ANL-7748 ANL 7748
H L

& /.//V“/

A CRITICAL REVIEW OF THE
ENERGY RELEASED IN NUCLEAR FISSION

J. P. Unik and J. E. Gindler

U of C-AUA-USAEC

ARGONNE NATIONAL LABORATORY, ARGONNE, ILLINOIS




The facilities of Argonne National Laboratory are owned by the United States Govern-
ment. Under the terms of a contract (W-31-109-Eng-38) between the U. S. Atomic Energy
Commission, Argonne Universities Association and The University of Chicago, the University
employs the staff and operates the Laboratory in accordance with policies and programs formu-
lated, approved and reviewed by the Association,

MEMBERS OF ARGONNE UNIVERSITIES ASSOCIATION

The University of Arizona Kansas State University The Ohio State University
Carnegie-Mellon University The University of Kansas Ohio University

Case Western Reserve University Loyola University The Pennsylvania State University
The University of Chicago Marquette University Purdue University

University of Cincinnati Michigan State University Saint Louis University

Illinois Institute of Technology The University of Michigan Southern Illinois University
University of Illinois University of Minnesota The University of Texas at Austin
Indiana University University of Missouri Washington University

Iowa State University Northwestern University Wayne State University

The University of Iowa University of Notre Dame The University of Wisconsin

NOTICE

This report was prepared as an account of work sponsored
by the United States Government. Neither the United States
nor the United States Atomic Energy Commission, nor any
of their employees, nor any of their contractors, subcontrac-
tors, or their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness or usefulness of any information,
apparatus, product or process disclosed, or represents that
its use would not infringe privately-owned rights,

Printed in the United States of America
Available from
National Technical Information Service
U.S5. Department of Commerce
5285 Po¥t Royal Road
Springfield, Virginia 22151
Price: Printed Copy $3.00; Microfiche $0.95



ANL-7748
Chemistry

ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue
Argonne, Illinois 60439

A CRITICAL REVIEW OF THE
ENERGY RELEASED IN NUCLEAR FISSION

by

J. P. Unik and J. E. Gindler

Chemistry Division

March 1971






TABLE OF CONTENTS

AES RGO S oy 4, T e ik ek iand U me o homnal stk Lo - X0
ISR O DU GTIIONE st soenl gilmslomenls L gpmend. A NE
2. CALCULATION OF Q¢ FROM MASS EXCESSES. . . . .. ......
3. INDIVIDUAL CONTRIBUTIONS TO TOTAL ENERGY RELEASE .
3.1. Total Fragment Kinetic Energy Release, EK .........
3.2. Average Energy Released by Neutrons, En ...........
3.3. Average Energy Released as Photons, -I::,y ............
SRl N Introduction o u s R D s
3.3.2. Average Energy Released by Prompt Photons, EVP :
3.3.3. Average Energy Released by Delayed Photons, Eyd-
3.4. Beta Particle (EB) and Antineutrino Energies (Ep) . . . . . .
4. CALCULATION OF Q% FROM INDIVIDUAL CONTRIBUTIONS . .
5. COMPARISON OF Qt'— VALUES COMPUTED FROM MASS EX-
CESSES AND SUMMATION OF INDIVIDUAL CONTRIBUTIONS .
6. TOTAL ENERGY ABSORBED IN A REACTOR. . . .. ... .....
»
7. DEPENDENCE OF ENERGY RELEASE ON INCIDENT

NEUTRONVENERGY . o o s one oo ks e e

(el

T

Dependence of Energy Release on Incident Neutron
Energy from Mass-excess Calculations . . . ... .......

Variation of the Components of Total Energy with
Incident Neutron ENCEEY. « : =« cia v oo oo ol o mii b e et

T2l WEission Eragmmentsh abs o tsan il v Ge d s e e
Azt INSUEBORE. 1. \3 5 5 &5 o v o e 8 0 5y fr 5t Bt s o B o
7.2.3, Prompt Gamma Radiation. .. . .. ... ... as
i.2,%. Total BetaBDeCay. . . v - oo = ws wis o e s s s s G
7.2.5. Qg versus Incident Neutron Energy. « . . . . o . « « + «

S S T A R R e L e oy 1 e e, o Wi 0 I

12

14

14
18
20

20
20
26

30

35

34

35

36

36

39

40
41
41
42
43

44



TABLE OF CONTENTS

Page
APPENDIX A. Total Beta-decay Chain Lengths. . . .. . ... ..... 46
APPENDIX B, Energy Release Resulting from Neutron-capture
(r, ) Reactionsi s o ol oR o R e S 48

RERERENCES . & & « - o0 o e 5 e e = S 50



LIST OF FIGURES

Title

Mass Excesses for the Stable Isotopes with the Lowest
Nuclear Charge for a Given Mass Number A. Radiochemical
Mass Yield Distributions for Fast-neutron Fission of ***Th
and Thermal Fission of **'Py

Dependence of Preneutron-emission (initial) Total Kinetic
Energies on the Parameter Z"i;./A%3

Hypothetical Neutron-energy Spectrum for the Center of a
ZPR Assembly Which Approximates That of a Homogenized

Core Composition of an EBR-II Loading. o/ « u v u e v oo oas o

Gamma-ray Spectra Measured within the First 69 nsec and

10 nsec after the Fission of >®U by Thermal Neutrons . . . . . .

Energy Released by Photons and Number of Photons Emitted
per Fission of 2*°U by Thermal- or Fission-spectrum

Neutrons as a Function of Time =1 msec after Fission. . . . . .

Energy Released by Photons and Number of Photons Emitted
per Fission of “E) by Thermal- or Fission-spectrum

Neutrons as a Function of Time =1 msec after Fission. . . . . .

Page

11

17

19

22

22

24



10.

150

115

16.

LIST OF TABLES

Title Page

Q% Calculated from Experimentally Determined Nuclear
MEBBEE v w v o o= ls o % 8@ s % s SR R e L 13

Summary 0f Bge Datal . ut oy o o« il 0 R S et s 16

Delayed-neutron Yields for Various Incident Neutron
ERNETEICSE ' oo o v e & e s o o s S VAT o A R R 18

Average Neutron Energy per Fission. . . . . ... ... .0 0w . 159

Average Energy Released by Photons at Various Times after
the Fission of 222U by Neubrons, o o .l « a o i e Qs 2l

Average Energy Released by Photons at Various Times after
the Fission of #*9Pu by Neutrons. . . . . . . ... ... ........ 25

Average Energy Released as Photons within 1 msec after

Fisgion by NEUtTONS: & a i wis &5 wonie s wike Siehdmeho iR - 26
Experimental, Extrapolated, and Calculated Values for

Delayed Gamma-radiation Energy from Fission Induced by

2 GODIVANeutron Spectrumy < o -zt 40 ol At n 29
Total Beta-particle Energy for Thermal Fission of °U . . . . . 30
Average Energies Associated with Beta Particle and

Antineutrinos Calculated Relative to **®U . . . .. ... ....... 33
Total Energy Released Directly from Fission, Q%, Calculated

by Summation of the Individual Contributions . . ... ... .. .. 33
Comparison of Qf Determined by Summation of Individual
Contributions in This Work with the Results of James . . . . . . 34
Comparison of Q¢ Calculated from Mass Excesses with That
Calculated by Summation of Individual Contributions . . . . .. . 34
Summary of Q prand Q. o . L. 35
Approximate Corrections to Q. ¢(®) and Q(«) for Finite Time
Integration of Heat from Fission. . . . .. . ... ........... 35

Dependence of Energy Release on Incident Neutron Energy
from Mass Excess Calculations . . . .. . ............... 39




No.

| 748

18.

19.

20.

21,

22,

23,

24.

LIST OF TABLES

Title

Approximate Values of dEKi/dEi at Various Values of E;
Derived from Experimental Data

Values of dﬁp/dEi for Various Nuclides

Values of din/dEi Calculated for Various Nuclides at
E; = 2.0 and 5.0 MeV

Calculated Values of dEﬁT/dEi for Various Nuclides at
E; = 2.0 and 5.0 MeV
Variation of Component Energies and Total Energy Q; with
Incident Neutron Energy E; at 2.0 and 5.0 MeV for Several
Nuclides

Beta~decay Chain Tiengths . « 05 o o oo le v o o Gt SRt

Comparison of Delayed Gamma-ray Energies to ﬁéT ......

Energy Release by Neutron Capture for a 235y -fueled

EBR-IIASSembBly. o - 2l s o o e v o' o b e i SRS STITE ST,

Page



R N T ]




A CRITICAL REVIEW OF THE
ENERGY RELEASED IN NUCLEAR FISSION

by

J. P. Unik and J. E. Gindler

ABSTRACT

This report presents calculations of the total energy
released during and following the fission of 2**Th, 23%U, #°U,
238y, B9py, #0py, 24py, and **2Pu 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 energyrelease. The total energyabsorbed ina 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 Eyg, neutrons E;, gamma
rays and X rays E-, beta particles EB’ and antineutrinos E3j. To distin-
guish between those neutrons and gamma rays emitted during the deexcita-
tion of the fission fragments from those emitted following 8 decay of the

*Occasionally, other light particles such as alpha particles, tritons, etc., may be emitted or more than two
fragments may 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 processes and designate the energies with the appropriate
subscript, p or d;i.e.

E'Y = E’yp+E7d (1)
and

E, = Epp + Eng. (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
deexcitation mode:
Qf=EK+Enp+E +Eﬁ+End+E

vatEp (3)

AR
The accuracy to which Q¢ can be determined by means of Eq. 3 depends on
the accuracy 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) + My, + Ej - 2 Y;M(A;,Z;) - TpM,,, (4)
1

where M(A,Z) is the atomic mass in MeV of the fissionable target nucleus
with mass number A and charge Z, M, and Ej are, respectively, the
energy-equivalent mass and incident energy of the neutron, Y; is the yield
of the stable fission product (Ai,Zi), and T (not to be confused with the
antineutrino symbol) is the average total number of neutrons emitted per
fission (77T = Up+§d),

If m(A,Z) denotes the mass excess in MeV,
m(A,Z) = M(A,Z) - Am,, (5)

where my; is the rest energy of one atomic mass unit, then Eq. 4 may be
rewritten

Qf = m(A,Z) + Ei = Z Ylm(Al,Zl) - (.FT A l) S (6)

i

where m, is the neutron mass excess. The accuracy of Qf obtained by
Bicann 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. 1,
errors in the determination of radiochemical yields donot greatly influence the
summation ? Yim(Ai,Zi). Only the mass distributions for 232Th and ?*'Pu

are shown in Fig. 1. These two mass distributions represent 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 to re-
actor design because of the manner in which each component is absorbed
by the different reactor materials.

Fig. 1

MASS EXCESS (MeV)

Mass Excesses for the Stable Isotopes
with the Lowest Nuclear 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 241py (bottom: Ref. 11). ANL
Neg. No. 121-7164.
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In a critical reactor, one neutron of energy E; 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 Q} by the amount Ej because of the low absorption probability of
antineutrinos in the reactor. Also, the quantities E g, Eyd and Eg are
time-dependent, and the full magnitude of the latter two quantities will 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
Qafr = Qf - Ep - Afyd - AEg, (8)

where the energies AEg and AE q depend on the irradiation history of the
reactor. In addition to Q.¢¢, energy Q. is liberated by the capture of the

11



remaining (7 - 1) 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 Qp released in fission and absorbed in a reactor
is given finally by

Qr = Qe * Q- (9)

The present report critically reviews available information con-
cerning the energy released by fission of the fissile nuclides 233y, A5,
239py, and *!Pu and the fertile nuclides ?*’Th, ?*%U, 2°Pu, and **?Pu 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 Qg (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 Q7 and the dependence
of Q7 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.l Early calcula-
tions using the energy-equivalent mass formalism (Eq. 4) were made by
Walker.? Most recently, an excellent, thorough analysis of the energy re-
lease in the fission of 2*°U, *8y, #*py and 2*'Pu by neutrons has been made
by James.® 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*’® 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.®™?

2. CALCULATION OF Qi FROM MASS EXCESSES
The quantity Q;, the net average energy released directly from the

fis'sion process, has been calculated for a variety of fissioning systems for
which complete mass-yield distributions are known using (1) Egs. 6 and 7,
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(2) the experlmentally determined atomic masses tabulated by Mattauch

et al., and (3) fission- fragment mass- y1e1d dxstrlbutlons compiled by Meek

and d Rider,!! Rider et al.,’? and Harvey et al.”® The calculated values of

Qf depend on the length of time for which the energy release is integrated

after fission. To compare the results for the energy release Qj calculated

from nuclear masses to that obtained by summation of the individual con-

E‘ibutions (see Sect. 4), the values of the average fragment mass excesses
Z i {m A 2z, ) and consequently Qf were calculated for the stable end

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, ~1 year, and ~100 years after fission by
using the mass excesses for isobars with appropriate half-lives for each
mass chain Aj. The results of these calculations for the average fragment
mass excesses and Qf' values are given in Table 1. The constancy of the
average fragment mass excesses for different fissioning systems is clearly
demonstrated by examination of the if(w) values given in Table 1. As
mentioned before and illustrated in Fig. 1, 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
region of interest. As a result, the relative Q% 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 1 by calculation of the Qi" values for fission of ?*°Pu and 2*Pu by
fission-spectrum neutrons. Since no complete mass-yield measurements
are available for these cases, the average fission-product mass excesses
were taken to be equal to the average of the values for thermal-neutron

TABLE 1. Qf Calculated from Experimentally Determined Nuclear Masses

Xy, Average Mass Excess of Computed from
Fission Products, MeV = Mass Yields

Target  Neutron  Y(A)  Mass Excess vr _ :
Nuclide  Energy  Ref. Target, MeV 30 days 1yr 100 yr Stable Measuredd Utko)  Npykol  (Ur-1imp Qfleo)
232Th FND B 3512000 -17090 -17138 -171.80 -17184: 020 236+007 18 729 1098+ 056 19637 £ 0.35
23y ™ 2 3814+ 001 -1235 -17276 -1B31R 1317 24866 + 00069 246 515  12.00 + 0.06 197.99 + 0.21
25y T 11 40906 + 0021 -1251 -1R%2 -17321 -3 2.229 + 00066 2.49 614 1148005 202.74 £ 0.21
3y N 11 40906 + 0.1 -172.47 -1T2.88 -1B2 -17328 2524002 244 597 1227016 20192 + 0.26
BBy 140 1L 40906 £ 0.021 -17345 -17380 -17410 -174.17 446+ 010 422 521 2193+ 081 18715+ 0.83
28 N 1 47291 £ 0.@1 -145 -8 -1 -17321 2814005 284 673 1461+ 040 2058 £ 0.45
238y 14 11 47291+ 001 -1R93 -11326 -11354 -173.64 431+ 008 48 657 2672064 19421 + 0.67
2%y T 1 485B 0@ -17303 -134 -IB -6 28799+ 0009 291 550 1517 %007 20716 + 0.21
%y N 11 48573+ 001 -17280 -173.18 -173.48 -173.54 3014005 257 515 1622040 20589 £ 0.45
lpy 7 11 52809001 -1R9% -3 -1B64 -1B.68 2934+ 0012 28 625 1561£010 21092 + 02
20py N Est.  50.190 + 0,020 -173.72¢ 317 £ 0208 175+ 16 2064+ 16
@py N Est. 54701 + 0.023 -173.72¢ 3.18 £ 0,40 176+32 210832
3see Table 4.

brjssion-neutron spectrum.

CThermal neutrons.

d14-MeV neutrons.

eAverage of 239Pu and 241Pu Xyko) values for thermal neutrons.
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fission of ?*Pu and 241py . Also to be noted from the time-dependent average
fission-product mass excesses given in Table 1, an error less than 1 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,
for.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, 7, (), and the average
total beta-decay chain lengths, N T(°°). have also been calculated from the
reported mass-yield distributions by using the following equations (the re-

sults are given in Table 1):

gT(m) = B %AY(A) (10)

and
Ngp(=) = z(% zS(A)Y(A)> - Zp, (11)

where Ap and Zp 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 of?T(OO) and
NﬁT(w) 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, Eg.

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). Themajor
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 2*°U or ?%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 Ex 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.'® 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 Eg and the comparison of the results obtained using
these three methods are:

1) The Eg 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
calibration' 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

B
R
Egs = & (12)

15
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and
71 (AL A
C:1+—T SLooH (13)
2Ap \Ag Ar
where AL and ‘KH are the average preneutron emission masses of the

light and heavy fragments, res pectively.

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 ?°2Cf, which is a commonly used
-EK standard. Comparison of the individual and weighted average results
of the double-velocity 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 over a wide range of fissioning nuclides, is more clearly illustrated
in Fig. 2, where the initial Eg; values are plotted as a function of the pa-
rameter Z%\/Alh. Here Zp and A are the nuclear charge and mass
number of the fissioning nucleus, respectively. A simple model predicts

that the Eg; values have a linear dependency on the Z‘%/Af]:—/‘3 par:ameter.15
TABLE 2. Summary of Ex Data
2321, 233y 235 23y Bpy Wop,  lp,  22p 52¢¢ Method? Ref.
167.02 £ 0.17  167.68 * 1.7 174.41 £ 1.7 v, i n
167.45 * 1.7 v, i 18
1857 *19 v, i 19
1821 *17 DV, i 2
17.7 * 18 179.6 * 1.8 DE, i 21
1719 *14 1865 * 1.2 DE, i 2
1712 £20 1720 +20 1701*20 1793 +20 1843 *20 DE, i 16
1721 £18 1720 *18 7.1 18 1858 +18 DE, i 23
1720 * 18 DE, i %
163.02 + 2.0b DE, i %
169.7 % 2.0 DE, i 2%
167.02 * 1.7 167.57 £ 1.2 174.41 £ 1.7 18370 1.3 v, i
weighted average
d 17180+ 11 1L9%5+ 10 1701£20 177.95 + 11 179.6 £ 1.8 185.89 + 0.98 DE, i
weighted average
161.798 169.41 169.76 167.93 176.18 176.24%  177.819 175.698 184.80 DE-DV, i
arithmetic average
160.02f 167.49 167.91 165.89 173.97 17383 175519 173.99¢ DE-DV, f
arithmetic average
1671 * 16 (ol xa
166 * 2 C.f 3

DV - double-velocity method; DE = double-energy method; C = calorimetric method; i = initial preneutron emission Ex; and f = final postneutron
emission Ex. b .
Egj value obtained for En = 2.87, which is near the average captured-neutron energy for an incident fast-neutron spectrum. We assigned an error of
£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,
CValue obtained for Ey = 2.97 MeV.
N average value was calculated, because of the large discrepancy between the tWo reported values.
€Calculated using Eq. 16. - :
fDE value normalized to a hypathetical arithmetic mean of DV and DE measurements using the factor of 0.987264 obtained from the ratio of the
arithmetic mean to DE value for 235U,
9Same as (d), using factor of 0.99005 obtained from 239Py data.
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180———— - Fig. 2

Dependence of Preneutron-emission (initial)
Total Kinetic Energies on the Parameter
le.- /A%./ 3. (1) Least-squares Fit to Doul/)le-
energy (DE) Data Ey; = 0.139601Zf /AF ~ -
19.935; (2) Least-squares Fit o Double—l/3
velocity (DV) Data Egj = 0.136514ZF Ap ~ -
19.747; (3) Results of (1) Decreased by

4.09 MeV; (4) Representative Average of DV
and DE Data; Results of (1) Reduced by
2.04 MeV: Ey; = 0.1306012% /A - 21.975.

2 Al Lo e v
1310 1320 (330 (340 1350 1360 s;;/z;;so 1390 1400 1410 1420 1430 ANL Neg. No. 121-7163 Rev. 1.

INITIAL TOTAL KINETIC ENERGY Ex, (MeV)

&

In addition to the double-energy data given in Table 2, E i values for
fission-spectrum neutron-induced fission of 2*'Pa and »*’Np (Ref. 16) have
been included. The results of weighted linear least-squares fits to the
double-velocity and -energy data are

Ek;(DE)

0.1396012%. /A% - 19.935 (14)

and

Egi(DV) = 0.136512%/AY? - 19.747. (15)
The #*?Th data were not included in the least-squares fit, because of the
large discrepancy between the two reported values. From Fig. 2, the linear
dependency of EKi with 22 /Ai‘_.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 represents
the least-squares fit for the double-energy values reduced by 4.1 MeV.
There is currently no quantitative explanation for this discrepancy between
the two experimental methods. However, the double-velocity EKi data of
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?? has
estimated that the measured value of Eyg; for 252Cf spontaneous fission de-
creases by ~1.5 MeV with 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
2351J is seen from Table 2 to be in good agreement with the calorimetric
values. For #*Th and those systems in which -E-ZK values have not been de-
termined (“OPu and 2**Pu), 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:
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/3
Egilavg) = 0.1396012%/AF’ - 21.975. (16)
The Eyg 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 Average Energy Released by Neutrons, Ep

The average kinetic energy per fission released by neutrons is

T 7po + UgBg» (17)
where 7 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 ;d 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. Delayed-neutron Yields for Various Incident Neutron Energies

E;j
Fission

Nuclide Thermal?® Neutrons2:P 3.1 MeV© 14.9 MeV©

22 0.0066 * 0.0003 0.0496 * 0.0020 0.060 * 0.006 0.031 + 0.0004
L 0.0066 * 0.0003 0.0070 + 0.0004 0.0077 + 0.0008 0.0043 + 0.0004
235 0.0158 % 0.0005 0.0165 * 0.0005 0.018 + 0.002 0.0095 *+ 0.0008
2385 0.0412 * 0.0017 0.049 £ 0.005 0.028 + 0.0025
#9py 0.0061 * 0.0003 0.0063 + 0.0003 0.0069 * 0.0007 0.0043 *+ 0.0004
240p, 0.0088 * 0.0006 0.0057 *+ 0.0007
#ipy 0.0084 * 0.0012

2Data from Ref. 33.
bNeutrons from the GODIVA assembly.
CData from Ref. 34. .

Little information is available on the energy spectra of the delayed
neutrons. Three measurements®® 32 for the fission of #3°U 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 number of delayed neutrons emitted per fission, End is small rela-
tive to E;,. A value of By equal to 0.54 + 0.10 was used for all nuclides.

Calculated values of E 4 are given in column eight of Table 4.

Extensive measurements have been made of ¥, at thermal-neutron

energies and as a function of incident neutron energy;Colu@ three of
Table 4 lists TT, the total number of neutrons, T"p + 74, emitted per fission



for thermal-neutron energies and fission neutrons. The thermal-neutron
values are those recently revised by the IJAEA committee.>® The values of
Vg 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 1_"1‘ recommended by
Fillmore.*” 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.*® There is a slight discrepancy of 0.2% between the value of 7,
(3.764) for %°*Cf used by Fillmore?” to normalize his data and the value
given in Table 4. This results in calculated Uy values that may be as
much as 0.01 neutron per fission too large.

TABLE 4. Average Neutron Energy per Fission

Bp

(experimental) - _ i

Nuclide E 7 7 (calculated) By? Enp End En
L By Thermal 24866 + 0.0069 2480 1973+ 0.06¢ 1963 £ 0.042 4893+ 01540 0004+ 0001 4897 0154
2 By Thermal 2429 + 0.006D 2407 1943 £ 0.044C 1950 + 0.042 4677 * 01017 0.009 £ 0.002 4686 £ 0.107
3. D9py Thermal 28799 + 000900 2874 2041 + 0.038C 2029 £ 0.044 586+ 01119 0003 £ 0.001 5869 * 0.111
4, Ulpy Thermal 293 % 000120 2919 2002+ 00518 2037 £ 0044 584420149 0008 2 0.0020 5852 £ 0,149
5. 2321n  Fission neutronsd 2% o0t 231 1933 £ 0043 446 £ 0170 0027 £ 0005 449 *017
6. 23 Fission neutronsd 255 £ 000 254 1973+ 0043 501 *014 0004 £0001 502 *o0ld
7. 2% Fission neutronsd 252 L0020 250 1966 £ 0.43 492 : 0111 0009 %002 492 *01
8 238y Fission neutronsd 281 £omsh 277 201240044 557 0160 0020004 560 *016
9. 2%y Fission neutronsd 300 £ 005" 300 2052 + 0046 615 0170 00030000 615 +017
10. 20py  Fission neutronsd a7 L0200 36 2076 £ 0.05 656 * 045 00050001 65 *0.045
1. 24lpy  Fission neutronsd 306 £ 0.020 3040 205 + 0.049 625 * 0291 0008002 62 02
12. 2py  Fission neutronsd 318 + 040N 316K 2006 % 0078 656 081 0012 %0003 65 * 087
13 521 Spontaneous fission 3765 + 0.0122 375 2216 £ 0158 2168 * 0.048 8141 £ 01820 0005 0001 8146 * 0182

3Calculated from the relationship By = 075 + 0,65Jv,; + 1 (Ref. 39).

bData from Ref. 35.

CArithmetic average of several measurements.4

dcalculated using Bp (experimental). .

©Data from Ref. 40.

7g = 0015 (Ref. 37).

9Fission-neutron spectrum of the form shown in Fig. 3.

NCalculated for fission-neutron spectrum given by (f), group fission cross sections given in Ref. 36, and T as a function of Ej given in
Ref. 37. The errors are representative of those of Ty (Ej) measurements and do not reflect errors in the fission cross sections or
_neutron flux.

ICalculated using Bp (calculated).

JPHE) assumed to be the same for 242Py as for 240py,

k74 estimated to be 0.023 * 0,003,

Fig. 3

Hypothetical Neutron-energy Spectrum for the Center
of a ZPR Assembly Which Approximates That of a
Homogenized Core Composition of an EBR-II Loading
(Ref. 38). ANL Neg. No. 121-7162.
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Jaffey'* has recently surveyed measurements of the energy spectra
of fission neutrons. Although there is considerable disagreement between
the average neutron energy B_ measured by various investigators, calcu-
lations of En using the extreme measurements of B, indicate a variation
of only 0.6-0.7 MeV per fission. Values of Bp (experimental) hsted in
Table 4 represent an arithmetic average of recent measurements.? Values
of Bp (calculated) were calculated from the relationship

B. = 0.75+ 0.65 Vo, + 1, (18)

12 P

given by Terrell.’

3.3 Average Energy Released as Photons, E'y

3.3.1 Introduction

The rate of emission of gamma rays following fission has been de-
scribed theoretically by Griffin.*! 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 emission 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
107 sec after fission. However, gamma rays continue to be emitted at a
decreasing rate for times up to 1073 sec after fission.

For times between 1072 and 107! sec, a plateau is observed in the
gamma-ray intensity. Since the typical fission fragment has reached its
ground state by 1073 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 107! 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 average 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, EVP

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.
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The most extensive measurements have been made on the fission of
235U, These measurements cover nearly the entire range from 0 to 1073 sec
after fission, if one assumes there is little difference in the gamma-ray
emission associated with the fission of 2**U by thermal or fission spectrum
neutrons. (Protopopov and Shiriaev*? have reported that the average total
energy of gamma rays emitted within 2 x 10~7 sec after fission of 2**U by
thermal, 2.8-, and 14.7-MeV neutrons is the same within an experimental
accuracy of +15%.)

Peelle and Maienschein®® have recently completed an analysis of
data on the gamma rays emitted within 6.9 x 1072 sec after fission of #°U
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 keV, 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 2*®U. This is somewhat greater than the energy release meas-
ured by Verbinski et a;l.44 within the first 10 nsec. They found 6.51 £ 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 et 2!._1‘4‘1
and Peelle and Maienschein.*> The results of Verbinski et al. are typically
about 10% lower than those of Peelle and Maiehschein. Causes 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 et al. experiment, neutron effects in the Peelle and Maienschein

TABLE 5. Average Energy Released by Photons at Various
Times after the Fission of **U by Neutrons

Time, Ey.
sec MeV fission™! Remarks and References
0-6.9 x 1078 7.25 *0.26 Ref. 43.
6.9 x 1078-1.0 x 107¢ 0.353 + 0.706 See text. Refs. 45-47,
1.0 x 10-%-1.0 x 1032 0.037 £ 0.021 See text. Refs. 47-49.
E o = {:64£0.75
1.0 x 1073-1.0 0.52 0,26 See text.
1.0-1.0 x 10® 6:65 ‘&l 3 Refs. 50, 51,
1.0 x 10%- 0.032 Ref. 3.
Eyq = 720+ 1.3

E“y = 14.84 1.5
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Fig.4. Gamma-ray Spectra Measured within the First
69 nsec (Ref. 43) and 10 nsec (Ref. 44) after
the Fission of 235U by Thermal Neutrons.
ANL Neg. No. 121-6962.

preted from his Fig. 4.6.1, are presented in Fig. 5.

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.*® reported that from 5 x 1HEE
to 1078 sec after fission (5.7+0.3)%
as many counts were observed over
the energy rangefrom0.15t0 1.93 MeV
as were observed in the first 5 x
1078 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 (=6.9x10%sec),
the energy released in the longer time
region is 0.057 x 7.25 = 0.413 MeV
per fission. Maienschein®® later pre-
sented the average energy released
as a function of time from 5 x 1078
to 107¢ sec. These data, as inter-
Conservative limits of

a factor-of-two have been placed on these data.*® Figure 5 also shows an

Fig. §
Energy Released by Photons and Number of
Photons Emitted per Fission of 235y by
Thermal- or Fission-spectrum Neutrons as

a Function of Time =1 msec after Fission.
ANL Neg. No. 121-7129.
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interpretation of the Maienschein et al.*> data made by Celnik and Spielberg®’
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 107% to 1077 sec. Therefore a relationship

of the form E(t) = aePt has been fitted to the data and integrated from 5 x
1078 t0 6.9 x 1078 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 1078 to 107 sec. A factor-of-two
uncertainty is assigned to this energy release (see Table 5).

Walton and Sund*®**? have determined the energy released and the in-
tensity of photons with energies >140 keV as a function of time from 2 x 107°
to 2.5 x 1072 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~(t). Triangles pointed downward repre-
sent photon-intensity rates Ny(t). Walton and Sund?® have estimated an un-
certainty of ~30% in the intensities of photons with energies >510 keV in the
plateau region up to 0.025 sec (see Fig. 6). Allowing for photons of lower
energies, an uncertainty of 50% 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 1076 to 1072 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 Spielberg®’
at 107® sec to that of Walton and Sund?*’ at 2 x 10" ¢ sec, as shown in Bigih;
gives an additional energy release of 0.007 £ 0.014 MeV per fission. The
average total energy released by photons from 10™® to 1073 sec after fission
is then 0.037 + 0.021 MeV per fission (see Table 5).

»

Summation over the various time regions from 0 to 1072 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® based on the analysis by Holden Gl g_l.sz However,
both values agree well within the quoted uncertainties.

Recent measurements by Berick et alk>d

al.” of the intensities of gamma
rays with energies >380 keV from 0.01 to 4 sec after fission of ?**U indicate
that the Walton and Sund*®'*’ 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 et a_l.53 into energy-emission rates.

The intensity rates determined by Berick et a_l.53 for photons with
energies >380 keV were normalized to the rates determined by Fisher and
Engle54 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 et a_l.53 To convert to energy-
emission rates, an average energy (0.940 MeV) per photon determined from



the measurements of Fisher and Engle®* 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 Sund*®*? were then
normalized to the normalized data of Berick et al.®® at 0.025 sec after fis-
sion. The "normalized" Walton and Sund data are given 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 1 msec after fission gives 0.031 MeV
per 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 rays
following the fission of %3Py by neutrons to approximate the average energy
released by them. Verbinski et al.** have measured the average energy re-
leased within 10°8 sec by garnr_na—rays with energies >140 keV to be 6.82 +
0.3 MeV per fission. If one assumes that the energy spectrum is the same
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within 1078 sec as it is within 10”8 sec, then by using the Verbinski et 21-44
measurements with 2**Pu and 235U to normalize to the 7.60 + 0.75 MeV re-
leased per **°U fission within the first usec, we obtain a value of 7.96 %
0.94 MeV per 239py fission. Interpolation to 2 pysec and integration of the
data of Walton and Sund*®'*? for 2Py 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 29py 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.** measurements on 239py and #°U
to normalize to the 7.64 + 0.75 MeV };r fission obtained for 2*°U over the
first msec, a value of 8.00 £ 0.94 MeV per fission would be obtained.

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

Time, Ey.
sec MeV fission™! Remarks and References
0-1.0 x 107¢ 7.96 + 0.94 Calculated using #*°U data.
See text. Refs. 43-47.
1.0ix 1078=1.0 < 1073 0.05+ 0.03 Refs. 47-49, 53, 54.
Eyp = 8.01 £ 0.94
1.0 x 107'-2.0 x 107! 0.10 + 0.05 Normalized data of
Refs. 48, 49, 53.
2.0 x 107'-4.5 x 10 2.86 + 0.71 Ref. 54.
4.5 x 10-2.0 x 10? 0.99 + 0.25 Ref. 50.
2.0 x 10%-1.0 x 108 2.46 + 0.62 , Ref. 55.
1.0 x 10%- 0.03 Ref. 3.

E,q = 6.44%0.98

BT, o
EY = 14;45% 1.4

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 2@ by prompt gamma rays
were 9 MeV per fission®® without a time interval specified and 8.2 MeV per
fission®? within ~3 x 1077 sec. Verbinski et a_l.“ have also measured
gamma rays with energies >140 keV emitted within 1078 sec after fission
for this system. They found the average energy released to be 6.84 *

0.3 MeV per fission. Using the 235 data as described above to obtain the
energy released within the first msec, a value of 8.03 £ 0.94 MeV per fis-
sion is obtained. The energy spectra derived by Verbinski et g.-l.“ for the
thermal-neutron fission of 2°°U and ?*’Pu and the spontaneous fission of
252Cf are very similar. The spectrum of 2%2Cf exhibits about 50% more
gamma rays below 0.7 MeV than that of 2%°U and fewer gamma rays above
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5.0 MeV. The spectrum of 29py is very much like that of 235y, having
somewhat more gamma rays below 0.7 MeV than the latter. Protopopov
and Shiriaev*°® have reported that, within their experimental accuracy
(+15%), the average total energies of gamma rays emitted in the fission of
238 and #*°U by 2.8- and 14.7-MeV neutrons are the same as for 250 by
thermal neutrons. In view of these latter results, the fission gamma-ray
spectra of 2357y, 239py, and 2°2Cf, and the values of E derived for the same
nuclides, it appears that a value of approximately 8 MeV per fission is ap-
propriate for E P for all nuclides under consideration. We therefore as-
sign a value of :7.6 + 1.5 MeV per fission to all those nuclides other than
2357 and #*%Pu (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 Eyp, MeV fission™?

2359 7.64 £0.75

29py 8.01 + 0.94
ZBZThT

233U
Z38U
240Pu

241Pu

242Pu
2

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 >107? sec after fission.

As with prompt gamma rays, most investigations of delayed gamma
rays have been made in the fission of 2**U by thermal or fission spectrum
n.eutrons. There are several experimental measurements of photon inten-
sity or energy-emission rates that investigate the time range from 1072 to
1 sec. The results of some of these investigations are shown in Fig. 6. In-
tegration of the various data from 1072 to 1 sec gives nearly identical val-
ues of the energy release. Integration of the Walton and Sund*®*? data from
0.001 to 0.025 sec, interpolation to the Petrov data® at 0.05 sec, and inte-
gration of the latter data yield an energy release of 0.52 * 0.26 MeV per
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fission. Integration of the normalized Walton and Sund data®®"*’ from

0.001 sec to either 0.01 or 0.025 sec and of the normalized Berick et _a_l.ss
data from either 0.01 or 0.025 sec to 1 sec gives 0.50 = 0.025 MeV per
fission. The 0.52 * 0.26 MeV value is given in Table 5. Iyer and Ganguly®
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 Sund*®*
and Petrov®® over this time range gives 0.514 MeV per fission. Integration
of the normalized data of Walton and Sund and Berick et al. gives 0.494 MeV
per fission. The agreement between these three values is rather good for
this time range.

Holden et al.’® have reported an energy release of 6.65 MeV per fis-
sion by gamma rays emitted from 1 to 10® sec after fission. This value has
been used by James?® with an uncertainty of 1.3 MeV per fission suggested
by Story.(’1 Much of the experimental data for gamma rays emitted in this
time range is shown in Fig. 6. The data of Zigman and Mackin®® are based
on measurements made at the U.S. Naval Radiological Defense Laboratory
and the Knabe and Putnam® summary of experimental work done at Oak
Ridge National Laboratory. The crosses in Fig. 6 represent the calculated
results of Battat et al.>® As can be seen from Fig. 6, there is close agree-
ment between the results of Fisher and Engle,f'4 Petrov,” and Zigman and
Mackin®® 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 gives 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 Malofeev®! are consistently lower than those of
Petrov.?”” Data of the former, however, appear to extend the data of Zigman
and Mackin®® for times >18,000 sec. The calculated results of Battat et 1.3
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 curve 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.’! The integrated energy release from 1.8 x 10* to 3.6 x 108 sec
after fission obtained from the Battat et al. 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
r—ag >3.6 x 107 sec after fission (see Fig. 6). This is consistent with other
calculated results such as Perkins and King,63 Perkins,* Knabe and
Putnam,® and Brunner and Edwards.® Integration of the data of Battat
et al.%? from 3.6 x 107 to 10® sec after fission gives an energy release of
511—5 MeV per fission. Summing the energies released obtained from the
data of Zigman and Mackin®® from 1 sec to 1.8 x 10* sec, the data of
Sakharov and Malofeev®! from 1.8 x 10% to 3.6 x 10° sec, and the data of
Battat et al.”® from 3.6 x 10 to 108 sec gives a total of 6.57 MeV per fission.
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Summing the Zigman and Mackin data®® from 1 sec to 1.8 x 10* sec and the
Battat et al. data from 1.8 x 10* to 10® 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,?® rather than the Zigman and Mackin data.®® Be-
cause of the rather good agreement between the integrated results obtained
above with the 6.65 MeV per fission obtained by Holden et 2_1_1.52 for the
energy released from 1 to 10® sec after fission, we take this latter value
and assign to it an uncertainty of +20% 3283 For times >10% sec after fis-
sion, a value of 0.032 MeV per fission calculated by James? is used.

Summing the values given in Table 3 for times >1073 sec gives a
value of E q equal to 7.20 £ 1.3 MeV per fission. Bunney and Sam®® find
little difference in the number of photons with energies >0.065 MeV emitted
in the fission of 2*°U induced by thermal or fission spectrum neutrons from
900 to 7200 sec after fission. For longer times up to 2.6 x 10° 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 2*%U by fission spectrum neutrons is
similar to the number emitted by 235y fission spectrum neutrons.®’

In the fission of 2*?Pu by neutrons, integration of normalized data of
Walton and Sund*®***° and Berick et a_1.53 gives a gamma-ray energy release
in the time from 107> to 0.2 sec of 0.10 * 0.05 MeV per fission. (Integration
from 1072 to 1 sec gives 0.45 MeV per fission.) From 0.2 to 45 sec after
fission, Fisher and Engle54 report an energy release of 2.86 £ 0,71 MeV per
fission. This is 11% lower than the energy released by delayed gamma rays
from the fission of 2**U and is consistent with the report of Leipunsky gt_al.és
that from 1.25 to 17 sec after fission the kinetics of decay of the gamma
activity are the same for #5U and ?*°Pu, within the limits of experimental
accuracy. Petrov,”” 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 Petrov extend to
11 hr after fission. Integration of the Petrov 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
233U data, and since ?**Pu energy-emission rates are smaller in the milli-
second and second range than those of 235y, the value of 1.36 MeV per fis-
sion is probably too large, Therefore the data of Zigman and Mackin®® for
25U were integrated over the same time range and gave an energy release
of 0.99 MeV per fission. A 25% error is assigned to this value (see Table 6).

Since the calculated results of Battat et _a_l,55 for #*°U agree well with
the experimental results for times >200 sec,_t.heir results for ?*°Pu were
integrated from 200 to 10® sec to give an energy release of 2.46 MeV. An
uncertainty of 25% is also assigned to this value. Johnston® has reported
calorimetric measurements of the energy released by beta particles and
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gamma rays from approximately 40 to 150 days after fission of #39py 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 et g‘ss 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 used® 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}'d- This
agrees well with the value of 6.3 £ 1.4 MeV per fission derived by James®
based on the effective chain lengths, which are the mean number of decays
required to reach the hypothetical line of beta stability, for 235y and #*°Pu.

Fisher and Engle® have measured the energies released by photons
from 0.2 to 45 sec following the fission of 2*3Th, ?**U, and ?*®U as well as
25U and 2*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 #*°U neutron-induced fission with the results of Fisher and
Engle,** one arrives at values of E'yd for the various nuclides measured.’
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, 4 given in Table 8 may be com-
pared with the values of E., determined from the effective chain lengths
of the various nuclides as Xescribed in Appendix A. Remember that the
extrapolated vaExes of E. q are for fission induced by a spectrum of ener-
gies for which E; is 1.47 MeV. The calculated values of Evd are given
for either thermal neutron or for fission spectrum neutrons whose average
energy E; differs somewhat from 1.47 MeV.

TABLE 8. Experimental,® Extrapolated, and CalculatedP Values
for Delayed Gamma-radiation Energy from Fission
Induced by a GODIVA Neutron Spectrum

Experimental Eyd Eyd

Results, 0.2-45 sec, (extrapolated), (calculated),

Nuclide MeV/fission MeV/fission MeV/fission
A3 5.04 + 0.71 9.0 £ 1.5 9.4
£33y 1.97 + 0.28 5.9 + 1.3 5.5
50 3.18 + 0.45 Tl 1.3 7.2
L] 5.08 + 0.71 9.0 + 1.5 10.3
B9py 2.86+0.71 6.8+ 1.5 G

2Reference 54.
bCalculated from the square of the effective beta-decay chain lengths relative to
E’yd for U (see Appendix A).
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3.4 Beta Particle (EB) and Antineutrino Energies (E3)

The total energy ]-5-13 associated with beta particles from fission is
poorly known. Only a few measurements have been performed for thermal-
neutron fission of 2°U, and poor agreement exists among the various meas-
urements.”” 7”7 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.®’’® The results of one such reevaluation have been reported in the
paper of James® and are reproduced here in column 4 of Table 9. A more
recent and unpublished examination by St:ory-’8 is summarized in column 5.
The various experiments were reexamined during the present work, and
we have chosen to apply relative weighting factors which reflect our rela-
tive confidence in the experimental values and the values obtained by Story.

TABLE 9. Total Beta-particle Energy for Thermal Fission of 235y

Authors’ Story Analysis More Recent Value Relative

Authors Ref. Quoted Values Reported in James3 Story Analysis’8 Used Here Weight
Muehlhause
and Okeksa  (1957) 70 =4 6.95 + 0.75 6.95 1
Carter et al. (1959) 71 None 11 06 7.22 + 054 1.2 1
Armbruster
and Meister  (1962) 12 81 +04 7.15 + 0.28 7.65 * 0.33 7.65 3
Haring (1964) 3 86 *04 0
McNair et al. (1965) 74 None 6.73 * 0.35 6.89 * 0.34
MacMahon 6.63 2
et al. (1969) 75 6.3 2105 63 =05 6.37 £ 0.5
Kutcher
and Wyman  (1966) 76 None 7.33 * 0.65 .
Tsoulfanides  (1968) m 7.73 £ 0.15 L ?
Average 7.958 6.972 7.07 7.30
Average deviation 0.8 0.4 0.3 *0.4

3Arithmetic average.
DWeighted average.

The experiments of Muehlhause and Oleksa’ involve the measure-
ment of the equilibrium beta spectrum for energies =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 et a_l.” consisted of a beta-spectrum measure-
ment for energies greater than 1 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 a final value of ~7.2 MeV/ﬁssi.on.él"'a
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The work of Armbruster and Meister’? consisted of a mass separa-
tion of the fission products followed by measurement of the number and
energy of the beta particles (EB > 140 keV) emitted to 3000 sec after fis-
sion. These results were then corrected to infinite time. Their initial
value for the beta-particle energy per fission was 8.1 £ 0.4 MeV. 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, Story’® 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 (1) 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 emission and a total value of 6.04 beta
particles emitted per fission.?

The high value of 8.6 £ 0.4 MeV per fission obtained by Hiring”® 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® and Story.(’l'78

The time-dependent beta-ray spectra reported by McNair et a_l.“
have been reexamined and extrapolated to infinite irradiation and zero de-
cay time by Story,‘”'78 yielding the values given in Table 9. The experimen-
tal value of 6.3 £ 0.5 MeV per fission given by MacMahon et al.”® is not an
independent and absolute measurement, but was obtained’? from a relative
comparison of their data with the data of McNair et a_l_.“ using the value of
6.8 £ 0.5 MeV per fission obtained by reexamination of the McNair et al.
data by McNair and Story.(""””79 Because of the interdependence of these
two sets of data, a single arithmetic average has been used to represent
the results of these measurements.

Kutcher and Wyman76 measured 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, Tsoulfanides’’ (a student of Wyman's)
has measured the time dependence of the beta spectrum from 0.1 to 1 MeV.
Combining this data with that of Kutcher and Wyman,"’ 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 Si:ory.é"’-’a

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 G
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 2357 fission 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 theaver-
age beta-decay chain length of 5.98 + 0.2 beta-particles per fission for 238y
measured by Seyfarth the average beta-particle energy per fission is cal-
culated to be 1.237 MeV. From the tables of Widman et a_l.,al the ratio

E / E/3+E 7) can be obtained, assuming the beta-particle spectrum 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. Ignoring pairing effects,nuclear
isobaric masses are proportional to the factor [Z(A) B 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 T(A) for beta decay from one fragment in fission with mass A and

formed with an initial most probable charge Z_(A) is then given approxi-

mately by =
EBT(A) = Eg(A) + Eg(A) + E4(A) « [2,(A) -2 (a)F
g . %)"‘
= [Np,(A)]Z ( 2 - (19)

The quantity ﬁB(A) represents the average beta-decay chain length per fis-
sion fragment. The assumption is made that the beta-decay chain lengths
of both fragments are equal (3 NBT) The total beta-decay chain lengths,
NﬁT’ are calculated in Appendix A, Since Evd(A) is approximately propor-
tional to Ni+ (see Appendix A) and E-( ) is approximately proportional to
EB(A) then 5(A) is expected to be approximately proportional to N2

The beta-particle energy EB(A Z) for the isobar with charge Z can be cal-
culated, as an example for integral values of NB( ), knowing the total beta
energy Eﬁ( ) per fragment (E,B( ) = Eﬁ)

[2(z -25)- 1] Eg(A)
2(1+3+ ...[Z_NB(A) -1])

EB(A,Z) = (20)

Using this formalism and the tables of Widman et al.,%! 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 of 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 Eg, fg, and E. d for fis-
sioning systems other than 2**U, we have assumed that these values are
simply proportional to the calculated ﬁZT values and have computed these
values relative to those obtained for 2*°U, The results of such a calculation

for the beta-particle energies and antineutrino energies are summarized in
Table 10,

TABLE 10. Average Energies Associated with Beta Particle
and Antineutrinos Calculated Relative to 2350

Target I ¥ Target . =
Nuclide Eg Ej Nuclide Eg 5
2321 9.5 +05 133 +08 239, 63+03 88+ 05
233y 56 +03 78 £ 05 240p, 72+ 04 10.1 £ 0.6
235y 7.36 £ 0.4 10.26 + 0.6 2lpy 82+ 04 115 + 0.7
238 105 06 147 £09 242p, 93405 129 + 0.8

4. CALCULATION OF Q% 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.> 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 work for the average
beta-particle energy for 235 (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-parnticle energy of 2*°U, use of a
larger value for this quantity will lead directly to larger values for all the
other beta-particle and antineutrino energies.

TABLE 11. Total Energy Released Directly from Fission, Q}, Calculated by
Summation of the Individual Contributions (Eq. 7)

Neutron

Target Energy a4 - e ., 5 e )

Nuclide Spectrum Exf En Eyp Eyd Ep i £ qf
2221 FN 1600 £20 449017 76 +15 9.0+ 15 95+05 133+08 30 2009+ 31
233y i 167.5 + 2.0 490+ 015 7.6 15 59+ 13 56+ 03 7.8 £ 05 0 199.3 + 2.9
235y T 1679 20 469 +011 764+ 075  71%13 74+ 04 103+ 06 0 205.0 + 2.6
238) N 1659 +20  560+016 7.6 15 9.0+ 15 105+06 147:+09 238 2105 + 3.1
239, T 1740+ 20  587+011  801+094 68%15 63+ 03 88+ 05 0 2098 + 2.7
24lpy T 175.6 + 2.0 585015 76 150 79+ 150 82 %04 115 + 0.7 0 216.6 £ 3.0

=
f E - N(E)oglE) dE
f NI(E) of(E) dE
0

—— =2
DCaiculated relative to 235U assuming EyqaNBT-

, where NIE) is given in Fig. 3 and o(E) represents the fission cross section as a function of neutron energy.
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TABLE 12. Comparison of Qtl' Determined by Summation of Individual
Contributions in This Work with the Results of James®

Target Q¢ from Present Q¢ from James,?

Nuclide Work, MeV MeV Diff, MeV
eX i 200.9 £ 3.1 None

23315 19935 2.9 None

) 205.0 + 2.6 204.4 * 3.5 +0.6
238y 210.5 £ 3.1 208.6 £ 5.0 +1.9
29py 209.8 + 2.7 208.9 * 3.9 +0.9
#lpy 216.6 3.0 214.5 £ 4.4 +2.1

Average difference +1.38

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

Table 13 compares the values of Q% calculated using the mass-
excess formalism (see Sect. 2) with the values 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 Q% by means
of the mass-excess formalism are an order of magnitude smaller than the
errors associated with Qf 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 slightly 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 work to estimate these
values, these energies are the most questionable. Also, if the double-
velocity data for the fragment-kinetic energies (see Sect. 3.1) are in actu-
ality correct and the double-energy measurements incorrect, then the
difference in Qf calculated by the two methods is reduced to -1.5 MeV,
well within the quoted errors.

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

Neutron Q!" from Mass Q!l from Summation

Target Energy Excesses (Sect. 2), of Individual
Nuclide Spectrum MeV Contributions, MeV Diff in Qf
:zTh FN 196.37 + 0.35 200.9 £ 3.1 -4.53 £ 3.1
E: eI 197:99 £ 0.21 199.3 £ 2.9 -1.31 £2.9
o N 202.74 * 0.21 205.0 = 2.6 -2.26 £ 2.6
239U FN 205.89 £ 0.45 210.5 £ 301 =461 23]
“lPu 7k 207.16 * 0.21 209.8 £ 2.7 -2.64 £2.7

Pu i 210.92 £ 0.22 . 216.6 £ 3.0 -5.68 £ 3.0

Average difference -3.5

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



formalism (see Sect. 2) with their inherently much smaller errors 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 Qi by summation

of the individual contributions, systematic errors (larger than the errors
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 Eqgs. 8 and 9, values of Qe¢r and QT have been calculated
and are presented in Table 14. In the calculation of these quantities,
(1) the values of QE determined from the mass-excess formalism (see
Sect. 2) have been used; (2) AE a and AEp are assumed to be equal to
zero; i.e., the heat produced is integrated to infinite time; and (3) Q. (see
Appendix B) and hence Q are calculated for a specific reactor core con-
figuration and composition. These latter values are therefore only approxi-
mate for other types of cores. Approximate corrections to the values of
Qeff and Qp for reactor operations covering finite lengths of time are
given in Table 15. These corrections were obtained from the average
fission-product mass excesses computed for various times after fission
given in Table 1 and assuming that 59% of the total energy associated with
beta decay (Eg+ Evd+E/3) is attributable to beta particles and gamma rays

TABLE 14. Summary of Q¢ and Qp

Target Neutron

o
0

Nuclide Energy Qi—a EI, Q. Q. ¢() Q(»)
232y FN 196.37 +0.35 13.3 +0.8 8.884 0.5 183.1 +0,9 192.0 +1.0
£33 T 197.99 +0.21 48 % 045 9.71 + 0.3 190.2 + 0.5 200.0 + 0.6
Ay T 202.74 +0.21 10.3 +0.6 9.29 +0.3 192.4 +0.6 201.7 +0.7
238y FN 205.89 +0.45 14.7 +0.9 11.82 +0.5 191.2 +1.0 203.0 + 1.1
Sy T 207.16 + 0.21 8.8 +0.5 12.26 +0.4 198.4 +0.5 210.6 +0.7
240py, FN 206.4 + 1.6 10.1 £ 0.6 14.17 * 1.4  196.3 1.7 210.5 + 2.2
#1py T 210.92 *0.22 11,5 +0.7 12.63 20.4 199.4 £0.7 212.0 0.8
242py FN 210.8) k3.2 12.9 +0.8 14,24 +2.6 197.9 +3.3 212.1 +4.2
3aSee Table 1.
bSee Table 10.
CSee Table 24; Q. = (VT - I)an‘an = 6.53 + 0.2 MeV per captured neutron.
TABLE 15. Approximate Corrections to Qe“(m) and QT(m) for
Finite Time Integration of Heat from Fission
Heat Integration Correction, Heat Integration Correction,
Time after Fission MeV Time after Fission MeV
30 days -0.47 100 yr -0.003
1yr -0.23 ® 0
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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 calculatedaccurately

7. DEPENDENCE OF ENERGY RELEASE ON
INCIDENT NEUTRON ENERGY

7.1 Dependence of Energy Release on Incident Neutron Energy from
Mass-excess Calculations

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

Qr = m(A,z) - Y¥Ym(a,,2;) - (Up-1) m,_ - Eg
i
+(Fp-1) Qy - AE,4 - AEg, (21)

where an 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 energy, E;, and assuming AE’Yd and Afﬁ to be independent of E;,
we obtain

dQp -d dvt  dEg dv
- ar v iE
— = — ) vymA;,2)|-m, — - =X+
dE;  dE; [g i 1)] ™n 3E; " a; | 9nc aE,
dQ
+ - 1) (22)

1

The first term cannot be directly evaluated. However, an approximate es-
timate of this quantity can be obtained from the computed average mass

. : 235 5 - T
excesses given in Table 1 for ?**U and ?**U for various incident neutron
energies. Values of

d
dEi[_ZYim(Ai'Zi)] = -0.064 and -0.037
1

; 235 :
were obtained for #*°U and 3%y, respectively., The approximate values

for this term are more than an order of magnitude smaller than the terms
involving the factor dl_/T/dEi. Hence, this term is relatively unimportant.
2B3;acause of the lack of more detailed information, the value obtained for

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



quantity. In this work, we have used the values of d'l_JT/dEi given by
Fillmore.” 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

E; > 100 keV, the neutron inventory (see Appendix B) and hence Qpc are
not expected to change drastically for small changes of E;. Consequently, in
lieu of detailed calculations, it is assumed that dQnC/dEi ~30%

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,

By = KﬁET : (23)
Differentiating with respect to E;, one obtains

dEy — dNgr
E = ZKNBT aE; y (24)

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

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

Zp(ag) = Zp(ag) = Zo[Ap+T(Ag)],
neglecting the dispersion about 7(A). Therefore,

NB(Af) = Z (Ag) - zp[Af+?<Af)]. (26)

The difference in beta-decay chain length for this fragment in going from
neutron energy E; and E,, assuming

3T
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(see Appendix A), is then

ANg(Ag) = Zy[ap+T(ApE)] - Z,[as+7(ApE,)]
= i—i {Af+17(Af,E1) AT TJ(Af,EZ)]}

zZ
- A—i [H(ALEy) - TALE,)]. (27)

The change in total beta-decay chain length (summing contributions for both
fragments) can then be expressed as

BNgp(a) = ONg(A) + ANg(Ap =AY

VA

A_}; [7T(Af:E1) E ?T(Af’EZ)]' (28)

12

from which one derives

S . )
. AL

and
oy s @y .y S (30)
dE;  dvp dE; A dE;

The accuracy of this approximation (see Eq. 30) can be tested for
#5U 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
dfT/dEi given by Fillmore.*” For 2*°U, dﬁﬁT/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

dEg — Z dv
F L
= -2KN _—
dE; BT Ap dEi. (31)

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 andFT/dEi for the energy released by (n;y) capture
of the fission neutrons, the total energy release is virtually independent of
the captured neutron energy. Neglecting the term (U - 1) dQ,./dE; in
Eq. 22, the total energy release Qp increases only ~0.04 MeV for every
1-MeV increase in neutron energy.

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

aw o 52 b 4

Jzzlgi?e ?,T (Ref. 37) difl [%Yimmi-zi]] Mn ‘:LEIT % Qnc :%T ‘%eiff %
2321h 0.1516 + 0.0035 -0.064 1.224 + 0.028 -0.229 + 0.011 0990 + 0.038 -0.93 + 0.03 0.06 + 0.05
233y 0.0412 + 0.0119, E;< 108 -0.064 0333 + 0.096 -0.048 + 0.014 0269 + 0.078 -0.22 + 0.10 005 + 0.12
0.1299 + 0.0078, Ej> 0.96 10484 + 0063 -0.152 + 0.013 0848 + 0.057 -0.83 + 0.06 0.02 + 0.09
25y 01146 + 0.0033, E; < 2.57 -0.064 0925+ 0.27 -0.153 + 0.009 0748+ 0.031 -0.71+ 0.03 0.04 + 0.04
0.1569 + 0.0037, £ > 2.4 1266 + 0030 -0210 + 0012 1025+ 0.040 -0.99 + 0.03 003 + 0.05
238 0.1514 + 0.0034 -0.037 1222 + 0.27 -0.239 + 0.011 0989 + 0.038 -0.95 + 0.03 0,04 + 0.05
2%y 0.1275 + 0.0044 -0.064 1.029 + 0.03 -0.159 + 0.010 0.833 + 0.038 -0.81 + 0.04 0.03 + 0.05
21py 0.1429 + 0,0054 -0.064 1153 + 0.044 -0201 + 0.012 0933 + 0.045 -0.89 + 0.05 0.05 + 0.06

3trror includes estimated 0.3 error in NBT-
bQnc values from Appendix B.
CCalculated for (vT-1) dQnc/dEj = 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, (17T -1) dan/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 gives the average total energy released per fis-
sion, may be written as

Q = Eg + E, + Eyp + Egps (32)
where
Egr = Eg + Eyq + E5 (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 E;. The approach to
the problem is essentially that of James.?

39
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7.2.1 Fission Fragments

Terrell? has determined the average fragment kinetic energy per
nucleon to be 0.75 + 0.02 MeV. This implies that each neutron emitted re-
duces the fragment kinetic energy by this amount, or

Exs = Egj - (0.75 £ 0.02) 7. (34)

The change in EKf with incident neutron energy is therefore

dE dEg; a7,
s B s T K (os s gu0g) 2 (35)

dE; dE; dE;

There have been a number of measurements of the variation EKi
with E;, primarily for #°U, 2**U, #*®U, and 232Th, Early measurements8-85
with 2°U and U indicated that Ey; fluctuates with E; to about E; = 1 MeV.
However, recent measurements with 23°U indicate that the fluctuations are
not nearly as great as those reported earlier®® or that they may not even
exist.’® Present information concerning ?*3U indicates that Ek; increases
initially with E; to E; = 2 MeV.88 Table 17 lists approximate values of
dEKi/dEi at various values of E; derived from data available for 23y
(Refs. 82, 83, 85-90), 23U (Refs. 83-86 and 89), ?*®U (Refs. 89 and 91-93),
and 2Th (Refs. 91, 93, 94). The uncertainties in the values of dEKi/dEi
are rather large. However, the value of 0 = 0.2 assumed by James3 for
235U appears reasonable for that nuclide. Since dei/dEi varies with both
E, and target nucleus, it is misleading to assign values to those nuclides
for which measurements have not been made.

TABLE 17. Approximate Values of d}T:K-l/dEi at Various Values
of E; Derived from Experimental Data

Ei' MeV
Nuclide 0 2 5 15 References
dEg;/dE;
z”U 0 0 -0.1 -0.2 82, 83, 85-89
Py 0.6 0.05 -0.2 -0.2 83-86, 89
:;:U -0.18 -0.23 -0.3 91, 93
232U 0 0 -0.4 89, 92
Th 1 0 -0.8 91, 94, 95

T?_Ie variation of 7_ with E; has been investigated extensively.
Fillmore”’ has made a weilghted least-squares linear fit to the data. Val-

ues of the slope of the straight line corresponding to d¥ /dEi are given in
Table 18. E

Approximate calculation of d.l'_:K'i/dEi may be made at various inci-
dent neutron energies by substituting the data given in Tables 17 and 18 into
Eq. 35. For example, dEKi/dEi for 25U in the range of 0 to 2 MeV neutrons
is (0£0.2) - (0.75£0.02)(0.1156£0.0033) = -0.086 + 0.2 MeV per MeV.,
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TABLE 18. Values of dip/dEi for Various Nuclides2

Energy Range, Energy Range,
Nuclide dip/dEi E;{, MeV Nuclide dip/dEi E;, MeV
BETH 0.1516 + 0.0035 Xy 0.1514 + 0.0034
&y 0.0412 + 0,0119 <1.08 Ppy 0.1275 + 0.0044
il 0.1229 + 0.0079 >0.96 Hopy 0.0925 + 0.0144
25y 0.1146 + 0,0033 <2.57 Hipy 0.1429 + 0.0054
2351y 0.1569 + 0.0037 >2.44 2#zpy (0.0925)b

2Data from Ref. 37.
Assumed to be the same as Py,

7.2.2 Neutrons

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

Ep = By, (36)

From Eq. 18,

Bp = (0.75£0.02) + (0.65 % 0.02)(F, + 1)v2,

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

dE 30,+2 | dw.
—= = |(0.75£0.02) +(0.325+ 0.01) —2——| —2 (37)
dE; Y il e

Values of dEn/dEi have been calculated from the data of Fillmore®? for
Ei = 2.0 and 5.0 MeV. These values are given in Table 19 for the various
nuclides.

TABLE 19. Values of dE,/dE; Calculated for Various Nuclides at E; = 2.0 and 5.0 MeV

dE,/dE; dE,/dE;
Nuclide 2.0 MeV 5.0 MeV Nuclide 2.0 MeV 5.0 MeV
S Th 0.349 + 0.012  0.369 * 0.012 P9py 0.328 + 0.014 0.340 + 0.014
23315 0.318 + 0.021 0.331 + 0.022 H0py 0.239 + 0.038 0.246 + 0.039
By 0.279 + 0.010  0.402 + 0.014 #lpy 0.371 + 0.016 0.386 + 0.017
&%y 0.370 + 0.012  0.388 + 0.013 #2py 0.239 + 0.038%2  0.246 + 0.0392

apssumed to be the same as “°Pu.

7.2.3 Prompt Gamma Radiation

The measurements of Protopopov and Shiriaev*?:*® with #°U and
thermal, 2.8-, and 14.7-MeV neutrons and 238y and 2.8- and 14,7-MeV

*1t is interesting to note (see Table 3) that 73 apparently increases with Ej to some maximum value beyond
3.1 MeV and then decreases as E; increases to 15 MeV.
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neutrons indicate that, within an experimental accuracy of about 15%,
the total energy of the prompt gamma rays is the same. We therefore

assume

dE
—JP - 0 +0.15. (38)
dE;

7.2.4 Total Beta Decay

In Sect. 3.4, the following relationship was assumed:

= ==

EBT 3 N[3T'

The total beta-decay energy for a given nuclide may then be calculated

from the total beta-decay energy released in thermal neutron fission of L]

==
e 5.y NpT(A.Z,E;)
EﬁT(A’Z'Ei) = EBT(23 U) ﬁéT(Z”U) (39)

Differentiating Eq. 39 with respect to incident neutron energy E; gives

dEgr(A.Z2,E;) 2EpT(®U) _ dNgT(A,Z ,E{)
RE| g Nhr(***U) Ng7(A.Z.Ej) e

(40a)

24.82 1.5 — dNgr(A.Z,E;)
- ABerlo g (azE,) —EL . (40b)

(5.9820.2)2 \BT dE;

dNgr(A.Z,E))

= (1.39£0.10) Ngp(a,Z,E;) i, (40c)
In Sect. 7.1, it was shown that

dNgT(A,Z,E;) _  Zg dvp

T o7 A—F a (41)
Substituting Eq. 41 into Eq. 40c gives

%;Z'Ei) = =159 tO.lO)i—ENBT(A,Z,Ei)%. (42)

Unfortunately, Eq. 42 requires knowledge of NﬁT at energy E; to give the

change in EBT with Ei- For small changes in E; it may be assumed (see
Sect. 7.1) that



Ngr(A.Z.Ej) = Ngp(A.Z,thermal) + ANg 1

e ZiE. - -
NBT(A,Z,thermal) + A_F [vT(thermal) - ‘L/T(Ei)].

43

(43)

The designation "thermal" refers either to thermal-neutron energies for
the fissile nuclides or to fission-spectrum neutron energies for the other

nuclides.

Values of E T have been calculated for neutron energies of 2.0 and
5.0 MeV using Eqs. 42 and 43 and calculated values of N T- 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 of deTldEi for Various Nuclides at E; = 2.0 and 5.0 MeV

NBT- UEBT/dEi NBT. dEp]'/dEi
Nuclide  Calculated  Zg/Ar 2.0 MeV 50 MeV | Nuclide Calculated Zg/Ap 2.0 MeV 5.0 MeV
By, 6.81 03%  -0.56 -0.54 238 715 038  -058 -051
33 5.20 0393 -0.3 035 Bpy 5.54 03% 038 -031
235 5.98 03%  -037 -0.49 2lpy 6.3 0388  -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 Qy with incident neutron energy at 2.0 and 5.0 MeV

TABLE 21. Variation of Component Energies and Total Energy Qf with Incident Neutron
Enerqy Ej at 2.0 and 5.0 MeV for Several Nuclides

: &y e %y rp diyt LR

Nuclide o W & & & & & (mass excess)
Ej = 2.0 MeV

2321h 105 09+ 05 035 + 0.2 0+ 015 -0.56 + 0.56 0.69 + 0.8 -0.16 + 0.04

233y 0.05 + 0.1 -0.04 £ 0.1 0.32 + 0.03 0+ 015 -0.36 + 0.36 -0.08 + 0.4 0.02 + 0.07

235 002 -0.09 + 02 0.28 + 0.02 0+ 015 -0.37 + 037 -0.18 0.2 0.14 + 0.04

238y -0.18 + 04 -03+04 037 + 0.02 0+015 -0.58 + 0.58 -051+ 07 -0.18 + 0.04
£ = 5.0 MeV

232Th 0+02 -0.11 £ 02 037 + 0.03 0+ 015 -0.54 + 0.54 -0.28 £ 0.6 -0.16 + 0.04

23y -02 + 04 -0.29 £ 0.4 033 + 0.06 0+ 015 -0.35 + 0.35 -0.31 £ 0.6 0.02 + 0,07

235y -0.1 + 02 -0.22 £ 02 0.40 + 0.03 0+ 0.15 -0.49 + 0.49 -0.31 + 0.6 -0.20 + 0.04

238y -023 £ 05 -034 £ 05 039 + 0.03 0+ 015 -0.57 + 0.57 -0.52 + 0.8 -0.18 + 0.04

239py 0.04 + 0,05

2lpy -0.09 + 0.05

ayncertainties equal to a factor of 2 are arbitrarily assigned to these values, with the exception of 2321h.

buncertainties equal to a factor of 1 are arbitrarily assigned to these values.
csummation of the individual contributions.

dcalculated from Eq. 44 assuming a 0.03 uncertainty in d—g [.zVi""Ai-Zi’]-
]
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for the nuclides 2*Th, 23*U, #*°U, and #*®U. Only for ***Th at 2.0 MeV does
the total energy appear to increase with incident neutron energy E;. How-
ever, the errors assigned to the various values of a Qf/dEi are so large as
to preclude any definite conclusions.

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

dQy d dvr
et J R : R e et
i, =1 IE (E Y1m(A1’Z1)> my aE, " (44)

Using the information given in Table 16, values of de/dEi have been cal-
culated for the various nuclides and are listed in Table 21. The agreement
between de/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 contributions 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 Walker? and James.> 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 (I_JT) are known.

Although the total energy release in fission can be calculated ac-
curately, great difficulties exist in the accurate determination of the indi-
vidual contributions. The major difficulties are present in the determination
of the total fragment kinetic energies EK' the beta-particle energies fﬁ, the
antineutrino energies E3;, and to a lesser extent the gamma-ray energies.

It was shown in Sect. 3.1 that a discrepancyof 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 ?*°U; 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 #*°U 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 ~22 MeV) for all fis-
sioning systems are based entirely on the poorly known total beta-particle
energy for 235, 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 7T values (pri-
marily those of Z"zPu) 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 E;, if they are known at all. One of these
E; 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 the re-
actor. The term may even apply to neutrons emitted in the fission of
different nuclides, e.g., 2*°U or #*®U. Measurements of the fission-product
mass yields for the various nuclides at discrete values of E; would per-
mit the calculation of Qg 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 23°U and uses the empirical observations that: (1) The difference,
A, between the average charge of a fragment formed directly in fission,
Zp(Ai), and that expected on the basis of the "Unchanged Charge Density"
assumption, (ZF/AF)Ai (the charge density of the preneutron emission
fragment is the same as that of the fissioning nucleus), is approximately
constant for low-energy fission;?® i.e.,

——A; = constant = A. (45)

The A values for light mass fragments have been found® to be approxi-
mately +0.5 charge unit, and the complementary heavy fragmeﬁts have

A values of approximately -0.5. (2) An approximate universal neutron
function exists for low-energy fission;*? i.e., for low-energy fission, a
fragment with initial mass A; emits approximately the same number of
neutrons, independent of the fissioning system, to form the final mass Ay.
The average beta-decay chain length for one fragment with final mass Af
is given as

VA

Np(Ag) = Zg(Ag) - Zp(ay) = Z4(Ay) - <A—§A1+A>, (46)

where Z (Ag) 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 £351is

ANg(Af) = NB(Af) - NB(Af,Z”U) (47)
Z
92 F)
= - T AR . 48
A1<236 Ay =

Summing together the beta-decay chain lengths of both complementary

fragments, one obtains an estimate for the total beta-decay chain length
per fission relative to 23U,

- .
= 92 Zp
ANgp = =L

BT AF(Z36 AF)' (49)

where Zg and Ag are the charge and mass number of the fissioning nucleus.
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The computed AN T 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 g_l.so
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

o~ N T N N

Target AN[BT (Seyfgrthso) (calcElEted) (massﬁgield)
2327 0.830 6.81 7.29
ET -0.780 5.33 + 0.2 5.20 5.15
38y 0 5.98 + 0.2 5.98 (norm) 6.14
2381 +1.169 7.15 6.73
239py -0.441 5.57 + 0.2 5.54 5.50
240py -0.051 5.93

Zilpy +0.339 6.32 6.25
2, +0.729 6.71

We have attempted to demonstrate that the E d values are approxi-
mately proportional to NéT’ as discussed in Sects. 3.3.3 and 3.4. Table 23
compares the delayed gamma-ray energies from Table 8 relative to #*°U
with the ﬁzT values relative to 2*°U. In general, the agreement is good,
indicating that Eyq NZS)T~

»
TABLE 23. Comparison of Delayed
Gamma-ray Energies to N,?ST

- 2 = a
T t alhy Eyd
arge e =  (23577)
g N,BT(ZSSU) Eyd(Z”U)
2327y, 1.30 1.27 + 0.31
2337y 0.76 0.83 +0.24
235U ]l 1
2387y 1.43 1.27 £ 0.31
#39py 0.86 0.96 +0.28

aE_:’yd from Table 8.



APPENDIX B

Energy Release Resulting from Neutron-capture (n,y) Reactions

The energy released 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 #°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 _eia_l.,lo were used for the Q values, the decay
schemes were taken from the compilation of Lederer _e_t:;v._l.,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.%° 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. Energy Release by Neutron Capture for a 5-fueled EBR-II Assembly

Relative Capture

% Isotopic Assumed % Cross Section Neutron Inventory
Target Abundance Qnclny) Composition (thermal) - % Total (n,y)
B3y 6.47 16.1
2387y 5.67 570
(stpe 5.84 9.31 2.9 )
*Fe 91.66 7.64 o8 259
*Fe 2T 10.04 2.5
Fe 0.31 7.88 Tl
ex 4.31 9.30 17
5Cr 83.76 7.94 5 0.8
ACr 9.55 9.72 18
HACx 2.38 7.35 0.38
Stainless 58rs
St < *ENi 67.76 9.00 4.4 25.4
o
Ni 26.16 7.82 2.6
IN; 1.25 10.60 10 2
62Ny 3.66 6.84 15
HNi 1.16 7.26 1.5
*Mn 9.89 2 13.3
25 92.18 8.48 0.08
s 4.71 10.62 1 0.3
|51 3.12 7.18 0.11 |
#Na 11.64 1.5
g 4.14 0.06

Total average energy release Qne = 6.53 MeV/capture.
Estimated error = 0.2 MeV. o

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