory . The crosses in Fig. 6 represent the calculated 
results of Battat ~ al. 55 As can be seen from Fig. 6, there is close agree
ment between the results of Fisher and Engle,54 Petrov, 59 and Zigman and 
Mackin50 for the first 45-60 sec after fission. Integration of the Petrov 
curves from 1 to 60 sec gives an energy release of 2 .98 MeV per fission; 
integration of the Zigman and Mackin curve over the same time range gives 
2 .87 MeV per fission . At longer times, there is a larger discrepancy be
tween the two sets of data . Integration of the Petrov curves from 60 to 
18,000 sec giv es 4.56 MeV per fission . Integration of the Zigman and 
Mackin curve over the same time range gives 2.66 MeV per fission . The 
data of Sakharov and Malofeev51 are consistently lower than those of 
Petrov .59 Data of the former, however, appear to extend the data of Zigman 
and Mackin50 for times ) 18,000 sec. The calculated results of Battat et al. 55 

agree well with the Zigman and Mackin data for times ) 200 sec after fis:
sion. In the interval 200 to 18,000 sec after fission, integration of the 
Zigman and Mackin curv e gives an energy release of 1.88 MeV per fission . 
The results of Battat et al. are slightly lower than the results of Sakharov 
and Malofeev .51 The int;grated energy release from 1.8 x 104 to 3 . 6 x 106 sec 
after fission obtained from the Battat ~~·data is 0.706 MeV per fission ; 
from the Sakharov and Malofeev data, 0.931 MeV per fission . The Battat 
et al. data indicate a perceptible decrease in the energy emitted by gamma 
~y; ) 3.6 x 107 sec after fission (see Fig . 6) . This is consistent with other 
calculated results such as Perkins and King, 63 Perkins , 64 Knabe and 
Putnam,62 and Brunner and Edwards. 65 Integration of the data of Battat 
et al. 59 from 3.6 x 107 to 10 8 sec after fission gives an energy release of 
0.'1Ts MeV per fi'ssion . Summing the energies released obtained from the 
data of Zigman and Mackin50 from 1 sec to 1.8 x 104 sec, the data of 
Sakharov and Malofeev51 from 1.8 x 104 to 3.6 x 10 6 sec, and the data of 
Battat et al. 55 from 3 . 6 x 10 6 to 10 8 sec gives a total of 6.57 MeV per fission . 

27 



28 

Summing the Zigman and Mackin data50 from l sec to 1.8 x 10
4 

sec and the 
Battat et al. data from 1.8 x 104 to 108 sec gives 6.35 MeV per fission. Both 
values -;r;-at least 2 MeV per fission less than the value obtained by inclu
sion of the Petrov data, 59 rather than the Zigman and Mackin data .

50 
Be

cause of the rather good agreement between the integrated results obtained 
above with the 6.65 MeV per fission obtained by Holden ~~. 52 for the 
energy released from 1 to 108 sec after fission, we take this latter value 
and assign to it an uncertainty of ±20% .3

•
63 For times ) 10

8 
sec after fis 

sion, a value of 0 ,032 MeV per fission calculated by James
3 

is used. 

Summing the values given in Table 3 for times ) 10- 3 sec gives a 

value of E -yd equal to 7 . 20 ± 1 . 3 MeV per fission . B.unney and Sam
66 

fin.d 
little difference in the number of photons w1th energ1es ) 0 ,065 MeV em1tted 
in the fission of 235U induced by thermal or fission spectrum neutrons from 
900 to 7200 sec after fission . For longer times up to 2 . 6 x 105 sec (3 days), 
the number of photons emitted in thermal-neutron fission is consistently 
less than the number emitted in fission induced by fission spectrum neu
trons . This is shown in Fig. 6 by the open and solid diamonds . The num
ber of photons emitted after fission of 238 U by fission spectrum neutrons is 
similar to the number emitted by 235U fission spectrum neutrons . 67 

In the fission of 239 Pu by neutrons, integration of normalized data of 
Walton and Sund48 •49 and Berick et al. 53 gives a gamma-ray energy release 
in the time from 10 - 3 to 0 . 2 sec of 0 . 10 ± 0 .05 MeV per fission . (Integration 
from 10- 3 to l sec gives 0 , 45 MeV per fission . ) From 0 . 2 to 45 sec after 
fission, Fisher and Engle 54 report an energy release of 2 .86 ± 0 ,71 MeV per 
fission. This is l lo/o lowe r than the energy released by delayed gamma rays 
from the fission of 235 U and is consistent with the report of Leipunsky ~ al. 68 

that from 1.25 to 17 sec after fission the kinetics of decay of the gamma 
activi t y are the same for 235U and 239 Pu, within the limits of experimental 
accuracy . Petrov ,59 who measured the energy released, as well as the ki
netics of decay of the gamma rays, reported that both were the same within 
an experimental accuracy of 10% . The measurements of P etrov extend to 
11 hr a fter fission. Integration of the P etrov data from 45 to 200 sec after 
fission gives an energy release of 1.36 MeV per fission. Since the energy 
release determined from the Petrov data appears to be too large for the 
235 U data, and since 239Pu energy-emission rates are smaller in the milli
second and second r ange than those of 235U, the value of 1.36 MeV per fis
sion is probably too large . Therefore the data of Zigman and Mackin50 for 
235U were integrated over the same time range and gave an energy release 
of 0 . 99 MeV pe r fission . A 25% error is assigned to this value (see Table 6) . 

Since the calculated results of Battat eta!. 55 for 235U agree well w1th 
the experimental results for times )2 00 sec, their results for 

239
P u were 

integrated from 200 to 108 sec to give an energy release of 2 .46 MeV . An 
uncertainty of 25% is also assigned to this value . Johnston

69 
has reported 

calorimetric measurements of the energy released by beta particles and 



gamma rays from approximately 40 to 150 days after fission of z39 Pu by 
fast neutrons. Integrating his results for gamma radiations over this time 
region gives an energy release of 0.068 MeV per fission. The data of 
Battat ~ al.

55 
give 0.081 MeV per fission over the same interval of time, 

indicating reasonable agreement between the experimental and calculated 
results. The value of 0.03 MeV per fission is used3 for the energy released 
during time ) 108 sec. 

Summing the energy releases for the various times after fission 
gives an average total energy of 6.44 ± 0 .98 MeV per fission for E -yd· This 
agrees well with the value of 6.3 ± 1.4 MeV per fission derived by James 3 

based on the effective chain lengths , which are the mean number of decays 
required to reach the hypothetical line of beta stability, for z35U and Z39 Pu. 

Fisher and Engle 54 hav e meas u red the energies released by photons 
from 0.2 to 45 sec following the fission of znTh, ZBu, and Z38U as well as 
ZJSU and z39 Pu. The experimental results for these nuclides are given in 
Table 8. If the energy released by gamma rays after the first 45 sec is 
considered to be the same for all nuclides, then by combining the energy 
determined for z35U neutron-induced fission with the results of Fisher and 
Engle, 54 one arrives at values _::f E -yd for the various nuclides measured.3 

These extrapolated values of E-yd are given in the third column of Table 8. 
(A value of 0.1 MeV per fission is assumed to be released from 1 msec to 
0.2 sec by each nuclide.) _The value of E -yd giv en in Table 8 may be corn
pared with the values of E )'d determined from the effective chain lengths 
of the various nuclides as described in Appendix A. Remember that the 
extrapolated va~es of E -yd are fo r fissi on induced by a sp_:ctrum of ener
gies for which Ei is 1.4 7 MeV. The calculated values of E -yd are given 
for either thermal neutron or for fission spectrum neutrons whose average 
energy Ei differs somewhat f r om 1.47 MeV. 

Nuclide 

Z3 ZTh 
zJJu 
z'su 
Z38U 
Z39pu 

TABLE 8. Experimental,a Extrapolated , and Cal c ulatedb Values 
for Delayed Gamma- radiation Energy from Fission 

Induced by a GODIVA Neutron Spectrum 

Experimental E -yd E -yd 
Results , 0 .2-45 sec , {extrapolated) , (calculated). 

MeV I fission MeV I fission MeV I fission 

5.04 ± 0 . 71 9 .0 ± 1.5 9 .4 
1 .97 ± 0.28 5.9 ± 1. 3 5 . 5 
3 . 18 ± 0.4 5 7. 1 ± 1. 3 7 . 2 
5.08 ± 0 . 71 9 .0 ± 1.5 10 . 3 
2.86 ± 0.71 6 . 8 ± 1.5 6 .2 

aReference 54 . 
bcalculated from the square of the effective beta-de c ay chain lengths relative to 

E-yd for 235 U {see Appendix A) . 
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3.4 Beta Particle (EJ3) and Antineutrino Energies (Ej;) 

The total energy E13 associated with beta particles from fission is 
poorly known. Only a few measurements have been performed for thermal
neutron fission of 235U, and poor agreement exists among the various meas
urements .70 - 77 The experimental results of these measurements (as given 
by the respective authors) are presented in column 3 of Table 9. Recently 
Story has made several critical and thorough reevaluations of the existing 
data. 61 •78 The results of one such reevaluation have been reported in the 
paper of James 3 and are reproduced here in column 4 of Table 9. A more 
recent and unpublished examination by Story78 is summarized in column 5. 
The various experiments were reexamined during the present wo rk , and 
we have chosen to apply relative weighting factors which reflect our rela
tive confidence in the experimental values and the values obtained by Sto r y. 

Authors Ref. 

Muehlhause 
and Okeksa 119571 70 

Carter £! ~ - 119591 71 

Armbruster 
and Meister 119621 72 

H.lnng 119641 73 

McNair ~ !!,. 119651 74 

MacMahon 

~ ~- 119691 75 

Kutcher 
and Wyman 119661 76 

Tsoulfanides 119681 77 

Average 

Average deviation 

aArithmetic average. 
bweighted avera<Je. 

TABLE 9. Total Beta-particle Energy lor Thermal Fission of 235u 

Authors ' 
Quoted Values 

- 9 

None 

8.1 ± 0.4 

8.6 ! 0.4 

None 

6.3 ! 0.5 

None 

7.73 ! 0.15 

7.95' 

~0.8 

Story Analysis 
Reported in James3 

7.1 ~ 0.6 

7.75 ~ 0.28 

6.73 ± 0.35 

6.3 ± 0.5 

6.97a 

!0.4 

More Recent 
Story Analysis18 

6.95 ~ 0.75 

7.22 :': 0.54 

7.65 :': 0.33 

6.89 ± 0.34 } 

6.37 :': 0.5 

7.33 ! 0.65} 

7.07a 

±0.3 

Value Relative 
Used Here Weight 

6.95 

7.22 

7.65 

6.63 

7.73 

7.Jf:>b 

!0.4 

The expe riments of Muehlhause and Oleks a 70 involve the measure
ment of the equilibrium beta spectrum for energies 2:0.5 MeV. The results 
of the beta-spectrum measurements are simply given by the authors of 
Ref. 70 in a figure and an analytical fit to their data. (The fit is in rather 
poor agreement with their experimental data for low beta energies, where 
the yield is the greatest.) The authors concluded that "the average energy 
per beta ... is approximately 1.5 MeV which indicates an average beta en
ergy per fission of about 9 MeV." 

The work of Carter~ !!J.71 consisted of a beta-spectrum measure
ment for energies greater than l MeV before secular equilibrium had been 
achieved. By numerical integration of the measured spectrum, applying a 
correction for low-energy tailing and normalizing the data to 6.04 ± 
0.05 betas/fission,3 Story has arrived at afinalvalueof -?.2MeV/fission. 61 •78 



The work of Armbruster and Meistern consisted of a mass separa
tion of the fis sian products followed by m easurement of the number and 
e~ergy of the beta particles (E/3 ) 140 keV) emitted to 3000 sec after fis
swn. These results were then corrected to infinite time. Their initial 
value for the beta-particle energy per fission was 8.1 ± 0.4 M eV. However , 
Armbruster and Meister noted that the number of beta particles per fis
sion measured in their work was too large . Assuming that the fission rate 
in these experiments may have been underestimated , Stor/8 has reduced 
the measured beta-particle energy release integrated to 3000 sec by a fac
tor of 14 .6%. This factor represents the difference between (l) the number 
of beta particles per fission measured in the first 3000 sec after fission by 
Armbruster and Meister and (2) the expected value based on the measured 
time dependence of beta-particle emis sian and a total value of 6.04 beta 
particles emitted per fission. 3 

The high value of 8.6 ± 0.4 MeV per fission obtained by Haring73 is 
difficult to interpret, since the absolute accuracy that can be achieved by the 
thermoluminescence-dosimetry method used in the measurement has not 
been adequately demonstrated . Consequently, this result has not been in
cluded in our analysis or in the previous analyses by James 3 and Story.61 •78 

The time-dependent beta-ray spectra reported by McNair ~ ~.74 

have been reexamined and extrapolated to infinite irradiation and zero de
cay time by Story,61 •78 yielding the values given in Table 9. The experimen
tal value of 6 .3 ± 0 . 5 MeV per fission given by MacMahon~ al.75 is not an 
independent and absolute measurement , but was obtained79 from a relative 
comparison of their data with the data of McNair ~ ~74 using the value of 
6 .8 ± 0.5 MeV per fission obtained by reexamination of the McNair et ~ 

data by McNair and Story .61
•78 •79 Be c ause of tne interdependence of these 

two sets of data, a single arithmetic average has been used to represent 
the results of these measurements . 

Kutcher and Wyman76 measur e d the time dependence of the beta 
spectrum greater than 0.75 MeV , but did not quote a value for the total 
beta energy per fission . Recently, Tsoulfanides77 (a student of Wyman's) 
has measured the time dependence of the beta spectrum from 0 .l to l MeV . 
Combining this data with that of Kutcher and Wyman ,76 Tsoulfanides obtained 
a value of 7 . 73 ± 0 .15 MeV per fission . Since this result is based on a more 
complete set of data , we have used this value rather than the extrapolation 
of the Kutcher and Wyman data by Story 61

•
78 

The present analysis gives a value of 7.36 ± 0 .4 MeV per fission for 
the average beta-particle energy in thermal-neutron-induced fission of 235U . 
From Table 9 , it can be noted that this value is slightly higher than the two 
previous analyses by Story (6.97 ± 0.4 and 7 .07 ± 0.3 MeV per fission) . 

The total antineutrino energy for 235 U fis sian can be estimated from 
this value of the total beta-particle energy and the beta-decay chain length 
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(the number of beta emissions required to reach stability). Using the aver
age beta-decay chain length of 5 .98 ± 0.2 beta -particles per fission for ZJSu 
measured by Seyfarth, 80 the average beta-particle energy per fission is cal
culated to be 1.237 MeV . From the tables of Widman et al. ,81 the ratio 
E {3/(E f3 +Ei]) can be obtained, assuming the beta-particle--;pectrum to have 
an allowed shape and the average nuclear charge of the fragments to be 
47 . 5 . The average antineutrino energy per beta decay is then 1.74 MeV, 
and the total antineutrino energy per fission is 10.4 ± 0.6. 

The error incurred using this most simple assumption, i .e . , con
stant beta-particle energy for all members of the beta-decay chain, can be 
reduced by a more realistic assumption regarding the energies of the indi
vidual beta-particle decays within a chain. Igno ring pairing effects, nuclear 
isobaric masses are proportional to the factor [Z(A)- Zs(A)]z, where Z(A) 
is the atomic number of the isobar in question and Zs(A) is the hypothetical 
most stable atomic number for that mass number A. The total energy re
lease E (3T(A) for beta decay from one fragment in fission with mass A and 
formed with an initial most probable charge Zp(A) is then given approxi
mately by 

:E13(A) + Ev(A) + E'Yd(A) a: [ZP(A)- zs (A)]z 

:: [N{3(A)]Z "' c~·r) ~ ( 19) 

The quantity Nf3(A) represents the average beta -decay chain length per fis
sion fragment . The assumption is made that the beta-decay chain lengths 

::._f both fragments are equa l (iN{3T) . The t~tal beta-decay chain lengths, 
N(3 T' are ~alculated in Appendix A . ~ince E ')ld(A) is approximately propor
~onal to N~T- (see Appendix A) and Ejj(A) is approximately propor~onal to 
E s (A), then E~ (A) is expe:_!:ed to be approximately proportional to N~T · 
The beta-particle energy E f3 (A,Z) for the isobar with charge Z can be cal
culated, _!.S an example for integral values of N{3(A), knowing the total beta 
energy E{3(A) per fragment (E {3 (A) = i .E{3) : 

- [2(Z- Zs)- l] E f3(A) 
E (A Z) " --,----=--=--==....,.......!:;:..:.......:= 

{3 ' 2(1+3+ .. . [2N{3(A) - l]) (20) 

. 
Using this formalism and the tables of Widman et al., 81 we can estimate the 
average antineutrino energy for each member of this beta chain . The total 
antineutrino energy obtained in this manner is 10 . 26 ± 0.6 MeV. The close 
agreement between the results ()f this method and that obtained using the 
assumption of constant beta-particle energy simply illustrate the insensi
tivity of the various assumptions . The results obtained with the latter as
sumption are adopted in this work. 



Because of the lack of information for Ef3, E - , and E '\ld for fis-
. " ~5 V I 

s10n1ng systems other than U, we have assumed that these values are 
simply proportional to the calculated N~T values and have computed these 
values relative to those obtained for ZJSU . The results of such a calculation 
for the beta - particle energies and antineutrino energies are summarized in 
Tabl e 10. 

TABLE 10. Average Energies Associated with Beta Particle 
and Antineutrinos Calculated Relative to 23Su 

Target 
Nuclide [6 Ev 

Target 
Nuclide [6 Ev 

232Th 9.5 ± 0.5 13.3 ± 0.8 139pu 6.3 ± 0.3 8.8 ± 0.5 
1Jlu 5.6 ± 0.3 7.8 ± 0.5 140pu 7.1 ± 0.4 10.1 ± 0.6 
1J5u 7.36 ± 0.4 10.16 ± 0.6 141pu 8.2 ± 0.4 ll.5 ± 0.7 
2J8u 10.5 ± 0.6 14.7 ± 0.9 241pu 9.3 ± 0.5 11.9 ± 0.8 

4. CALCULATION OF Qf FROM INDIVIDUAL CONTRIBUTIONS 

The total energy released directly from the fission process has 
been calculated using the previously given individual contributions (Sects. 3.1-
3 .4) and Eq. 3 . The results of this calculation are summarized in Table 11. 
Table 12 compares the results for the calculation of Q{ from this work with 
the results of James. 3 The present work yields results that are consistently 
higher (an average of 1.4 MeV) than those given by James. This difference 
is principally due to the higher value used in this wor k for the average 
beta-particle energy for ZJSU (see Sect. 3.4). Since the beta - particle and 
antineutrino energies for the other fissioning systems have been calculated 
relative to the assumed value for the beta-parJ:icle energy of ZJSu, use of a 
larger value for this quantity will lead directly to larger values for all the 
other beta-particle and antineutrino energies. 

TABLE ll. Total Energy Released Directly from Fission, Of. Calculated by 
Summation of the Individual Contributions tEq. 71 

Neutron 
Target Energy 

EKf En Eyp fyd [6 Ev Eja Nuclide Spectrum Q; 
2l2Th FN 160.0 ± 1.0 4.49 ± 0.17 7.6 ±1.5 9.0 ± 1.5 9.5 ± 0.5 13.3 ± 0.8 3.0 200.9 ± 3.1 

233u 167.5 ± 2.0 4.90 ± 0.15 7.6 ± 1.5 5.9 ± 1.3 5.6 ± 0.3 7.8 ± 0.5 0 199.3 ± 2.9 

mu 167.9 ± 1.0 4.69 ± 0.11 7.64 ± 0.75 7.1 ± 1.3 7.4 ± 0.4 10.3 ± 0.6 205.0 ± 1.6 

238() FN 165.9 ± 2.0 5.60 ± 0.16 7.6 ± 1.5 9.0 ± 1.5 10.5 ± 0.6 14.7 ± 0.9 1.8 110.5 ± 3.1 

239pu T 174.0 ± 2.0 5.87 ± O.ll 8.01 ± 0.94 6.8 ± 1.5 6.3 ± 0.3 8.8 ± 0.5 209.8 ± 1.7 

141pu 175.6 ± 2.0 5.85 ± 0.15 7.6 • ub 7.9 ± 1.sb 8.2 ± 0.4 ll.5 ± 0.7 216.6 ± 3.0 

lo~ E · NIE I oriEl dE 
a[i • . where NtEl is given in Fig. 3 and oriE l represents the fission cross section as a function of neutron energy. 

!o~ NIEioriEI dE 

bCalculated relative to 235u assuming Eyd a N~T-
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TABLE ll. Comparison of Of D e termined by Summation of Individual 
Contributions in This Work w ith th e R e sults of James 3 

Target Q{ from Pr e s e nt 

Nu clid e Work, M e V 
a; from James, 3 

MeV Diff, MeV 

" 'Th 200 .9 
znu 199.3 
z1su 205 .0 
z1su 2 10 . 5 
ZJ9pu 209 .8 
Z4Ipu 216.6 

± 3 .1 
± 2 .9 
± 2 .6 
± 3 . 1 
± 2. 7 
± 3. 0 

None 
None 

204 .4 ± 3 .5 
208 .6 ± 5 .0 
2 08 .9 ± 3 .9 
214 . 5 ± 4.4 

A ver a ge diffe r·e n c e 

+0.6 
+1.9 
+0 .9 
+2 I 

+1 . 38 

5. COMPARISON OF Qf VALUES COMPUTED FROM MASS EXCESSES 
AND SUMMATION OF INDIVIDUAL CONTRIBUTIONS 

Table 13 compares the values of a£ calculated using the mass
excess formalism (see Sect. 2) with the va lu es obtained by summing the 
individual contributions (see Sect. 3). From this comparison , two obser 
vations can be made. First, the errors in the determination of a£ by means 
of the mass-excess formalism are an order of magnitude smaller than the 
errors associated with Of: calculated by summation of the individual con 
tributions. Second, the values of Qf obtained by the latter method are on 
the average 3.5 MeV larger than those calculated from the mass excesses. 
This difference is slightl y greater than the estimated errors. The source 
of this discrepancy is not known at this time. However, because of the lack 
of data for the energies of beta particles and antineutrinos for all the fis
sioning system and the approximations used in this wo r k to estimate these 
values, these ene r gies are the most questionable . Also, if the double
ve locity data for the fragment - kinetic energies (see Sect. 3. 1) are in actu 
ality correct and the double-energy measurements incor rect, then the 
difference in Qf calculated by the two methods is reduced to -1.5 MeV, 
well within the quoted errors. 

Target 
Nuclide 

'"Th 
ZlJU 

ZlSU 

z1su 
Zl9pu 

Z4IPu 

TABLE 13 . Comparison of Of Calculated from Mass Excesses 
with That Calculated by Summation of Individual Contributions 

Neutron Of from Mass af from Summation 
Energy E xce sses (S ect. 2 ), of Individual 

Spectrum MeV Contributions, MeV Diff in 0{ 

FN 196 37 ± 0 .35 200.9 ± 3.1 -4.53 ± 3 . 1 
T 197 .99 ± 0.21 199 . 3 ± 2.9 -1.31 ± 2 .9 
T 202.74 ± 0 .21 205.0 ± 2.6 -2.26 ± 2.6 
FN 205 .89 ± 0.45 210 . 5 ± 3.1 -4.61 ± 3. 1 
T 207.16 ± 0 .21 209.8 ± 2. 7 - 2 .64 ± 2.7 
T 210 .92 ± 0.22 216.6 ± 3.0 -5 .68 ± 3 .0 

Average difference -3.5 

Because of the discrepancies in the values of Of: determined by the 
two methods of calculation , the values obtained using the mass-excess 



formalism (see Sect. 2) with their inherently much smaller e rr o rs are 
judged to be more correct and are used in later sections of this report. 
Also, in light of possible errors in the determination of a{ by summation 
of the individual contributions, systematic errors (larger than the e rrors 
given) are indicated to be present in one or more of the component energies, 
and caution should be exercised in the usage of these values. 

6. TOTAL ENERGY ABSORBED IN A REACTOR 

Using Eqs . 8 and 9. values of aeff and aT have been calculated 
and are presented in Table 14. In the calculation of these quantities, 
(l) the values of a{ determined from the mass-excess fo rmalism (see 
Sect . 2) have been used; (2) 6 E 'Yd and 6 E {3 are assumed to be equal to 
zero; i.e., the heat produced is integrated to infinite time; and (3) ac (see 
Appendix B) and hence aT are calculated for a specific r eacto r core con
figuration and composition. These latter values are therefor e only approxi
mate for other types of cores. Approximate corrections t o the values of 
aeff and aT for reactor operations covering finite lengths of time are 
given in Table 15. These corrections we re obtained from th e average 
fission - product mass excesses computed for various times after fission 
given in Table l and assuming that 59% of the total energy associated with 
beta decay (Ejj+ E ')ld + E {3) is attributable to beta particles and gamma rays 

TABLE 14. Summary of Q cff and QT 

Target Neutron c 
Nuclide Energy Q' a 

f 
- b 
Ev Q c Q eff(oo) QT("') 

23 'Th 
z33u 
Z35U 

""u 
239pu 

240pu 

Z4Jpu 

Z4Zpu 

aSee Table 
bsee Table 
csee Table 

FN 19 6.37 ± 0 35 13. 3 + 0 .8 H .8H 0.? 18 3. I ' 0.9 
T 197 .99 ± 0 21 7.8 ' 0 .5 9. 71 ' 0. 3 190.2 I 0.5 
T 202.74 ± 0.21 10. 3 + 0.6 9.29 ± 0. 3 192.4 ± 0.6 
FN 205 .89 ± 0.45 14 .7 + 0 .9 11. 82 ± 0.5 191.2 ± 1.0 
T 20 7. 16 ± 0. 21 8.8 ± 0 5 12 .26 t 0.4 198.4 ± 0.5 
FN 206.4 ± 1.6 10.1 ± 0 .6 14 . 17 • 1.4 196. 3 ± I. 7 
T 210.92 ± 0 .2 2 11.5 ± 0 . 7 12 .63 ± 0 .4 199.4 ± 0. 7 
FN 210.8 ' 3.2 12.9 ± 0.8 14.24 ± 2.6 197.9 :!. 3.3 

I. 
10. 
24; Qc 6 .5 3 -: 0.2 M e V per captur e d neutron. 

TABLE 15. App r oximate Co rr ec tions t o Qeff( oo) and QT (oo) fo r 
Finite T1me Integration of Heat fr o m Fission 

192 .0 
200.0 
20 I . 7 
203.0 
2 10 .6 
210.5 
212.0 
2 12 . 1 

Heat Integratio n 
Time after Fissio n 

Correction, 
MeV 

Heat Integration 
Time after Fission 

Correcti on, 
MeV 

30 da ys 
l y r 

-0.47 
- 0.23 

100 y r -0 .003 
0 

:'.. 1 .0 
,, 0.6 

± 0. 7 
± 1.1 
± 0 . 7 
± 2 . 2 
± 0.8 
± 4 . 2 
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which contribute heat to the reactor. As can be seen from Table 15, the 
corrections that must be applied for long-lived beta and gamma activity are 
relatively small for integrating times ) 30 days. However, for shorter 
times this correction becomes important and should be calculated accuratel y 

7. DEPENDENCE OF ENERGY RELEASE ON 
INCIDENT N EUTRON ENERGY 

7 .l Dependence of Energy Release on Incident Neutt"on Energy from 
Mass- excess Calculat1ons 

The total energy absorbed in a reactor per fission event (in the 
mass-excess calculation formalism; see Sect. 2) is given as 

QT m(A,Z)- 2 >im(Ai,Zi)- ('i7T- I) mn- Ejj 
i 

+ (i7T - I ) Qnc - 6 E-yd- 6 E {3 ' (21) 

where Qnc is the average energy released by capture of one fission neu 
tron in the reactor materials and subsequent beta - particle and gamma-ray 
emission of the neutron capture products . An illustration of the calculation 
of Qnc is given in Appendix B . Differentiating with respect to the incident 
neutron energ y , Ei, and assuming 6 E'Yd and 6 E 13 to be independent of Ei , 
we obtain 

dE- diJT 
__ lJ + Q 
dEi nc dEi 

( 2 2) 

The first term cannot be d1rectly evaluated . However, an appr.ox1mate es 
timate of th1s quantity can be obtamed from the computed average ma56 
excesses given m Table 1 for 23 ' U and 236U for various incident neutron 
energies . Values of 

-0 .0 64 and - 0.037 

were obtained for 
235

U and 238U, respectively . The approx1mate valu~s 
for this term are more than an order of magn1tude smaller than the terms 
involving the factor dvT/ dEi . Hence, this term is relatively unimportant . 
~~cause of the lack of more detailed information, the value obta1ned for 

U was assumed to be applicable to the other fissioning systems . The 
seco~d and fourth terms on the right-hand side of Eq . 22, mvolvmg the fac
tor dvT / dEi. can be evaluated directly by using the reported values for th1s 



quantity. In this work, we have used the values of d-T/ dE · given by 
. " v 1 

F1llmore. The last factor, involving the dependence of the (n;y) neutron 
capture energy release on incident neutron energy (dQnc/ dEi), is difficult 
to estimate, since this calculation requires detailed knowledge of the com
position of the reactor and the neutron spectrum and entails detailed inte
grations over the energy-dependent (n,y) capture cross sections for all the 
isotopes present in the reactor. Such a detailed "calculation is outside the 
scope of this report. However, since the energy dependence of the (n,-y) 
cross sections for the major contributors are somewhat similar for 
Ei > 100 keV, the neutron inventory (see Appendix B) and hence Qnc are 
not expected to change drastically for small changes of Ei· Consequently, in 
lieu of detailed calculations, it is assumed that dQnc/dEi :::: 0 . 

The third factor, involving the dependence of the antineutrino energy 
on incident neutron energy, is difficult to estimate and can only be approxi
mated here . It is assumed, as earlier, that the antineutrino energy is pro
portional to the square of the beta-decay chain length. That is, 

- -z Ev = KN!3T (23) 

Differentiating with respect to Ei, one obtains 

(24) 

For low-energy neutron-induced fission, it can be assumed that the charge
division parameter 6 (see Appendix A) is the same as for thermal-neutron 
fission. Then the change in beta-decay chain length with increasing Ei is 
directly related to the change in prompt-neutron emission. For one 
fragment, 

(25) 

The most probable final mass A£ is the result of the emission of v(Af) 
neutrons from the initial mass Ai, where Ai = Af + .v(Af). Since the nu
clear charge does not change during neutron emission, 

neglecting the dispersion about i7(A) . Therefore, 

(26) 

The difference in beta-decay chain length for this fragment in going from 
neutron energy E 1 and E 2 , assuming 
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(see Appendix A), is then 

t:.N i3 (Af) = ZP(Af+17(Af,El)]- ZP(Af+i7(Af,E2)] 

ZF {Af+v(Af,E 1)- (Aft il(Af,E2)]} 
AF 

(27) 

The change in total beta-decay chain length (summing contributions for both 

fragments) can then be expressed as 

from which one derives 

and 

c!N13T d'DT 

d'DT dEi 

(28) 

(29) 

(30) 

The accuracy of this approximation (see Eq . 30) can be tested for 
235U by using the beta-decay chain lengths given in Table 1 , which were cal
culated from the mass-yield distributions obtained for three incident neu
tron energies (thermal, fission spectrum, and 14 MeV) and the value of 
dvT/ dEi given b y Fillmore .37 For 235U, dN/3T/ dEi = -0.061 from Eq . 30, 
and from the data in Table 1, the value of -0 .063 is obtained. The agree
ment is quite good considering the approximate nature of Eq . 30 and the 
calculated beta-decay chain lengths of Table 1. 

If Eq . 30 is substituted into Eq . 24, the dependence of antineutrino 
energy or incident neutron energy can be approximated by 

dEv _ ZF dvT 
- = -2KN ---
dEi /3T AF dEi. 

(3 1) 



The values obtained for the dependence of the total energy release 
on captured neutron energy as well as the calculation of individual terms of 
Eq. 22 are summarized in Table 16. From column 7, the energy released 
directly from the fission process Qeff is almost inversely related to the 
captured neutron energy, the energy release decreasing by approximately 
0.8 MeV for every 1-MeV increase in neutron energy. However, with the 
inclusion of the term Qncdi7T/ dEi for the energy released by (n;y) capture 
of the fission neutrons, the total energy release is virtually inde,rendent of 
the captured neutron energy. Neglecting the term (i7T- l) dQnc/ dEi in 
Eq. 22, the total energy release QT increases only - 0.04 MeV for every 
!-MeV increase in neutron energy. 

TABLE 16. Dependence of Energy Release on Incident Neutron Energy from Mass Excess Calculations 

Target dvr -k [LY;miA;,Z;l] 
dvr dEva avrb dQeff dQ{ 

Nuclide dEj !Ref. 371 
I I 

mn dEj dE; One dE; dE; dE; 
232rh 0.1516 ± 0.0035 ·0.064 1.224 ± 0.028 -0.229 ± 0.011 0. 990 ± 0. 038 -0.93 ± 0.03 0.06 ± 0.05 
233u 0.0412 ± 0.0119, E; < 1.08 -0.064 0.333 ± 0.096 -0.048 ± 0.014 0.269 ± 0.078 -0.22 ± 0.10 0.05 ± 0.12 

0.1299 ± 0. 0078, E; > 0.96 1.0484 ± 0.063 -0.152 ± 0.013 0.848 ± 0.057 -0.83 ± 0.06 0.02 ± 0.09 
235u 0.1146 ± 0.0033, E; < 2.57 -0.064 0.925 ± 0.027 -0.153 ± 0.009 0. 748 ± 0.031 -0.71 ± 0.03 0.04 ± 0.04 

0.1569 ± 0.0037, E; > 2.44 1.266 ± 0.030 -0.2 10 ± 0.012 1.025 ± 0.040 -0.99 ± 0.03 0.03 ± 0.05 
238u 0.1514 ± 0.0034 -0.037 1.222 ± 0.027 -0.239 ± 0.011 0. 989 ± 0. 038 -0.95 ± 0.03 0.04 ± 0.05 
239pu 0.1275 ± 0.0044 -0.064 1.029 ± 0.036 -0.159 ± 0.010 0.833 ± 0.038 -0.81 ± 0.04 0.03 ± 0.05 
241pu 0.1429 ± 0. 0054 -0.064 1.153 ± 0.044 -0.201 ± 0.012 0.933 ± 0.045 -0.89 ± 0.05 0.05 ± 0.06 

aError includes estimated ±0.3 error in N~T-
bOne values from Appendix B. 
<Calculated for lvr - II dOnddE; = 0; refer to discussion in Sect. 7.1. 

Because of the near cancelation of contributing terms to dQT/ dEi• 
the last factor in Eq. 22, (vT- l) dQnc/ dEi, although anticipated to be small 
and assumed to be zero, may be of importance. Before a firm conclusion 
regarding dQT/dEi is established, this term should be accurately calculated. 

7.2 Variation of the Components of Total Energy with Incident Neutron 
Energy 

Equation 3, which giv es the average total energy released per fis

sion, may be written as 

(32) 

where 

(33) 

In this section we investigate the variation of each of the components given 
in Eq. 32 as a function of the incident neutron energy Ei. The approach to 
the probl e m is essentially that of James.

3 
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7 . 2 . 1 Fission Fragments 

Terren39 has determined the average f r agment kinetic energy pe r 
nucleon to be 0 .75 ± 0.02 MeV. This implies that each neutron emitted re 

duces the fragment kinetic energy by this amount, or 

(34) 

The change in EKf with incident neutron ene r gy is therefore 

dEKi dvp 
" - (0.75 ± 0.02) 

d E i dEi. 
(35) 

There have been a number of measur ements of the var iation EKi 
with E ·, primarily for 235U, 233U, 238U, and 232Th. Ear ly measurements 82 - 85 

with 23 ?u and 233 U indicated that EKi fluctuates with Ei to about Ei = 1 MeV . 
However, recent measurements with 235U indicate that the fluctuations are 
not nearly as great as those reported earlier86

•
87 or that they may not even 

exist. 88 Present information concerning 233 U indicates that EKi increases 
initially with Ei to Ei = 2 MeV. 83- 86 Table 17 lists approximate values of 
dEKi/ dEi at various values of Ei derived from data available for 235 U 
(Refs . 82, 83, 85 - 90), 233 U (Refs. 83 - 86 and 89). 238U (Refs. 89 and 91 - 93), 
and 232Th (Refs . 91, 93, 94). The uncertainties in the values of ciEKJdEi 
are rather large. However, the value of 0 ± 0.2 assumed by James 3 for 
235 U appears reasonable for that nuclide. Since dEKi/ dEi varies with both 
E 1 and target nucleus, it is misleading to assign values to those nuclides 
for which measurements have not been made. 

TABLE 17 . Approximate Values of dEKJ dEi at Various Values 
of Ei Derived from Experimental Data 

Nuclide 15 References 

dEK;/dEi 
z35u 0 -0 . 1 -0 . 2 82. 83. 85-89 
Zl3 u 0 . 6 0.0 5 - 0 . 2 -0 . 2 83-86. 89 
nsu - 0 . 18 -0 . 23 -0 . 3 91. 93 
z1su 0 0 -0.4 89. 92 
ZJZ:Th 0 -0 . 8 9 1. 94. 95 

The variation of v with E . has been investigated extensively. 
. 37 p 1 

Flllmore has made a we1ghted least-squares linear fit to the data . Val -
ues of the slope of the straight line corresponding to dvp/ dEi are given in 
Tabl e 18. 

Approximate calculation of dEK .jdE . may be made at various inci-
d t 

. 1 1 
en neutron energtes by substituting the data given in Tables 17 and 18 into 

Eq. 35. For example, dEKi/ dEi for 235 U in the range of 0 to 2 MeV neutrons 
ts (0±0.2)- (0.75±0.02)(0.1156±0.0033) = - 0.086 ± 0.2 MeV pe r MeV. 



TABLE 18. Values of diip/ dEi for Various Nuclidesa 

Energy Range, 
Nuclide di7p / dEi Ei, MeV Nuclide 

"'u o 1514 ± o .oo34 
"'Pu 0 1275 ± 0.0044 

ZlZTh 0 . 1516 ± 0 .0035 
znu 0.0412 ± 0.0119 < 1.08 

"'Pu 0 .0925 ± 0 .0144 
"'Pu 0 . 1429 ± 0 .0054 
"'Pu (0.09l5)b 

nJu 0. 1229 ± 0.0079 ) 0 .96 
ZlSU 0 . 1146 ± 0.0033 < 2 . 57 
zJSu 0.1569 ± 0.0037 ) 2.44 

aoata from Ref. 3 7 . 
bAssumed to be the same as z4 0Pu . 

7 .2.2 Neutrons 

Energy Range, 
Et, MeV 

The contribution of delayed neutrons to the total energy released is 
small, and its dependence on the incident neutron energy w ill be neglected.* 
The average neutr o n kinetic energy per fission is then 

(36) 

From Eq. 18 , 

Bp = (0.75±0 .02) + (0 .65± 0.02)(i7p+ 1)112 • 

Substituting this into Eq. 36 and differentiating with respect to Ei gives 

[ 
3i7p + 2 J (0.75±0.02)+(0.325± 0.01) 

(v +I )1/ 2 
p 

Values of dEn/ dEi have been calculated from the data of Fillmore37 for 

(37) 

Ei = 2.0 and 5.0 MeV. These values are given in Table 19 for the various 
nuclides . 

TABLE 19. Values of d£0 / dEi Calculated for Various Nucli des at Et = Z.O and 5 .0 MeV 

dEn/dEi 

Nuclide 2.0 MeV 5.0 MeV 

ZJZTh 0 . 349 ± 0.012 0 . 369 ± 0 .012 
zHu 0 . 318 ± 0.021 0.331 ± 0 .022 
zJSu 0.279 ± 0.010 0 . 402 ± 0 .014 
ZJBU 0 . 370 ± 0.012 0 . 388 ± 0 .013 

aAssumed to be the same as HOpu , 

7 .2.3 Prompt Gamma Radiation 

Nuclide 

Zl9p u 

Z<Wpu 

Htpu 

z.tzpu 

2.0 MeV 

0 . 328 ± 0 .0 14 
0 . 239 ± 0 .038 
0.371 ± 0.016 
0.239 ± 0 .038a 

5.0 MeV 

0.340 ± 0 .0 14 
0.246 ± 0 .039 
0 .386±0.017 
0 . 246 ± 0.039a 

The measurements of Protopopov and Shiriaev42
•58 w ith 235U and 

thermal. 2.8-, and 14.7-MeV neutrons and 238U and 2.8- and 14.7-MeV 

*It is interesting to note (see Table 3) that Vd apparently increases with Ei to so me maximum value beyond 
3.1 MeV and then decreases as Ei increases to 15 MeV. 
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neutrons indicate that, w ithin an experimental accuracy of about 15% , 
the total e nergy of the prompt gamma rays is the same. We therefore 

assume 

0 ± 0 . 15. (38) 

7 .2.4 Total Beta Decay 

In Sect. 3.4. the following relationship was assumed : 

The total beta-decay energy for a given nuclide may then be calculated 
from the t o tal beta-decay energy released in thermal neutron fission of z35U, 

(39) 

Diffe r entiating Eq. 39 wi th respect to incident neutron energy Ei gives 

dE f3T(A,Z,Ei) 

dEi 

In S ect. 7 .1 , it w as s hown that 

dNf3 T(A,Z,Ei) "' 

dEi 

Subs tituting Eq. 41 into Eq. 40c gives 

dE f3T(A,Z,Ei) 

dEi 
ZF- d'Vy 

-(1.39 ±0. 10 ) -A Nf3T(A, Z,E -) -. 
F 1 dEi 

(40a) 

(40b ) 

(40c) 

(41) 

(42) 

Unfo rtunat~ly, Eq. 42 requ i res knowledge of N/3 T at energy £ . to give the 
change m E /3T with Ei . F o r small changes in Ei it may be a~sumed (see 
Sect . 7 . 1) that 



(43) 

The designation "thermal" refers either to thermal-neutron energies for 
the fis$ile nuclides or to fission-spectrum neutron energies for the other 
nuclides. 

Values of Ej3T have been calculated for neutron energies of 2.0 and 
5.0 MeV using Eqs. 42 and 43 and calculated values of Nj3T· These values 
are listed in Table 20 for various nuclides and are to be considered only 
rough approximations to the actual values. 

TABLE 20. Calculated Values ol dt~rfdE; lor Various Nuclides at E; 2.0 and 5.0 MeV 

N~T. dE~T/dE; N~T. &'~TidE; 
Nuclide catculaled ZF/AF 2.0 MeV 5.0 MeV Nuclide calculated ZF/AF 2.0 MeV 5.0 MeV 

232Th 6.81 0.386 -0.56 -0.54 23~ 1.!5 0.385 -0.58 -0.51 
233u 5.20 0.393 -0.36 -0.35 239pu 5.54 0.392 -0.38 -0.31 
235u 5.98 0.390 -0.37 -0.49 241pu 6.32 0.388 -0.48 -0.41 

7 .2.5 Qf versus Incident Neutron Energy 

Table 21 summarizes the variation of the various component ener
gies and the total energy Qf with incident neutron energy at 2.0 and5.0MeV 

TABLE 21. Variation of Component Energies and Total Energy Or with I ncidenl Neutron 
Energy Ei at 2.0 and 5.0 MeV for Several Nuclides 

dEKi 
a dEKf dEn dEyp d~~f dOt' 

Nuclide dEi dEi dE; dE; dE; dE ; 

E; 2.0 MeV 

232Th I ± 0.5 0.9. 0.5 0.35 • 0.02 0. 0.15 -0.56 ± 0.56 0.69 • 0.8 

233u 0.05. 0.1 -0.04 ± 0.1 0.32 ± 0.03 0 ± 0.15 -0.36 ± 0.36 -0.08 ± 0.4 

235u 0 • 0.2 -0.09 • 0.1 0.28 • 0.02 0. 0.15 -0.37. 0.37 -0.18 ± 0.1 

238u -0. 18 • 0.4 -0.3 ± 0.4 0.37 ± 0.02 0. 0.15 -0.58 ± 0.58 -0.51 • 0.7 

E; 5.0 MeV 

2l2Th 0 • 0.2 -0.!!. 0.1 0.37 • 0.03 0 . 0.15 -0.54 • 0.54 -0.28 ± 0.6 

mu -0.2 • 0.4 -0.29 • 0.4 0.33 • 0.06 0. 0.15 -0.35 ± 0.35 -0.31 • 0.6 

mu -0. 1 • 0.2 -0.22 • 0.1 0.40 ± 0.03 0 ± 0.15 -0. 49 ± 0.49 -0.31 • 0.6 

238u -0.23 • 0.5 -0.34 • 0.5 0.39 • 0.03 0. 0.15 -0.57. 0.57 -0.51 • 0.8 

139pu 

241pu 

auncertainties equal to a factor of 2 are arbitrarily assigned to these values, with the exception of 232Th. 
buncertainties equal to a factor of I are arbitrarily assigned to these va lues. 
'Summation of the individual contributions. 

dCalculated from EQ . 44 assuming a 0.03 uncertainty in it [~v;miA; . Z;t). 
I I 

dOtd 

dE; (mass excess) 

-0.16 • 0.04 

0.02 • 0.07 

0.14 ± 0.04 

-0.18 • 0.04 

-0.16 • 0.04 

0.02 ± 0.07 

-0.10 • 0.04 

-0.18 ± 0.04 

0.04 • 0.05 

-0.09 ± 0.05 
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for the nuclides znTh, z33u, z35U, and z38U. Only for znTh at 2.0 MeV does 
the total energy appear to increase with incident neutron energy Ei. How
ever, the errors assigned to the various values of a QfjdEi are so large as 

to preclude any definite conclusions. 

Differentiation of Eq. 6 with respect to incident neutron energy gives 

(44) 

Using the information given in Table 16, values of dQf/ dEi have been cal
culated for the various nuclides and are listed in Table 21. The agreement 
between dQf/ dEi values obtained by the two methods is reasonably good 
considering the available data. 

8. SUMMARY 

In this work, the total energy released in the fission process has 
been calculated for a number of the more common fissile and fertile ma
terials. Also as a part of this work, the individual cont ributions to the 
total energy release have been assessed. Such evaluations are difficult to 
perform because of the nonexistence of necessary data or in many cases 
because of the poor quality of the existing data. This is rather unfortunate, 
since precision measurements can now be made with existing experimental 
methods. However, there appears to be no large concerted effort or in
terest on the part of funding agencies or research establishments for such 
measurements. Because of the lack of accurate data for the energies of 
individual contributions to the total energy release, the mass-excess cal 
culational procedure described in Sects. 1 and 2 was used in this work to 
determine the total energy release in fission . This approach was found to 
be quite satisfactory and gave accurate values for the total energy release, 
as was concluded also by Walkerz and James. 3 Because of the constancy 
of the average mass excesses of the fission products, this calculational 
procedure can be used quite accurately to estimate the total energy release 
for those fissioning systems in which only the target nuclide mass excess 
and the average number of neutrons emitted (liT) are known. 

Although the total energy release in fission can be calculated ac
curately, great difficulties exist in the accurate determination of the indi 
v idual contributions. The major difficulties are present in the determination 

of t.he tot~l fragment 1<2_netic e nergies EK, the beta-particle energies E f3• the 
ant1neutnno energies E17, and to a lesser extent the gamma-ray energies. 

It was shown in Sect . 3.1 that a discrepancy of 4.1 MeV exists between 
the total fragment kinetic energies measured using two different experimental 



methods. More precise double-velocity measurements, based on absolute 
calibrations, are clearly needed to resolve this discrepancy . 

Beta-particle energy data exist only for thermal-neutron-induced 
fission of z35U; and, as can be seen in Table 9, rather poor agreementexists 
between the eight measurements performed during a time span of 11 years. 
Since no beta-particle energy data exist for other fissioning systems, these 
values can only be estimated. In this study, this estimate was calculated 
using the value for z35U and the relative squares of the calculated beta
decay chain lengths as discussed in Sect. 3.4 and Appendix A. There are 
no independent estimates of the antineutrino energies, and they must be 
calculated from the assumed beta-particle energies. In this work, the 
beta-particle and antineutrino energies (a total of -zz MeV) for all fis
sioning systems are based entirely on the poorly known total beta-particle 
energy for z35U. To obtain better estimates of the total energy release by 
summation of the individual contributions, more accurate total beta-particle 
energy measurements must be made and extended to other fissioning sys
tems . Also, to calculate the heat produced in a reactor using the more 
precise mass-excess calculations, the estimation of antineutrino energies 
determines the ultimate accuracy of the results . Again, more precise 
beta-particle energy measurements would improve the accuracy of these 
latter calculations . 

Finally, note that not all fission cross sections and VT values (pri
marily those of z4zPu) are well known as a function of incident neutron en
ergy . The mass-yield distributions of all nuclides are generally known 
only at two or three values of Ei' if they are known at all. One of these 
Ei values is commonly described as "fission-spectrum" neutrons. This 
term is rather ill-defined since it often involves neutrons in a specific re
actor whose neutron-energy spectrum depends on the loading of there
actor . The term may even apply to neutrons emitted in the fission of 
different nuclides, e .g., z35U or z38U . Measurements of the fission-product 
mass yields for the various nuclides at discrete values of Ei would per
mit the calculation of Qf for any type of neutron spectrum. 
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APPENDIX A 

Total Beta-decay Chain Lengths 

Several methods can be used to compute average beta-decay chain 
lengths. We have chosen a method that computes beta-decay chain lengths 
relative to 235U and uses the empirical observations that: (l) The difference, 
6 , between the average charge of a fragment formed directly in fission, 
z (Ai), and that expected on the basis of the "Unchanged Charge Density" 
a~sumption, (zF/ AF)Ai (the charge density of the preneutron emission 
fragment is the same as that of the fis sioning nucleus), is approximately 
constant for low-energy fission; 23 i.e., 

constant (45) 

The[', values for light mass fragments have been found 23 to be approxi
mately +0.5 charge unit, and the complementary heavy fragme~ts have 
6 values of approximately -0 .5. (2) An approximate universal neutron 
function exists for low-energy fission; 39 i.e., for low-energy fission, a 
fragment with initial mass Ai emits approximately the same number of 
neutrons, independent of the fissioning system, to form the final mass Af. 
The average beta-decay chain l ength for one fragment with final mass A£ 
is given as 

(46) 

where Zs(AF) is the charge of the first stable mass along a beta-decay 
chain. The beta-decay chain length for a fragment formed from a given 
fissioning system relative to the same fragment formed in thermal fission 
of 235U is 

(47) 

(48) 

Summing together the beta-decay chain lengths of both complementary 
fragments, one obtains an estimate for the total beta-decay chain length 
per fissi o n r e lative to 23Su, 

- _ ( 92 ZF) 6Nf3 T - AF __ _ 
236 AF ' 

(49) 

whe re ZF and AF ar e the charge and mass number of the fissioning nucleus. 



The computed liN{3T values are given in Table 22. Using the 
experimentally determined value of 5.98 for 235U, the values for other 
fissioning systems were calculated using Eq. 47. In Table 22, these cal
culated values are compared with the measured values of Seyfarth et al. 80 

and also with the values obtained from the mass-yield distributions (see 
Sect. 2). In general, the agreement between the various values is quite 
good. 

TABLE 22. Beta-decay Chain Lengths 

Target L:IN/3 T 
Nf3T 

(Seyfarth80) 
N{3T 

(calculated) 
Nf3T 

(mass yield) 

232Th 0.830 6.81 7.29 
233u -0.780 5.33 ± 0.2 5.20 5.15 
zJsu 0 5.98 + 0.2 5.98 (norm) 6.14 
zJsu + 1.169 7.15 6. 73 
239pu -0.441 5.57 ± 0.2 5.54 5.50 
240pu -0.051 5.93 
24lpu +0.339 6.32 6.25 
242pu +0.729 6 . 71 

We have attempted to demonstrate that the E')'d values are approxi
mately proportional to N~T· as discussed in Sects. 3 .3.3 and 3.4 . Table 23 
compares the delayed gamma-ray energies from Table 8 relative to 235U 
with the N~T values relative to 235U. In general, the agreement is good, 
indicating that E')'d ;;; N~T· 

Target 

232Th 
zJJu 
zJsu 
zJsu 
239pu 

TABLE 23. Comparison of Delayed 
- z Gamma-ray Energies to N{3T 

N{3 T 

[ 
- J2 

l. 30 
0. 76 

1.43 
0.86 

1.27 ± 0.31 
0.83 ± 0.24 
l 
1.27 ± 0.31 
0.96 ± 0.28 

aE')'d from Table 8 . 
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APPENDIX B 

Energy Releas e Resulting from Neutron-capture {n;y) Reactions 

The energy r e leas ed by capture of neutrons in reactor materials can 
be calculated if a detailed - neutron balance exists for the reactor, indicating 
quantitatively the number of neutrons captured by various materials. As an 
illustration, the energy released by neutron capture throughout the core and 
blanket of a 235 U - fueled EBR-II type reactor is calculated. The energy
release calculation includes the Q value of the initial (n;y) reaction and the 
energy released in subsequent beta- and gamma-ray decays (omitting anti
neutrino energies) of radioactive species with half-lives less than 10 years. 
The mass tables of Mattauch et al., 10 were used for the Q values, the decay 
schemes were taken from the compilation of Lederer!::!. al., 96 and the average 
beta-particle energies were calculated from the total beta-decay energies 
assuming allowed beta shapes and using the tables of Widman et al. so The 
required data as well as the results of this calculation are given in Table 24. 
The results of this calculation show that an average energy release of 
6.53 MeV is expected per neutron capture for this type of reactor. 

TABLE 24. Ene rgy Release by Neutron Capture for a 215U-fueled EBR-II Assembly 

Target 

ZlSU 

Z38U 

Stainless 
Steel 

"o 

0/o Isotopic 
Abundance 

5.S4 
91.66 

2.17 
0.31 

4 . 31 
S3. 76 

9.55 
2 .3S 

67 . 76 
26 . 16 

1.25 
3 . 66 
1.16 

92.1S 
4. 71 
3.12 

6.47 

5.67 

9.31} 7.64 
10.04 

7.SS 

9.30 } 7.94 
9 .72 
7. 35 

9.00 } 7 .S2 
10.60 

6.S4 
7.26 

9.S9 

S.4S} 
10.62 

7.1S 

11.64 

4.14 

Asswned o/o 
Composition 

6S 

19 

10 

Tot~ l average energy release Q0 c = 6.53 MeV/ captu re. 
Eshmated error = ±0.2 MeV. 

Relative Capture 
Cross Section 

(thermal) 

2.9 
2. 7 
2.5 
1.1 

17 
O.S 

IS 
0.3S 

4.4 
2.6 

15 
1.5 

13.3 

o.os 
0.3 
0.11 

Neutron Inve ntory 
% Total (n;y) 

16.1 

57.0 

25.4 

1. 5 

0.06 

The calculation of the energy release for stainless steel required 
several assumptions. The neutron inventory cited only that fraction of 



neutrons captured by stainless steel and not by the individual nuclides pres· 
ent. Therefore, to perform an exact calculation, it would be necessary to 
know the appropriate neutron spectrum for the stainless steel as well as 
the energy-dependent neutron-capture cross section for the various isotopes. 
These data were not available, and we have assumed that the individual 
isotopic contributions to the energy release are simply proportional to the 
thermal-neutron capture cross sections. Making a more drastic assump
tion that all the total capture cross sections are equal results in a change 
of the total energy release per capture for this reactor configuration from 
6.53 to 6.48 MeV, a negligible difference . 
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