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Preface

This thesis topic was originally suggestcd by Colonel I. J.
Russell of the Air Force Weapons laboratory at Kirtland ArB, New
Mexico, in the spring of 1963. It was started by Lt. Robert L.
Stovall, GSP/64, in October of 1963, and reported on in his thesis,
Since it was not possible to completely solve the problem during the
six months period available to him, he suggested that it be con-
tinued. The topic was selected by me in the spring of 1964 and the
work was accomplished at the Air Force Weapons ILaboratory during the
period of October 1964 to March 1965,

I would like to express my sincere appreciation to Col. I. J.
Russell for his guidance and encourageuent., I would also like to
thank Lt, Robert L, Stovall for his help in acaquiring an early under-
standing of the complexity of the problem and also for his advice on
the choosing of problem areas which could be profitable investigated.

I also want to express my thanks to Miss Gayle Mortensen for her
help in compiling the data presented in Appendix B, and to Mrs,
Henrietta Thomas for accomplishing the tedious task of typingz the
decay schames.,

The support given to me by the Air Force Weapons laboratory,
the Research Division, and Biophysics Branch in particular was
excellent and materially aided in the completion of the research

effort.

James E, Dieckhoner
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Abstract

This thesis develops a method by which the time dependent beta
spectrum from four different types of nuclear and thermonuclear
fission can be predicted. From the mass chain yield and the Equal
Charge Displacement theory, the initial isotopic concentrations are
predicted. The time dependent relationships within each mass chain
are solved exactly. The shape of the beta decay spectra for each
isotope is predicted by use of the Fermi theory. An estimation
technique is used to predict the spectra from isotopes with unknown
decay schemes, Attempts are made to predict the percent of the total
available decay energy which is accounted for by beta decay, for
those isotopes with unknown decay schemes., These procedures are
combined in a set of computer programs written for the IBM 7044,
The spectra predicted using the programs are compared with West's

experimental results and agree within a factor of l.4.
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I. Introduction

Purpose and Scope

The purpose of the research reported in this paper is to con-
tinue development of a method by which the time dependence of the
beta spectrum resulting from a nuclear or thermonuclear detonation
can be predicted. This effort was started by Lt Robert L. Stovall,
AFIT GSP-64, and reported on in his thesis (Ref 17)., Since Lt.
Stovall's thesis is classified SiZCRET, in accordance with AFR 205-1,
and its availability is therefore limited, enough of his work is
included in this report to assure continuity of thought, Because of
the complexity and number of the processes involved in these detona-
tions, this prediction method necessitates the use of a digital com-
puter., The problem encompasses many areas where experimental
evidence is not available; in these areas the best available theo-
retically predicted information is used, and where no theoretical
predictions are possible, the author has made approximations which he
believes are logical and appropriate. In order to understand better
the calculations necessary to make the predictions for any of the
reactions of interest (U-235 thermal neutron fission; U-235 fission
spectrum neutron fission; Pu-239 thermal neutron fission; thermo-
nuclear neutron fission), a brief review of the typical reactions and
processes which are taking place will be helpful.

When a compound nucleus fissions, it splits into two fission
fragments and emits a number of neutrons, depending on the nucleus
undergoing fission and the energy of the neutron causing the fission.

After a large number of such fission events, a plot showing the
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statistical assembly of the fission products according to their masses
exhibits the familiar "double humped" shape., This curve indicates the
percent of the [ission product assembly characterized by each mass
number. In many cases these curves have been determined experi-
mentally. In this study the mass chains with atomic weights of 77
through 159 will be considered. In each mass chain there are several
different chargze values (atomic number) which can be foriied, They
are formed in varying amounts which can be predicted by a theoretical
anproach; each of the members of each of the chains then decays
according to the radioactive decay law. Since the fission products
are in general neutron-heavy, these decays are accomplished by the
emission of beta particles, Each of the members of the mss chain
may erit one or several beta particles which leave the resulting
nucleus in a variety of excited states which then decay to the ground
state by the subsequent emission of one or more gamma rayse. In beta
decay the beta particles are observed to exhibit a spectrum of
energies characterized by a well defined upper limit, referred to as
the end point energy. This beta spectrum for each individual beta
decay is predictable by use of the Fermi theory of beta decay.

Therefore, to predict the gross beta spectrum of a mixture of
fission products at any time of interest following the fission event,
it is obvious that a great deal of information must be available
experimentally or through theoretical means, This information con-
sists of first, the percent of the gross mixture of fission fragments
which are contained in each of the mass chains; second, the percent
of the total chain yield which is accounted for irurediately after

fission by each member of the chainj; third, the structure of each
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decay chain including all branching ratios; fourth, the decay con-
stants of each member of the chain; and fifth, the number and energy
of the different betas by which each isotope decays and the end point
energies of these beta decays.

Previous Work in This Area

The first effort to attempt to solve this problem took place in
1958 (Ref 14). The approach used consisted of taking the then avail-
able data from Bolles and Ballou (Ref 1) concerning the time dependent
activity of the fission products from thermal neutron fission of U-235
and then using the current information concerning the decay schemes
and half lives for the fission products and solving the decay equa-
tions to give the spectra. The time period over which the calcula-
tions were made was from 31,2 minutes to 119 years., No apparent
effort was made to predict the spectra at shorter times, There also
was no attempt made to theoretically predict or estimate any of the
unknown data,

The next attempt to solve this problem occurred in 1961 (Ref 12).
This effort contained a more thorough attack on the experimentally
unknown data, In treating the isotopes with unknown decay schemes,
however, the authors considered that all of the available energy was
taken by the beta particle and none by the gamma emission from excited
states of the resultant nucleus. This approach was taken in order to
arrive at an upper limit for the high energy portion of the. spectrum.
The results of this effort were presented as graphs of total beta
activity per fission versus time, the percent of total beta activity

versus beta energy, and the number of beta rays per fission per
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eneryy interval,

The most recent effort in this arca is presently being conducted
by the U. S. Naval Radiological Defense Laboratory (Ref 8). The main
purpose of the work is to develop a ucans to predict the radiological
properties from fractionated nuclear or thermonuclear weapon debris.
In the course of developing this prediction model, it was necessary
to develop a prediction metnod by which the abundances and activities
of all of the fission product nuclides could be calculated. A great
many of the assumptions made by Stovall and in this thesis arc identi-
cal with those made by the researchers at the U.3.N.R.D.L., especially
in the arcas of chain and isomeric yield determination, partition of
yield among isomeric pairs, and solution of the decay equations, It
will be interesting to compare the solutions arrived at by both groups
of researchers.

Results Obtained

Briefly this paper has taken the prediction method developed
earlier (Ref 17) and improved its accuracy, efficiency, and versa-
tility. Its versatility has been enhanced by the inclusion of a
fourth type of fission; U-235 fission spectrum neutron fission. Its
efficiency has been improved by the inclusion of the computer programs
of the exact solutions to the differential equations describing the
isotopic decays. The efficiency has also been improved by the
development of a method by which the thermonuclear fission case can
be treated in a completely unclassified manner, thereby allowing the
widest dissemination of the prediction method, its results and con-
clusions., As a result of this wide dissemination it should be

possible to more easily obtain independent critical analyses of the
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method and its results, The accuracy of the method has been Luproved
by the incorporation of new data concerning the half lives, the decay
paths, and the beta decay schemes of the individual isotopes. In
addition to these improvements, this paper also reports on a method
which, although it has not yet yielded any useful results, should
allow the determination of the percent of the total energy available
in an isotopic decay which is accounted for by beta decays.,

Report Presentation

The remainder of this report will discuss the topic areas in the
logical sequence indicated in the preceding discussion, Chapter II
will consider the experimental evidence available, and the theore-
tical techniques used, to predict the distribution of the fission
products according to the mass chains and also the distribution of
the fission products formed within each mass chain, Chapter III will
discuss the charactsristics of the decay chains and how their time
dependence is solved, Chapter IV will present a discussion of the
theory by which the individual spectrum associated with each beta
decay is computed, for the isotopss with known decay schemes, and
will present the estimation technique with which those isotopes with
unknown decay schemes will be dealt. Chapter V will then describe the
procedures by which all of these calculations are brought together by
the computer codes which have been developed and how the end product,
the time dependence of the beta spectrum, is obtained, Chapter VI
will present the results obtained in this study and will discuss the
limitations on these results, This chapter will also present a

discussion of the utility of tiis rescarch, and its prediction
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technique, to the Air Force and to the rest of the scientific
community and also suggest areas in which further effort on this
problem may be fruitfully directed. The mass chain yields for the
four types of fission considered in this report are contained in
Appendix A. Appendix B contains all of the data pertinent to the
decay schemes for mass chains numbers 77 through 159. In appendix C
are found the FORTRAN listings, the definitions of all variables used,

and the flow charts for the computer codes developed for this report.
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II. Chain and Isotopic Yields

lass Chain Yields

One of the basic pieces of information necessary for the solution
of this problem is the percent of the total number of fission frag-
ments which are formed with each atomic weight, This data is con-
tained in what are commonly known as mass yield curves, The shape of
the mass yield curve varies as a function of the fissioning nucleus
and the energy of the neutron causing the fission. In Fig. 1 are
presented the mass yield curves for (1) thermal neutron fission of
U-235; (2) fission spectrum neutron fission of U-235; (3) thermal
neutron fission of Pu=239; and (4) thermonuclear neutron fission.
(Ref 18:17-37) (Ref 6:7-15) The values for the mass chain yields per
10,000 fissions for each of the casesare presented in Appendix A,
From the shape of the mass yield curves for the four different cases,
it can be seen that the trough area rises and the twin peaks widen as
the energy of the fission causing neutron increases. It can also be
observed that the curves are approximately symmetrical about a uass
nuaber equal to approximately one half of the mass number of the com-
pound nucleus (the sum of the mass number of the nucleus undergoing
fission plus the mass of the fission causing projectile) less the mass
of the prompt neutrons emitted in the fission process.

Isotopic Yields

Once the mass chain yields are known, the next problem area is
the apportionment of this yield among the various isotopes which make
up tiis mass chain, The theory which will be used to predict the

isotopic yields in tinis report is the one proposed by Glendenin which
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is b¢sed on the postulate of equal charze displacement (.. C.D)

(Ref 9:489-515), (Ref ,:646-63)., Its initial assumption is that the
most probable charse formed in fission (Zp) for any atomic mass is
equally displaced from the charge of maximum stability (Z;) for both

the light and iLhe heavy fragments,

‘(ZA - Zp)| Light fragment = I(ZA - ZP)I Heavy fragment (1)

The particulars of this theory are described in completeness in
an earlier report (Ref 17). The result of this theory, as modified
by Wahl (Ref 4:649), is the prediction of the fraction of the mass
chain yield which is initially formed as each member of the mass
chain, This isotopic yield distribution curve as a function of the
distance of the isotopic charge from the most probable charge is pre-
sented in Fig. 2. The curve is seen to be Gaussian in nature out to
an absolute value of (2 - Zp) of 2,2, and exponential in form from
there out to an absolute value of (2 - Zp) of 4.0.

Therefore, the problem then becomes one of calculating the value
of Zp for each of the four types of fission under investigation.
Empirical values for Zp have been calculated for U-235 thermal neutron
fission using Wahl's approach., Using these U-235 thermal neutron
fission values of ZP as reference values, a means by which the Zp
values for any other type of fission could be calculated was desired
A term A Zp was defined:

A Zp = Zp (fission type of interest)

~Zp (U-235 thermal neutron fission) (2)

which could be calculated by two equations:
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Az = 1/2(2,-92) - 0.19(A,~236)

+ 0.19(24-2.5) (3)

and,AZP = 1/2(zc-92) - 0.19(Ac-236) + 0.19(0.12[3*_01]

1l

S
Il

I

%
i

&

+le2.5): where (4)

the nuclear charge of the compound nucleus

the mass of the compound nucleus before the emission

of prompt neutrons

the number of neutrons emitted when the compound nucleus
breaks into fission fragments

0.12E + C

1
excitation energy of the fissioning nucleus after bombard-

ment

5+ 02

the energy of the projectile causing fission

Cl and 02 = constants being defined for the various fission

processes as:

Nucleus C, C2
Pu-239 2.9 6.38
U-235 2.5 65
U-238 265 6s5
By use of igs (3) and (4), the values forAZP for the fission types

of interest were determmined, except for the case of thermonuclear

fission.

Previously, (Ref 17), this case was handled by considering

the contribution to the yiecld from eacn of the two isotopic forms of

11
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uranium which make up the thermonuclear device. The inclusion of
this data caused the report to be classified. In order to allow the
widest dissemination of this report, it was decided to calculate the
value of:ﬁZP for the case of thermonuclear fission considering an
average fissioning nucleus.

Besides its disadvantage of being classified, Stovall's method
is not rigorously correct in using the experimental data (Ref:6).

It assumes in calculating the U-238 thermonuclear[kzp that the value
of 74 is 3.0 and likewise for thz U-235 thermonuclearZXZP. In both
of these calculations the choice ofz/% = 3,0 is taken from the
symmetry in the mass yield curve of Crocker, Fig. 1. However, this
value of‘L& is only expressly valid for, and was calculated from, the
gross assembly of fission products from the thermonuclear fission of
a mixture of U-238 and U-235, Therefore, unless the value of 7% is
independently equal to 3.0 for both the cases of U-235 and U-2338
thermonuclear fission, then both of the calculated values of 4 Zp are
incorrect,

The method which was developed to determine a single value for
AZP for the thermonuclear case rested on the fact that the sum of
the mass numbers of the lizht and heavy fission fraguents plus tne
mass of ths promxpt neutrons amittsd in fission equals the mass of
the compound nucleus. Also, .mowledge that the thermonuclear fissile
matsrial is a combination of only uranium isotopes allowed the
deterinination of the value of Zc as being 92. A small computer pro-
sram was developed which picked the mass yield corresponding to an
integer mass numbaer on one side of the mass yield curve and then

searched the other side of the mass yield curve for the complementary

12



GNs/Phys/65=3

mass number with the identical yield, In this way all of the equal
yield mass combinations were found, summed, and an average was com-
puted, This average was therefore equal to the mass of the compound
nucleus after emission of the three prompt neutrons as reported by

Crocker, This yielded a value for Ac of 239, Using these values of

Z Ac’ and yT in 2Zq (3) an unclassified value for thermonuclearAZP

c,
was determined, The values forllZP for the four cases of interest

are presented in Table I,

TABLE I
Values of ZP
Fissioning Nuclide Neutron Energy (E) Y A2
< S
U=-235 Thermal (0,025 ev) 2.5 0
U=-235 1 Mev 2.7 0.023
Pu-239 Thermal (0.C25 ev) 2o 0.316
(Thermonuclear Thermonuclear 3.0 ~0.475

Mixture)

Isomeric Pair Formation

In some instances it is possible for two isomeric states of the
same isotope to be formed. At present there is no method available
which will predict the relative amounts of the two isomers that are
formed initially in fission, In this study, the arbitrary, simpli-
fying assumption of a 50-50 split is made. This will be discussed
further in the discussion on possible future work in the further
refinement of the whole prediction method,

Since the chain and isotopic yields must be calculated only

13
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once, for each type of fission, this data is computed and put on
punched computer cards by a small computer program and used as input
data in the main program, Simple linear scaling can be used to allow
the use of any fission yield weapon. The present method assumes a

nominal 1 MT fission yield.

14
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IIT. Decay Chain Characteristics

Decay Chain Solutions

The solution of the beta spectrum as a function of time after
fission requires the knowledge of the amount of each isotope of
each mass chain which is present at any time after fission and also
its activity. The decay chains for the mass chains of 77 through
159 are presented in Appendix I (Ref 10%l5). Once the amount of
each isotope initially present is known then the problem becomes one
of solving the radioactive decay equations. Stovall (Ref 17:33-36)
used a numerical method to solve the differential equations arising
from the radioactive decay laws to determine the concentration of
" each isotope at the times of interest. This method had the severe
practical drawbacks of: (1) taking a sreat deal of computer time;
(2) taking progressively longer times to solve for times of
interest which were very large; and (3) the answer arrived at was
only approximate and the error accumulated the further the time of
interest was from the time of fission. It was therefore decided
that for increased flexibility and accuracy, it would be profitable
to spend the necessary time to solve and program the exact solutions
to the differential equations.

Once the decision was made to solve the equations exactly, it
became necessary to decide which of two methods should be used. The
first method considered involved the construction of a conglomerate
decay chain which contained within it all of the different decay chain

combinations which occur in the mass chains 77 through 159. It then

15
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would be possible by setting certain branching ratios equal to zero,
to synthesize any of the actual decay chains. This conglomerate decay
chain whon once constructed then would have to be solved exactly for
each of its members., It was decided that this method was both too
complicated to solve in the time period alloted and furthermore was
too inflexible for use in case some new decay chain was encountered
which was not contained in the conglomerate decay chain.

The second method considered, and the one which was actually
utilized, consisted of reducing all decay chains to an arithmetic
summation of straight chain decays. For example, the decay path of

mass chain 77 is schematically presented in Fig. 3.
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The calculation of the concentration of A, B, or C which is present
at any time is a relatively simple application of the radioactive
decay laws. The concentration of D is computed by considering a four

member straight decay chain with Pl percent of the contribution of
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isotopes A, B, and C and 100 percent contribution from D, The con=-
centration of =, which is a different isomeric state of D, is the
swi of the contributions of the five mewber straignt chain of A, B,
C, D, and & and the four meuzber straight chain A, 8, C, ¢. In the
five iiember chain the contribution from A, B, and C are nmultiplied

by the product of Pl and P,; and in the four member chain, the con-

4

tribution from A, B and C are multiplied by P2. In sumaing these two,
care must be taken to see that the decay of the isotope = is only
considered once, The concentration of F is likewise a combination of
three straight chains: The five member chains A, B, C, D, F and A,
8, C, 3, F; and the six member chain A, B, C, D, i, F. Zach member's
contribution is of course weighted by the appropriate branching p=r-
centages, As can be seen, this method involved the initially large
task of determining all of the different paths which can lead to the
formation of each of the isotopes contained in each of the 33 decay
cnains, and the correspondingly tedious task of putting this infor-
mation on punched cards which can be accepted by a digital computer,
The maximum length straight cnain waich occurs in the decay
chains as presented in Appendix B is ten. Fortunately, the solution
for a straigint chain decay of any length folliows a predictable, though
involvad form, which increases greatly in length for each additional

memoer in the chain, The eguations to be solved are of the lormas

i TR U D W ) (5)
ar. ii i-1 i-l1
where: X\ = the decay constant of the isotope = 1ln2
- T 1/2

L
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T, = half life of the isotopes
1

The familiar solution for a single uember decaying is:

N =N_ e (6)

t

where: Nl = the concentration of the isotope at time

Ni = the concentration of the isotope at time = o

X

the decay constant of the isotope as defined above

t = the time of interest

The solution for the second member of a two member chain is:

-\t - Aat =
. = + € ) + N e gk

Og=2) (4= 2)

(7)

The solution for the third member of a three member chain is:

_)\lt —Azt -—)(}t
g = Ay BN (ot - . el )
O AJOR) B a)OR) OG0 )

=Moot -Aqt “\at
”2NZ(<32) e3x3+N;eB
)\3°>\2 ()\2- 3

(8)

18
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As can be seen, the lensth of the solution increases very rapidly.
The solution for the tenth member of a ten member chain contains ten
ma jor terms, the first term of which consists of ten members each
with a denominator made up of the product of nine differences, the
second term consists of nine members each with a denominator made up
of the product of eight differences, and so forth, All of these
solutions were written out, programmed for the computer, and the
computer program cards prepared, Since the types of sources to be
considered by this code are nuclear and thermonuclear explosions,
the equations were solved assuming an instantaneous, non-t.ime
dependent source term., This implied that the values of Ng in the
equations were those concentrations of the isotopes calculated as
being initially formed in fission, as described in the previous
chapter,

Estimation of Unknown Half-Lives

The method used to predict half-lives for thosec isotopes for
which no measured value exists is the same one used previously.

(Ref 17:23-25),
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IV, Theory of Beta Decay

Description of Beta Decay

In the process of beta decay, the nucleus undergoing decay cmits
a beta particle and an antineutrino. This causes the resultant
nucleus to increase its charge by one unit. In this decay process,
the mass number of the original and final isotope is considered the

same, This process is presented in equation form bclows:

I eeeseveds THL. g & 0 (9)
]

(SAEh |

Since the decay process involves a three body problem with the final
nucleus, beta particle, and antineutrino; it is not possible to pre-
dict a monoenergetic value for the enerzy of the beta particle,
Rather, since the atomic mass difference between the initial nucleus
(ZAA) and the mass of the final nucleus (Z+§A) represents the total
kinetic energy available for partition between the beta particle
(_lpo) and the antineutrino (OU ©), the process of beta decay can be
characterized by the instance in which practically all of this kinetic
energy is possessed by the beta particle and essentially none by the
antineutrino, This maximum kinetic energy is commonly referred to as
the beta end point energy (Z.P.E), The observed beta particle
energies therefore form a spectrum starting at zero energy and ex-
tending to a maximum value, the beta end point energy. The shape of
this beta spectrum has been studied and a theory by which it can bve

calculated and predicted has been developed by Fermi (Ref 7:548-62),
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The mathematical derivation of the Fermi theory was discussed in
Stovall's report and will not be reproduced here, The spectral shapes
predicted by this theory correspond to what is known as "allowed"
transitions, There are other spectral shapes observed experimentally
which are known as "forbidden" transitions. The terms "allowed" or
"forbidden" transitions do not indicate whether or not these modes of
decay are any more or less likely to occur in nature; they simply refer
to those transitions whose spectral shapes are directly predicted by
the Fermi theory and those whose spectral shapes are modified ver-
sions of the spectral shapes predicted by the Fermi theory.

Shape Correction Factors

In order to produce the actual spectral shapes for the forbidden
transitions, a set of correction factors are used (Ref 11:557-8);
these correction factors are commonly known as spectral shape factors.
The determination of the degree of forbiddeness of any specific beta
decay and therefore the determination of the appropriate correction
factor to be applied to the results of the Fermi theory is accom-
plished by the calculation of a "log ft" value. The mathematical
expression for the calculation of this "log ft" value (Ref 17:64) is
a function of the atomic number (2), of the nucleus undergoing decay,
the maximum beta energy of the decay (E.P.E.), and the half-life
(T%) of the decay,

Table II lists the log ft values and the appropriate shape
factors (Cft)‘ In the shape factors, the following definitions apply:
€==Eyhb02 where E = total energy of the beta (kinetic + rest mass),
B = rest mass of the beta, ¢ = speed of light; and g = Emax/hbcz

where E max = Tﬁax + To’ Tmax = maximum kinetic energy of the beta
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(3PsE.), and T, = rest mass energy of the beta.
Therefore, in the calculation of the beta spectrum due to any
single isotope in any of the mass chains, the following steps are

taken, Consider the hypothetical decay scheme in Fig. 4.

Fig. 4

Beta Tecay Scheme

Consider first the beta decay characterized by an E,P.E, of 1,C Mev,
The first thing which is done is to compute the spectral shape by the
Fermi theory., Then the log ft. value is computed, the appropriate
shape factor determined, and the spectral shape is then modified by
this shape factor. The same procedure is followed for the beta decays
with E,P,E.'s of 2,0 and 3,0 Mev, When this is done, then the
spectral shapes for these three betas are weighted according to the
percent of the decays going by each route and swmmed, This sum is
then normalized to give an area of one under the conglomerate spectral

curve, This result is then referred to as the normalized spectral
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shape for the decay of isotope A to isotope B,

Treatment of Isotopes with Unitnown Decay Scihcnics

In the case in which only the identity of the initial and final
isotopes are known, the respective half-life values are either known
or estimated, and the scheme of beta decays by which isotope A decays
to isotope B is not known, an approximation technique is employcd. A

quantity o,

O
B
T
where EP = The total beta-antineutrino cnergy (E.P.E.)
ET = The total disintegration energy
as defined above, is used in which the value of E is taken to be the

T
difference in the atomic masses of isotopes A and B, Stovall

(Ref 17:54) used two different empirical mass formulas, the Cameron
(Ref 2:1021-32) and the Coryell (Ref 3:305-334). No attempt was made
to show that one or the other of these mass formulas was superior to
the other, A method to do this is presentzd in the section on the
discussion of possible future work in the further refinement of the
whole prediction technique., The Coryell mass formula was employed in
the actual calculations since it yielded solutions which agreed well
with the available experimental data,

For unknown decays, therefore, the value of the mass difference
between the parent and daughter isotopes in the decay was multiplied
by the value of & to determine the hypothetical beta E.P.H, By this
method, the parent isotope is assumed to decay by one beta to an

excited state of the daughter isotope. By assuming one value of X
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for all isotopes with uninown decay schemes, it was illustrated that
a value of & = 2/3 satched the observed experinmental data fairly well,
This was the valus of & used in the computer prozrans,

It was deccided that one of the :ain objectives of tiis roscarch
would be the discovery of an alternate technique by which the value
of & could be detecrmined. The approaches investigated did not lead
to any usable technique, although one showed sulficient promise of
being of value to warrant further work., The approaches investigated
are described below,

Alternate Approaches to the Determination of &

The first approach was to try to determine the variation of
directly as a function of half life, This was accomplished by con=
sidering all of the known decays contained in the &3 decay chains of
interest, For each of the known decays a value of & was determined.
For example, consider the decay scheme illustrated in Fig. 4. In

this case X would be determined as follows:

o« = (1.0) (5500 4+ (2.0) (,25) + (3.0) (.25% = L.705
(4.0) 4

A = 0.4375 (24)

A total of sixty-two points were calculated and plotted on a graph of
log T% vSe X o There was no observable correlation, It was therefore
concluded that there was no simple relationship bestween the hall-life
and the value of &,

The second approach was to attempt to find a correlation between
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the calculated values of & and the quantities \Z-AA\ and ‘Z-ZP\ for
the known decay schemes and assume that they would be valid for the
unknown decays. Plots were made in which all of the data was pre=-
sented on a single sheet and also in which the data were presented on
four sheets according to whether the decaying nuclide had values of

Z (number of protons) and N (number of neutrons) which were odd-odd,
odd-even, even-odd, or even-even, When the points were plotted, the
distribution was random,

The third method used to try to determine more rigorously the
value of X was suggested by a report prepared by James Griffin, of
the los Alamos Scientific laboratory, of the delayed gammas from
fission fragments (Ref 11), Although his method for theoretically
synthesizing the fission process was not considered to be as rigorous
as the method described in this paper and in Stovall's, the report
contained plots of the total decay energy per fission per second and
the gamma energy per fission per second from a time of approximately
1 X J.O-3 seconds to 45 seconds after fission for the cases of several
different fissioning nuclides. These theoretical plots compared well
with the experimental points he used,

By computing the difference between the total decay energy and
the gamma energy at the same times it was possible to determine the
beta energy per fission per second at any time of interest in the time
region covered by the original graphs. The desired result of this
approach was to be the determination of the value of X as a function
not of half-life but rather to determine values of X for a finite
number of half-life groups. To do this it was necessary to divide the

isotopes into six groups according to their half-life, as shown in
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Table I1I.
TABIE III

Half-Iife Grouping

Gp 1 o o >T1/2 > 67 sec
Gp 2 . 67 > T 1/2 > 21 sec
Gp 3 oy 21 >T 1/2 > 8 sec
Gp 4 x, 8 >T1/2 > 4 sec
Gp 5 qS 4 >T1/2 > 2 sec
Gp 6 o 2 *T102 > 0

By sumnming the products of the activity (Ac), the end point
energy (E.P.u.), and the appropriate value of  for all isotopes
with unknown decay schemes present at several times of interest, and
subtracting the contribution from those isotopes whose decay schemes
are known, it should be possible to create an overdetermined set of
equations with the values of the «'s as the unknowns. From the graphs
contained in the Griffin reports (Ref 11) the values of the beta
energy, for various times, was computed and a small computer progranm
was written to solve the overdetermined set of equations,

A set of thirteen equations, (Egs. 12 through 24), was generated
coinciding with thirteen values of the total beta energy calculated
from Griffin's plots. Zach equation represented the situation at one
particular tize, The times chosen were from 1 to 45 seconds after the
instantaneous fission event, The set of ecuations is presentcd below.
The values were calculated for one KT of fission and a cormon factor
of 1 x 10724 vas applied to each term in order to reduce the size of

the numobers,
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% C & A e A o A &
(see) 1 "1 2 3. & T -

1ot 3.42 + 7.04 + 3.28 + 5.46 + 26,1 + 72,5 + 54.4 = 136, (12)
1,55 3.45 + 6483 + 3.43 + 5.66 + 25,7 + 646 + 42,5 = 103, (13)
2.8 346 4 6,60 + 3,56 + 5.81 + 25,1 + 57.4 + 33.4 = 88,2 (14)
30t 3,48 + 6,11 + 3.73 + 6,00 + 23,6 + 14,8 + 20,8 = 67.3 (15)
Let 347 + 5.61 + 3,85 + 6,08 + 21,8 + 34.7 + 13.1 = 47.1 (16)
6oz 3,40 + 465 + 3,94 + 5,99 + 18.1 + 20.6 + 5.29 = 30,7 (17)
8e: 3.3 4 3.79 4+ 3.92 4+ 5.71 + Lhb + 12,1 + 2,16 = 244 (18)
10,2 3¢21 + 3.07 + 3.85 + 5.34 + 11,7 + 7.12 + .891 = 18,7 (19)
15,2 2,96 + 1.8L + 3.57 + 433 + 6,44 + 1,95 + .100 = 9.86 (20)
20,2 2.76 + 1,08 + 3.26 + 3443 + 3.51 + 564 + ,012 = 5.57 (21)
30.: 2.46 + J456 + 2,68 + 2,11 + 1,06 + ,06L +v,00 = 2,80 (22)
40e: 2425 + o257 + 2,21 + 1,30 + .330 + ,011 +~.00 = 1,90 (23)
1,52 (24)

L5.: 2,17 + .213 + 2,01 + 1.03 + ,187 + .CO7 +~.00

The term C, refers to the contribution resulting from the decays

X

of the isotopes with known decay schemes., This term is computed as:

N M
c, = i{Jl {Coni x >\i Jé‘i I:F'racij x E°P°E'i,jjl] (25)
Where Coni = Concentration of isotope i at the time of interest

%i = Decay constant of isotope i

Fracij = The fraction of isotope i which decays by a

specific end point energy.
E.P.E.ij = A beta end point energy by which isotope i decays.
N = The number of isotopes with known decay schemes
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M = The number of different betas by which the isotope
decayse.
The term C, is the constant derived from Griffin's Report

(Ref:11), and it is calculated as:

Cz = D.E. - G.EQ (26)
Where
D.E, = Total decay energy from fission
G.Fs, = Total gamma energy from fission
The terms in columns «l through <16 are computed as:
P
x = Con, , x M,D,, x A, (27
J i=1 13 1J 1] )
Where o = The alpha value in half life group j
J
Conij = Concentration of isotope i in half life group j which
decays in an uniknown manner,
xij = Decay constant of isotope i

hLD.ij = The mass difference energy between isotope i and its

decay product

In order to have a meaningful solution to the equations which
result from condensing the two constants, in other words one in which
the values of alpha range between zero and one, it is nécessary that
Cl be smaller than C,. This is the case in igs (12) through (22),
however, in the last two equations the opposite is true, This

occurrence forces the solutions to contain negative values for some

of the alphas.
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There are several vossibilities which could account for this
anparent discremancy. The Tfirst is the data used to calculate C2.

The gamma energy data is reinforced by the experimental points with
which it is compared; however, the total decay cnerzgy curve is not
reinforced by experimental data, Upon trying to check on the refercence
given by Griffin for this curve it was discovered that the original
work was presented in German and no translation was available in the
time remaining for the research,

The second possible explanation for the discrepancy is based on
the half-life prediction method, Iif this prediction method, which
was originally done by Bolles and Ballou (ilef 1), predicts half-lives
which are too short, it would cause the concentration of those
isotopes which are included in Cl to be higher than it should be, By
increasing this concentration, the value of C; as calculated by 1q(25)
would increase and overwhelm the value of CZ'

The lack of computer time available and the lack of time remain-
ing in the resea:ch period precluded doing any [urther work in this
area, In view of the difficulties encountered in this effort, it ray
be that the solution to this problem may have to await further cexperi-

mental evidence,

30



GNE/Phys/65=3

V. Spectrum Calculations

Method of Solution

As explained in Chapter II, the initial concentration of the
fission products from any of the types of fission considered is com-
ruted and put on punched cards, Then the normalized spectral shapes
for all of the isotopic decays contained in all of the eighty-three
decay chains are computed and stored on magnetic tape. These two
data records are then combined by a program which puts this data on
another magnetic tape which compiles the explicit data needed to
solve problems involving any of the four types of fission seperately.
Therefore, in order to solve a problem it is only necessary to use
this data tape as input into the program, described in Chapter III,
which contains the exact solutions to the differential equations
resulting from the radioactive decay law., By these means it is no
longer necessary to compute the isotopic yields and the spectral
shapes each and every time a problem is to be solved as was necessary
using Stovall's programming arrangement (Ref 17), This reduces the
running time necessary on the computer from approximately an hour for
a typical problem to twenty minutes to prepare the composite data
tape one time only and thereafter only six minutes per problem. This
time advantage becomes much greater if the time after burst at which
the spectrum is desired is much longer than five or ten minutes,

This is true because in the previous method using the NDA subroutine
(Ref 17:34-=36) the iterative solution had to start at zero time and
proceed to the time of interest by small incremental steps while the

present program uses the exact solutions to the differential
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equations with the time of interest used as a simple variable.
A schematic presentation of the data used and the means by which

the spectrum is calculated is presented in Fiz. 5.

lass Yield Curve + Glendenin B,D,C, Theory — Isotopic Yields

Decay Chain Data + Fermi Theory + Shape Normalized Spec-
Factors + Empirical lass Foriaulas —> tral Shapes

Isotopic Yields + Normalized Spectral Composite Data
Shapes for all Types of Fission ———> Tape

Composite Data Tape + Decay =quations —meee—e—— s Total Fission
+ Parameters of Specific Problems Spectrum of
Specific Problems
Figs §

A Summary of the Beta Spectrum Calculations
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VI. Results and Conclusions

Results

Predictions of the time dependant beta spectrum at various times
for the four cases of fission are presented in Figs. 6, 7, 8, and 9.
At the present time, predictions of the spectrum resulting from high
altitude detonations are based on the steady-state fission spectrum
of Uranium 235 (Ref 20). The shape of this spectrum is shown on Fig
6. At the early times, it represents fairly well the high energy
portion of the spectrum, but grossly overestimates the low energy
portion. At late times it does a fairly accurate job of representing
the low and medium energy portions of the spectrum but leads to an
overestimation of the hirch energy portion. Therefore, depending on
the time after fission when the beta particles become trapped by the
magnetic field, the predicted spectrum will be in error at either the
low or high end.

In order for any prediction to be useful, it is most desirable
that its result should compare favorably with an independent source.
In this case the independent source is the experimentally determined
results of West (Ref 19). The graphic comparisons are presented in
Figs. 10 through 16, and are discussed below.

Conclusions

In comparing the predictions of the model with the experimental
results, it is very important to consider exactly how the two results
were obtained. The method by which the experimental data was obtained
is very poorly described. In a telephone conversation with West made

in the Fall of 1964 by Stovall, it was discovered that the data
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Instantaneous Spectra for Pu-239 thermal neutron fission
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reported for 1.04 seconds was obtained by irradiating the sample for
1/2 second, waiting for 1/2 second :nd then counting over a 1/2 second
period. Likewise the second set of data was obtained with a one
second irradiation, one second wait, snd a one second counting period.
The exact method by which the remaining sets of data were obtained

was not made clear during the conversation. In order to synthesize
this experimental approach with the prediction metihod, it was
necessary to make some assumptions. Since the prediction method
assumes instantaneous formation, it was assumed that this occurred at
the middle of the exposure time. A series of instantaneous spectra
were calculated at times ranging from 3/4 to 1 1/, seconds after for-
mation. These instantaneous spectra were integrated using the trape-
zoidal method. The results are presented in Figure 10, The areas
under the predicted points and under West's points were computed using
the trapezoidal rule and West's points were adjusted to yield the

same area. The factor by which West's points had to be divided was
designated as C, In the first instance the value of C was 2.99. The
same procedure was followed for the second data set yielding a value
of C of 1.42.

When the exposure or measuring period is small compared to the
waiting period, the data sets should agree well with the instantaneous
spectrum. This hypothesis was tested by plotting the instantaneous
spectra at times used by West against the experimental points. Once
again the value of C was computed. For the times of 298, 147, and 78
seconds the values of C ranged between 1.30 and 1l.51, a consistent
difference between theoretical and experimental results. At 39

seconds the value of C = 1.66 which tended to suggest that the
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hypothesis was not valid at this time. The comparison at 18.9 seconds
supported this belief since the value of C = 2,76.

It is encouraging to note the close agreement between the pre-
dicted spectra and the adjusted experimental points. In order to
make a more thorough analysis of the comparisons it is imperative
that the exact method by which the data points were obtained be
determined. Unfortunately West never published a full report of his
work, only an abstract. Further suggested areas of work which could
improve the making of comparisons are presented in the section on
recommended areas for further effort.

Applications of the Results

In addition to the academic knowledge of the beta spectrum as a
function of time after fission, the predictor method has an important
practical usefulness as a research tool.

In recent years much has been learned about the phenomenon of
trapped radiation in the area of outer space near the earth. The area
in which this trapped radiation plays an important role is also an
area in which many scientific and military manned and unmanned
satellites are now traversing and are programmed to be using in the
future. While the beta particles, which may be trapped as a result
of a high altitude or near earth space nuclear or thermonuclear deto-
nation, will not themselves constitute an appreciable direct hazard
to satellites traversing this region, their interaction with the
structural materials of the siell of the satellite can result in an
appreciable X-ray dose as a result of bremsstrahlung reactions,

The predictor model described in this report can be used, with
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minor changes in the output section, to supply data which can be used
to further other research studies in the field of nuclear weapon
effects., One problem to which this method can address itself concerns
the study of fission fallout following a nuclear or thermonuclear
detonation. In the study of this problem one of the basic items of
information necessary is the composition of the nuclear debris at the
time that condensation begins. By use of the predictor program, the
concentrations of each of the isotopes formed directly in fission and
their subsequent decay products can be determined. By a knowledge of
the yield of the device, the temperature at which different elements
solidify, and the time history of the temperature of the fireball, it
should be possible to determine the concentration of each of the
radioisotopes at the time of solidification and therefore to determine
the composition of the fallout at its start.
Recommended Areas for Further Effort

Although the predictor model as presented in this report gives
the beta spectrum as a function of time, there are still many areas
in which it can be substantially improved in terms of accuracy and
flexibility.

The first area is the continuing effort to update the.input data.
As more and more decay schemes and nalf-lives are inserted into the
program to replace unknown decay schemes and predicted half-lives,
less and less importance will have to be placed on the empirical mass
formulas and on the assumed value of A, In conjunction with this is
the incorporation of new data which may show that certain isotopes

do not =ppear in the decay schemes shown in Appendix A, It would also
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be of -reat assistance if some theoretical method could be developed
to predict the fraction of initial yield which is accounted for by
each member of the isomeric pairs. It was shown by Porile (Ref 16)
that in the formation of such isomeric pairs the member with the
higher spin state is usually formed in a greater amount. The deter-
mination of the ratio of formation, however, has not been refined to
such a state, and complete experimental evidence has not been
sufficiently obtained to justify discarding the 50-50 hypothesis.
Some recent papers (Ref 5 and Ref 13) also indicate that the 50-50
split used in this paper is incorrect.

The second area concerns the choosing of a single empirical mass
formula for use with those very short half-life isotopes for which
no decay scheme is now known, and for which no decay scheme will
probably be found. A comparison could be obtained, and a choice made
between the Cameron and Coryell formulas in the following manner.

A spectrum could be obtained for a time of interest at which the
activity of those isotopes with unknown decay schemes is very small.
Since practically all of the isotopes which fall into this category
have short half-lives, this would mean picking a time of interest of
perhaps ten minutes, Next a similar spectrum could be obtained
except that in this case all of the isotopes will be considered to
have unknown decay schemes and the empirical mass difference deter-
mined by one of the mass formulas should be multiplied by the value of

in order to determine the E,P.E, and tnerefore to determine its
spectrum, This procedure should be followed using each of the mass

formulas and the results compared with the first spectrum obtained

L8
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using the known decay schemes, A comparison of this type could give
a sound basis by which one of the mess formulas could be eliminated
in future work in this field.

The third area of future work is in the area of making the pre-
dictor more flexible. As it now stands, the source is considered to
be of an instantaneous nature., This is of course the correct approach
to take when considering a nuclear or thermonuclear weapon detonation.
However, since the validity of this model is ultimately based upon its
comparison with the available experimental data; it is not un-
reasonable to attempt to adapt the model so that it duplicates, as
closely as possible, the conditions under which the experimental
evidence was obtained. In the experimental cases the fissioning
material was not exposed to an instantaneous burst of neutrons but
rather a steady source of neutrons., This means that the fission
occurred at an approximately constant rate over a finite time interval.
In the comparison which was made with West's data (Ref 19) this
exposure time was one-half of a second. In this case the assumption
of instantaneous formation does not appear to be gross; however, in
some of the later measurements this exposure time became long enough
so that an appreciable amount of decay took place, thereby making the
assumption that the decay started with the isotopic concentrations
typical of instantaneous formation in error. To correct this defi-
ciency, it is recommended that the differential equations of the
radioactive decay law be solved considering a constant rate production
term. This will have the added advantage of allowing the predictor
method to also handle the problem of fission product inventory in a

nuclear reactor.
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The eoquations wiich must be solved ure of the form:

dN, _
i1 =XAN + R (28)
dt 1 e i

The solution for the one and two member chains are shown in Egs

(29) and (30).

-y
N = ﬁ; (1-e lt) (29)
E
1
- At )
om0 el e Arty Lo.ehh B
kg 3 i3 Aa

As was the case in the solutions of the decay equations considering
instantaneous formation, the solutions become very long very quickly.
The fourth area of recommended effort concerns the problem of

computing the integrated beta spectrum. Solution of this problem
would also add to the flexibility of the program. As in the example
of the West data, the experimental evidence available as to the beta
spectrum is not measured instantaneously but rather over a finite
time interval. In order to simulate this for purposes of comparison,
the present method calculates the instantaneous spectra at msny times
durin~ this period and sums them. By integrating the exact solutions
to the differential equations, an admittedly tedious but relatively

simple task, it would therefore, be possible to duplicate the exact
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conditions under which the experimental evidence was obtained.

After the recommended improvements discussed above are incorpo-
rated into the predictor model, the next logical step would be to
attempt to combine this program with existing programs which predict
the extent to which the beta particles can be expected to be trapped
by the earth's magnetic field. The results of such a predictor model
could then be used in other programs which compute the radiation
dosage, dose rate, and physiological or physical effects of the
bremsstrahlung radiation on the ecuipment and/or personnel in the

satellite.
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Appendix A

Chain Yield

TablelV Mass Chain Yields/10* fissions
A U-235th U-235 f.sp. | Pu-239th T, N,
77 0.8249 4,.8235 0.5223 1.05
78 2.0098 7.6204 1.1745 2.02
79 5.5622 11.9882 2.4580 3.66
80 9.4156 18.7126 4.8151 6.97
81 14.1037 30.6543 95527 10,53
82 24.1998 427472 16 5159 2348
83 54.2830 77 .2805 29.0089 50.12
84 100.5002 91.5459 46.7012 78.21
85 131.0524 121.9460 54.0153 110.3
86 201.0324 172.7850 75.8235 14543
87 249.0276 250.7498 90.8349 186.5
88 356.8627 343.5819 140,3722 226.7
89 471.7097 421.6817 171.1613 268.0
90 572.0288 507.3745 223.6839 308.8
91 582.5530 552.4071 289.37/1 366.8
92 597.6441 581,9531 308.6625 411.0
93 643.5574 609.3539 395.6414 470.9
94 638.5754 619.5415 445.8155 504.0
95 625.7403 627.0754 499.3532 5104
96 625.5302 635.8294 514.2104 521.7
97 608.0432 614.4070 558.6327 532.4
98 578.6314 613.3496 581.2419 540.2
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Table IV (con't)
A U-235th U-235 f.sp. '5;;;5§££"“" é;'N:“ ]
99 606.6487 619.9075 609.0357 B4
100 630.2021 609.5064 706.0404 5425
101 502.6711 595221/ 587.1927 532.2
102 (11,8747 498.5613 596. 4574 5101
103 297.8291 293.8295 5598567 490.4
104 180.0420 170.8505 588.1182 433.2
105 90.4322 101.6695 518.0615 389.2
106 39.2247 61.0513 454..1944, 335.1
107 19.0766 35.5966 343.8860 275.6
108 7.0038 24.4014 255.2132 220.8
109 3.0077 14.8411 138.3521 155:5
110 1o 0AAT 10.9786 74.6542 193
111 1.8092 T«2152 22.9635 4R2.17
112 1.0008 41761 11.9365 29.99
113 1.6046 4.0181 12.0233 26.03
114 1.3736 3.9115 5.4930 26.02
115 1.0990 3.8252 4.0780 25.02
116 18525 3.7743 3.7349 24.90
117 1.1002 3.7600 3.5823 2455
118 1.4236 3.7812 3.5265 24.09
119 1.4176 3.8413 3.5885 24.53
120 1.4091 39397 3. 72817 24.83
121 1.4061 4.0615 43421 25.03
122 1.5075 6.2118 L1449 25.23
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Table IV (con't)
A U-235th U-235 f.sp. Pu-239th Tie ol
123 1.6146 9.4494 56251 25.96
124 1.7807 13,1158 6.9888 30.09
125 2.1619 20.9510 9. 4606 L 12
126 3.1930 34.3669 16,3245 79.04
127 13.0052 47,2269 38.4008 155.6
128 37.4850 711708 84.5268 220.9
129 80.2351 126.9981 169.0715 277.9
130 198.8415 213.6048 268.7451 334.2
131 293.1623 366.3871 375.8085 389.9
132 438.0352 503.8890 520.7085 434.5
133 658.0632 553.6068 684.5557 4910
134 803.3213 590.6258 T4t 2233 5123
145 646.9588 614.6103 708. 4287 531.8
136 6/41.2265 639.7539 657.9431 5425
137 614.9160 640.8418 659.2099 545.6
138 h73.6294 629.9629 628.5799 541.6
139 652.4180 614.5107 5841377 53244
140 642.5670 594.2453 859.7313 522.1
141 643.8075 585.0948 530,9185 509.8
142 611.8407 562.0456 497.8704 497.8
143 602.7411 535,204 454.2741 L1245
144, 5515730 508.7896 388.4964 410.7
145 395.3681 406.6189 309.1452 363.6
146 308.2233 322.3120 259.5084 308.8
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Table IV (con't)

A U-235th U-235 f.sp. | Pu-239th T.N.

147 237.1949 234.3551 205.9887 2674
148 171.0584 181.0381 169.1711 227.3
149 112.9712 111.8032 131.3564 186.9
150 63.6805 78.8216 99.6577 145.6
151 44,2537 53.398/ 79.7632 110.6
152 217.8603 35.6057 61.3763 78.06
153 17.1238 21.3461 36.8504 49.67
15/, 7.6331 13.4208 28.9538 22.49
155 3.2602 7.1121 22.9694 10.48
156 1. 4096 2.5408 10.9796 6.98
157 0.7729 1.7284 7.5613 3.68
158 0.2015 0.8382 4.2266 2.02
159 0.1047 0.3461 2.0957 1.06

From Ref 18:17-37

Ref 6:7-15
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APPENDIX B

Nuclear Decay Schemeg

This appendix contains the information necessary to describe
the paths by which the isotopes formed in fission decay and the
beta decay schemes for all of the known decays. The half-lives for
the isotopes are given in seconds with those isotopes whose half-
lives are only estimates identified by an asterisk. As described
in Chapter III, the mass differences as computed by the Cameron and
Coryell formulas are included for use in computing the spectral
shapes for those isotopes with undetermined beta decay schemes. In
the description of the beta decay schemes the first number given is
the E.P.E., in Mev, of the beta particle and the number in paren-
thesis is the percent of the total number of isotopes which decay
by emitting beta particles with this E.P.E. In the decay diagrams,
the vertical arrow connecting two isotopes with the same atomic
number indicates an igomeric transition and this is indicated by
the letters IT in the descriptions of the decay schemes. When
branching occurs in the decay diagrams, the percentage going by each
route is indicated by the small number close to the decay path to
which it applies. Where no percentage is given it is implied to be

100 percent.
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770

a20e;

%
50 34%
as%
290U 3p24n—3,Ga aghs—3,Se
>%

.Y

a2Ges
Half-lives (sec): Magg Diff.(Mev): Cameron Coryell
Cu 1.5 % Cu——~7Zn 10:5 9.63
Zn 3.5 % Zn —— Ga 8.36 7.92
Ga 15 * Ga — Ge 5.49 5.01
Ge, 54 Ge —— As 311 3.30
Geg 3.96x10% As ——Se oL <593
As 1.4x10°
Seg stable
Decay Schemes:
Cu—— Zn Undetermined
Zn — Ga Undetermined
Ga —> Ge, Undetermined (50%)
Ga —> Ge, Undetermined (50%)
Ge,——As 2.7(16%), 2.9(48%), IT (36%)
Ge,—As .38(3%), .76(15%), 1.2(11%), 1.3(4%), 1.56(24%),

2.12(29%), 2.27(14%)

As —Se .16(2.8%), .438(2.7%), .684(94.4%)

59



GNE/Phys/65-3

78.

290U—7pIn——f, Ga —mmGe——znAs —3x Se

Half-lives (sec):

Cu 1.8 =

Zn Do D i

Ga g8

Ge 7.56x10°
As 5.46x10%
Se stable

Decay Schemes:

Cu——7n
Zn——-Ga
Ga-——->Ge
Ge ——As
As—>Se

Mass Diff.(Mev):

Cu > /n
n — Ga
Ga —>Ge
Ge ——As
As ——>Se

Undetermined
Undetermined
Undetermined
.9 (100%)
4.1 (50%), 1.4 (50%)

60

Cameron

13.8
6.72
8.9%
1.28
4450

Coryell

13.6
5.61
9.04
1.03
4. 46
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790

290U —7pIn—p, Ga —7»Ge—3yls

Half-lives faec):

Cu s
Zn 1+5
Ga hie'S
Ge 25
As 540
Se1 234

Se, 2.205x10t 2
Br stable

Decay Schemes:

Cu Zn
Zn——Ga
Ga Ge
Ge As

As———»Se1
Se;— Br

) X X 3k

asSe

Se

34772

Mass Diff.(Mev):

Cu——17Zn
‘Zn—Ga
Ga—— Ge
Ge——As
As—— Se
Se——Br

Undetermined
Undetermined
Undetermined
Undetermined
2.2 (100%)
.160 (100%)

61

35,

Br

Cameron

12.1
10.0
7.32
4.77
268
.358

Coryell

103
9.61
&5 Tl
5.07
2.40
«327
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80.

290U 354n—31Ga—33Ge —3zAs —33 Se

Half-live sec) Mass Diff.(Mev): Cameron Coryell
Cu 1 % Cu—7Zn 16.% 15.2
Zn L5 # Zn Ga 8.37 T2
Ga 3 * Ga Ge 1046 107
Ge 25 * Ge As Fed3 2Tk
As 15 As Se 6.17 6.22
Se stable

Decay Schemes:

Cu Zn Undetermined

Zn— Ga Undetermined

Ga Ge Undetermined

Ge——"rAs Undetermined

As— Se Undetermined
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81.
3456
j;?
soln—zyGa—73,Ge éaAs\\ as
so%
\\W
345€3
Half-live sec) s Mass Diff.fMev):
Zn l.5 # Zin—Ga
Ga 2 * Ga —> Ge
Ge 7 * Ge —> As
As 33 As —> Se
Se, 3.42x10% Se—* Br
Seg 1.08x10°%
Br stable

Decay Schemes:

Zn—> Ga
Ga —> Ge
Ge —>As
As—> Se

As —> Se,

Seg— Br

Undetermined
Undetermined
Undetermined
Undetermined (50%)
Undetermined (50%)
1.38 (100%)

63

Cameron

13.0
8.99
6.45
4e54
2.03

Coryell

11,3
8.54
6.73
4.32
a3l
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82.

3oZn 31 Ga 372Ge 3'3AS 37458

Half-live ec): Mags Diff.(Mev): Cameron Coryell
Zn il ¥* Zn —> Ga 12,3 9.12
Ga 15 Ca — Ge 13.6 12,7
Ge 5 % Ge —> As 481 4.76
As 18 * As—>Se 7.86 8.32
Se stable

Decay Schemes:

Zn—> Ga Undetermined

Ga — Ge Undetermined

Ga —> As Undetermined

As—> 8e Undetermined
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83.
345€; aekT)

s/ \ /
s a0 ﬁiGaﬁGe—ﬁAs\ asBr

“\ /

asSez aekTs

Half-lives (sec): Mags Diff.(Mev): Cameron Coryell
7n i In——> Ga 14.5 12.6
Ga 1.5 % Ga——> Ge 12.9 9.85
Ge 2 ¥* Ge ——>As 9.4k 8.29
As 7% As ——> Se 6.22 5o 3
Se, 1.5x10% Se — Br 3.74 3.7
Se, 69 Br —= Kr 177 Ll
Br 8.64x10°
Kr, 6.84x10%
Kr, stable
Decay Schemes:
Zn——s Ga Undetermined
Ga —— Ge Undetermined
Ge —— As Undetermined
As —> Se, Undetermined (50%)
As —> Se, Undetermined (50%)
Se,—> Br 1.5 (100%)
Se;— Br 1.5 (10%), 3.4 (90%)
Bp ==»Kz. .91 (20%), .96 (80%)
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84
37Br1

50’ \
alGa'—E"aGe—s?AS—sTse< aekr

so%\

asbTr2

Half-live ec): Mass Diff.(Mev): Cameron Coryell
Ga 1 * Ga—— Ge 151, 14.0
Ge 1.5 % Ge —=As 8.72 6.11
As L% As——Se 10.9 9.73
Se 180 Se——Br 2:10 1.83
Br, 3.60x102 Br——Kr 5.10 845
Br., 1.92x10°
Kr stable
Decay Schemes:
Ga Ge Undetermined
Ge ——As Undetermined
As—sSe Undetermined
Se ——Br, Undetermined (50%)
Se —Br, Undetermined (50%)
Br,——Kr .80 (20%), 1.9 (72%), 3.2 (8%)
Br,——Kr .5 (3%), 77 (19%), .98 (2%), 1.39 (14%),

1.81 (1 5%), 2.80 (15%), 3.83 (14%), 4.68 (32%)
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85-

askry

s1%

3,08 —7nGe —5zgAs—7ySe

Half-1live sec):

Ga
Ge
As
Se
Br
Krl
Kr,
Rb

8 %

l 3*
43

39
1.8x102
1.584x10%
3.28x10°
stable

Decay Schemes:

Ga—— Ge
Ge——As
As ——Se
Se——Br
BI‘—»KI‘I
KI‘I——’ Rb
Kr,——»Rb

38Br 19% a, ib

aekTs

Mags Diff.(Mev): Cameron

Ga ——Ge
Ga ——As
As —— Se
Se ——=Br
Br——Kr
KI‘—-Rb

Undetermined
Undetermined
Undetermined
Undetermined

2.5 (100%)

.824 (81%), IT (19%)
15 (.7%), 672 (99.3%)

67

Coryell

i
9.84
7.32
5.40
3.08
1.16
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86.

3306 —ggAs—gnSe—— Br— e Kr

Half-lives (gec):

Ge L5 #

As 2 ¥

Se 16

Br 54

Kr stable

Decay Schemeg:

Ge ——As
As ——»Se
Se —+Br
Br——sKr

Mags Diff.(Mev):

Ge—— AS
As— .+ Se
Se— . Br
BI‘——-KI‘

Undetermined
Undetermined
Undetermined

3.0 (33%), 5.0 (33%), 7.1 (33%)

68

Cameron

10.7
12.4
6.03
8.12

Coryell

Ta5T
112
3.39
7.06
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87.

a2Ge —gpAs— 3 Se —xBr —eKr—JRb

Half-live sec): Mass Diff.(Mev): Cameron Coryell
Ge i * Ge— As 13.2 Ll.4
As 155 5 As—— Se 121 9.17
Se 16 Se ——Br 8.28 731
Br 55 Br—— Kr Tl 505
Kr 4.68)(10‘5 Kr ——=RDb 405 3.19
Rb stable

Decay Schemes:

Ge — As Undetermined

As—— Se Undetermined

Se——=» Br Undetermined

Br ——Kr 2.6 (70%), 8.0 (30%)

Kr —Rb 1.25 (25%), 3.3 (10%), 3.8 (65%)
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a83.

saGF—ghe— Se—— S Br— R kr—= Rb——%.5r

Half-lives (sec): Mags Diff.(Mev): Cameron Coryell
Ge 1 Ge — > As 11.8 9.30
As 15 % As——=3Se 1436 13.0
Se 2.5 % Se——«Br 7.99 52
Br 16 Br— < Kr 9.67 8.97
Kr 1.01Xx10% Kr—>Rb 3.35 1.18
Rb 1.08x10% Rb ——Sr Bel Jyell9
Sr stable

Decay Schemes:

Ge —— As Undetermined

As —+ Se Undetermined

Se——5 Br Undetermined

Br —— Kr Undetermined

Kr — = Rb .52 (70%), .9 (10%), 2.7 (20%) '
Rb — Sr 34 (68), 2.5 (14%), 3.4 (4%), 5.2 (768)
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89.

33 3aoe3EBr—geKr—33 Rb—3Sr—3%Y

Half-lives (sec): Mass Diff.(Mev): Cameron

As 1,5 3¢ As—— Se 13152

Se 2 % Se —— Br 10.5

Br 4e5 Br——Kr 9.38

Kr 192 Kr——+Rb 5.60

Rb 900 Rb —— Sr belB

Sr 4.36x10° Sr — Y 1.0

Y stable

Decay Schemes:

As —— Se Undetermined

Se Br Undetermined

Br — Kr Undetermined

Kr Rb 2.0 (35%), 3.9 (65%)

Rb — Sr 4 K28}, 6T (28%), 1.17 (3%),
1.61 (53%), 2.87 (5%), 3.92 (7%

Sr—-Y 1.463 (100%)

i

Coryell

11.0
9.14
6.93
512
3.41
1.00

§.33 (2% )
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90

50%

34Se 35Br ggKr 37Rb

Half-lives (sec):

Se l.5 #*

Br 1.6

Kr 33

Rb 1%4

Sr 8.86x108
Y 2.31x10°
Zry .8

Zr, stable

Decay Schemes:

Se Br
Br—sKr
Kr——Rb
Rb —% 81

SI'——»Y
¥ = &y
Y —zr,

aaor asx\\

50%

%

402473

Mass Diff.ﬁMev}:

Se——Br
BI‘—, Kr
KI‘———-)Rb
Rb——Sr
or Y

Y —7r

Undetermined
Undetermined

3.2 (100%)

1.2 (15%), 2.21 (19%), 4.4 (158), 5.81 (15%),

6.59 (39%)
. 544 (100%)
2.27 (50%)
2.27 (50%)

7

Cameron

9ol
119
5432
6.74
Tl
225

Coryell

6.87
10.6
2.89
6.66
-1.09
2.68
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91.

agl1

sok
3‘Se——a-gBr s5Kr a-be 3SSr\ 02T
a?

N

)
Half-live ec): Mags Diff.(Mev): Cameron Coryell
Se 155 % Se—— Br 1253 107
Br 2 * Bri——s Kr 10.5 85T
Kr 10 Kr—.Rb 7.85 6.80
Rb 72 Rb———Sr 6.45 513
Sr 3.49x10* B Y 2.98 2.76
T, 3x10° Y—Zr 1.56 1.19
X, 5.10x10®
Zr stable
Decay Schemes:
Se ——Br Undetermined
Br ——Kr Undetermined
Kr—Rb 3.6 (100%)
RDb Sr 4.6 (100%)
Sr— Y, 1.09 (29.5%), 1.36 (29.5%)
Sr—— 1Y, .61 (78), 1.09 (3%), 2.03 (4%), 2.67 (27%)
Y, —~2r .33 (.3%), 1.54 (99.7%)

73
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92.

asBT —guKr— g3 Rb——gSr——5¥—7n 2r

Half-lives (sec): Mass Diff.(Mev): Cameron Coryell
Br 1.5 * Br ——Kr 13,7 12.3
Kr 3 Kr——Rb 6.48 R
Sr 9.72x10°% Spe—u ¥ 2,70 648
i 1.27x10% I 3.83 L5
Zr stable

Decay Schemes:

Br —» Kr Undetermined

Kr——Rb Undetermined

Rb —— 8 Undetermined

A, 545 (90%), 1.5 (10%)

Y — 2Zr 1.26 (9%), 1.75 (3%), 3.60 (88%)

Th
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93.

4130,
25
aeKr =35 Rb— Sr——p Y ——5 Ir
767
|

4105
Half-live ec): Mass Diff.(Mev): Cameron Coryell
Kr 2 Kr-—s Rb 9.67 8.25
Rb 6 Rb——Sr 7:62 6.61
Sr 498 Sr——-Y 527 he27
Y 3.64x10* Y —»7r 2:.55 2.73
Zr 1.2x10% L= Nb . 499 -.120
Nb, 1.17%x10°
Nb2 stable
Decay Schemes:
Kr ——-Rb Undetermined
Rb Sr Undetermined
Sr—+ Y Undetermined
¥ — Zp <45 (-15%), .71 (1-8%)) 1.47 (-9%), 1095(3%)’

2.62 (3.9%), 2.89 (90%)

Zr — Nb, .034 (25%)
Zr —Nb, .063 (75%)

75
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e

38Kr——-37Rb——>383r———>39Y——;°Zr

Half-live ec): Mags Diff.(Mev): Cameron Coryell
Kr 15 Kr——RDb 7.95 6.:34

Rb 3 Rb——Sr 10.8 10K2

Sr 78 Sr——Y 387 2450

N 1.2x10°% Y —Zr 6.10 6:.34

Zr stable

Decay Schemes:

K¥r— s Rb Undetermined
Rb —— Sr Undetermined
Sr — Y Undetermined
Y —=7r 5.0 (100%)

76
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95.

418by

/2%
asKr—s'e Rb——5¢Sr 3,BY 4,,..,Zr\ 4210
93%

LY

410z
Half-live ec): Mass Diff.(Mev): Cameron Coryell
Kr l:3 * Kr——3.Rb 1 9.79
Rb 2 * Rb——Sr 9.10 8.19
Sr 48 STe—uY 707 5.89
Nb,  3.24x10° Nb——Mo 1.09 -590
Nb, 3.02x108
Mo stable
Decay Schemes:
Kr——— 35 Rb Undetermined
Rb ——Sr Undetermined
Sr——-Y Undetermined
X ey Zr Undetermined
Zr — Nb, .885 (2%)
Zr —Nb, .360 (42%), .396 (55%), 1.13 (1%)
Nby — Mo .160 (99%), .93 (1%)

r
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96.

SGKr —3% Rb—-—s'gsr —“Y—tO Zr—-—;rNb———;gMo

Half-liveg (gec): Mags Diff,(Mev): Cameron Coryell
Kr .8 Kr——Rb 9.21 7.66
Rb il ¥ Rb—— Sr 123 115
Sr 2.5 % Sr—»Y 5u.35 3.90
Y 138 Y —7Zr 793 7.76
ir stable Zr—— Nb ek .138
Nb 8.28x10% Nb—— Mo 3.63 4.00
Mo stable

Decay Schemes:

Kr—— Rb Undetermined

Rb—— Sr Undetermined

Sr—-»Y Undetermined

Y — Zr 3.5 (100%)

Zr — Nb No transitions - Shielded Nuclide
Nb — Mo .37 (8%), .7 (92%)

78
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97,

418by
a, Rb 33 Sr—33Y 20T 42Mo

41Nby
Half-live ec): Mass Diff.(Mev): Cameron Coryell
Rb 1 o Rb——=S8r 1:0i:/: 9.89
Sr 1.5 * Sr—— ¥ 8.53 7.63
Y 5 # Y e Zp 622 6517
Zr 6.12x10% Zr ——s Nb 462 3.91
Nb, 60 Nb —— Mo 2.28 2.5
Nb, 4.32x10°
Mo stable
Decay Schemes:
Rb —— Sr Undetermined
Sr—=Y Undetermined
Y —sZr Undetermined
B N .45 (10%), 1.91 (90%)
Nb, —» Mo .93 (1%), 1.267 (99%)

12
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98.

3, Rb—355T —3%Y Tolr— i Nb—pMo
Half-lives (sec): Mass Diff.(Mev):
Rb o # Rb——= Sr
Sr i i * Sr—» Y

Y 2.5 % Y — 7Zr
Zr 60 Ir——— Nb
Nb 3.09x10° Nb—— Mo
Mo stable

Decay Schemes:

Rbe==s St Undetermined
Sr Y Undetermined
Y ——»7r Undetermined
Zr — Nb Undetermined
Nb —— Mo 3.1 (100%)

80

Cameron Coryell
13..9 132
6.64 5.66
9.40 9ie 5l
2.91 1.96
5.48 5081
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99.

3sST 3ol 20l1
Half-live ec):
Sr i *

¥ 1.5 #

Zr 30

Nb 144

Mo 2.38x10°%
Te,  2.16x10*
Tes 6.63x10**
Ru stable

Decay Schemes:

Sr——» Y

Y ——7Zr
Zr —— Nb
Nb —— Mo
Mo ——Tec,
Mo — Te,
TC3—~> Ru

431C2

Ma Diff.(Mev):

Sr——Y

Y —2r
Zr Nb
Nb —— Mo
Mo ——T¢c
Tc—»Ru

Undetermined
Undetermined
Undetermined
3.2 (100%)
45 (4%)

.45 (10%), .87 (1%), 1.23 (85%)

.292 (100%)

81

44

Ru

Cameron

10.1
Ts5l
6.09
378
1.97
-+227

Coryell

933
7.90
5.67
Lol
2.01
.583
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100.

> _Mo

Te

3sST—3p Y 30lr—, Nb

Half-lives (sec):

Sr
Y

Zr
Nb
Mo
Te
Ru

l ¥*
1.5 %
3.5 3
180
stable
16

stable

Decay Schemeg:

42 43

44

Ru

Sr ——=Y

D Zr
Zr ——Nb
Nb —— Mo
Mo ——Tc
Te ——Ru

Mags Diff.(Mev): Cameron
Sr—Y 8.11
Y —7r 110
Zr — Nb 4«20
Nb — Mo 6.97
Mo — Tc «265
Tec —=Ru 2.99

Undetermined

Undetermined

Undetermined

3.1 (45%8), 3.5 (45%), 4.2 (10%)

No transition - Shielded Nuclide

2.2 (33%), 2.89 (33%), 3.37 (33%)

82

Coryell

il
11,0
3.49
7.36
-.125
3.7
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101

35T —3pY 26 lr— No—pMo——3Tec—73,Ru

Half-live ec): Mass Diff.(Mev): Cameron Coryell
Sr ol B Sr—Y ity 10.6

Y 1, 0% Y —Zr 9.00 9517

Zr 2.5 # Zr —— Nb 772 6.98

Nb 60 Nb——Mo 5.08 5459

Mo 876 Mo—— Tc 3.46 3.40

Te 840 Tec——Ru 1.28 2.01

Ru stable

Decay Schemesg:

Sr —Y Undetermined

Y ——7r Undetermined

Zr——Nb Undetermined

Nb—— Mo Undetermined

Mo ——Tc .6 (3%), .7 (38%), .8 (13%), 1.2 (11%),
1.6 (25%), 2.23 (10%)

Te———>Ru 1.07 (8%), 1.32 (92%)

83
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102

Zr Nb

39 40

Half-lives (sec):

Y 1.2 #
Zr 2 *
Nb 7
Mo 660
Ty R70
Tc, 5

Ru stable

Decay Schemes:

Y Zr
Zr——= Nb
Nb ——Mo
MO——>T01
Mo ——»TCB
Te;,— Ru
TCa-———-V Ru

50

\

43Tc

\,
/

Mass Diff.(Mev):

Y= ir
Zr——Nb
Nb ——Mo
Mo——Tc
Tc——=Ru

Undetermined
Undetermined
Undetermined
Undetermined (50%)
Undetermined (50%)
2.0 (100%)

4.1 (100%)

8l

Cameron Coryell
12 ol 1 24
5.70 L83
8.60 8.69
1557 127
4. 48 5.13
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103.

asfhy

39120 Zr——;le——z‘ Mo——>43Tc——*—“Ru
¥

45ty
Half-live ec): Mags Diff.(Mev): Cameron Coryell
Yy 1.0 #* Y ——7r 103 1044
Zr 1.5 # Zr —>Nb 9.12 8.27
Nb 4 * Nb ——Mo 6.58 6.91
Mo 25 # Mo Te 5.10 vl
Tec 72 Tec——Ru 2.60 3.39
Ru 3.46x108 Ru Rb S50 123
Rh, 3.42x10%
Rh, stable
Decay Schemes:
Y —>7Zr Undetermined
Zr——Nb Undetermined
Nb ——Mo Undetermined
Mo ——1Tc Undetermined
Te——=Ru 2.5 (100%)
Ru——Rh .10 (7%), .212 (89%), .71 (3%)

85
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104.

a9y —golr— No—gpMo—yTe——zRu

Half-liveg (gec):

Mass Diff, (Mev):
Y

Zr
Zr Nb
Nb Mo
Mo —— Tc

¥ 1 *
Zr g i %
Nb 3 %
Mo 60

Tc 1.08X10°
Ru stable

Decay Schemes:

Tec ——Ru

Y —1Zr
Zr —=Nb
Nb— Mo
Mo —Tec
Tc——Ru

Undetermined
Undetermined
Undetermined
Undetermined

2.4 (100%)

Cameron

13.5
7.04
10.0
3.08
6.12

Coryell

13.5
6.12
9.97
2.62
LN
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105,

458y

g%
er——'-“Nb———*‘aMo——;sTc—’“Ru “Pd
es%

% 4

osRi
Half-live ec): Mags Diff.(Mev): Cameron Coryell
Zr L2 Zr ——Nb 10.2 951
Nb 2 * Nb ——=Mo 7.93 8.18
Mo 40 Mo——=Tc 6.51 6.05
Tec 480 Tec——Ru 4.11 L l2
Ru 1.59x10% Ru——=Rh 241 2.59
Rh, 30 Rh——=Pd L 1.06
Rh,  1.296x10°
Pd stable
Decay Schemes:
Zr —~Nb Undetermined
Nb——sMo Undetermined
Mo —Te¢c Undetermined
Tec——Ru Undetermined
Ru —»Rh, 1.08 (5%)
Ru — Rh, 525 (5%), .915 (10%), 1.080 (25%), 1.145 (45%),

1.870 (10%)

Rh,—Pd .25 (10%), .565 (90%)
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106.

o lr— P Nb—pMo— 5 Te—— g Ru —gRh et d

Half-live ec): Masg Diff, (Mev) s Cameron Coryell

Zr 1 % Zr —Nb 8.29 .38

Nb Lsh % Nb —— Mo gl 11.2

Mo 4 % Mo — Tc Lis D 3.94

Tec 9 ¥ Te — Ru 754 7.76

Ru 3.16x107 Ru—— Rh .393 . 498

Rh 30 Rh —— Pd 3.85 432

Pd stable

Decay Schemeg:

Sr— s Nb Undetermined

Nb —s Mo Undetermined

Mo —sTc Undetermined

Tec —Ru Undetermined

Ru—- Rh .039 (100%)

Rh —-Pd 1.2 Lol 1.3 L300 1.5 L.50), 2.0 (20),
2.4 (11%), 3.0 (8%), 3.54 (78%)
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107.

Te

s0lT— No—Mo——

Half-livesg (gec):

Zr 9.6 %
Nb L Q%
Mo 2:5 %
Tec 270
Ru 252

Rh 1.30x10°
Pd 2.21x10%
Ag stable

Decay Schemes:

Zr——»Nb
Nb ——Mo
Mo —Tec
Tec—Ru
Ru —Rh
Rh —Pd
Pd——Ag

Masgs Diff.(Mev):

Zr ——Nb
Nb———Mo
Mo — Tc
Tc—— Ru
Ru ——Rh
Rh ——Pd
Pd —-rAg

Undetermined
Undetermined
Undetermined
Undetermined

3.0 (12%), 3.8 (9%), 4.0 (79%)
.9 (3%), 1.1 (13%), 1.2 (84%)

.035 (100%)

89

‘1Ru——73Rh——73Pd——75Ag

Cameron

1l:5
9.19
7.62
5.47
3.83
1.84
-0.102

Coryell

10.5
9.24
7.14
5.84
3.7
2.24
0.340
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108,

s No—paMo——xTo——aBu-——a Rh——mPd

Half-live ec): Mags Diff.(Mev): Cameron
Nb 1.0 * Nb — = Mo g1

Mo 2.0 * Mo — Te 5.70

Tc 3.5 Tc ——Ru 8.65

Ru 270 Ru ——Rh 1.76

Rh 1% Rh — > Pd 5.27

Pd stable

Decay Schemeg:

Nb — Mo Undetermined

Mo —-»Tec Undetermined

Te —=Ru Undetermined

Ru —>Rh 1.15 (28%), 1.32 (78%)

Rh —>Pd 3.5 (22%), 4.1 (17%), 4.5 (51%)

Coryell

12.3
5.16
8.96
1.80
560
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109.
esBhy  4ePdy MA%I
507
a1 No—zMo——3Te—Ru 5o
s0%
£ so% \ ;
esPfhz—8Fda 4,48
Half-lives (gec): Masgs Diff,(Mev): Cameron Coryell
Nb 1.0 * Nb——=Mo 10..4 1054
Mo 1.5 % Mo——»Tc 8.93 8335
Tc 2.5 * Tc——Ru 6.74 7.08
Ru 16 Ru——Rh 495 5.01
Rh, 50 Rh——Pd 3,21 3454
Rh, 30 Pd ——Ag 135 1.67
Pd; 288
Pd. 4.86x10%
Ag, 40
Ag, stable
Decay Schemes:
Nb — Mo Undetermined
Mo—Tc Undetermined
Te—Ru Undetermined
Ru—Rh, Undetermined (50%)
Ru—>Rh, Undetermined (50%)
Rh;—»Pd, 2.6 (50%)
Rhy—Pd, 2.6 (50%)
Pd;—>Ag, 1.025 (100%)
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SEHT

VoMo Te—Ru—3Rh——% Pd

Half-live ec): Mass Diff.(Mev): Cameron Coryell
Nb 0.8 * Nb———=Mo 1.3 . 13,2
Mo 10 Mo——Tc 6.95 6.08
Tc 2.0 # Te——Ru 9.97 9.86
Ru 10 * Ru——Rh 304 2.76
Rh 3.6 Rh——Pd 6.40 6.54
Pd stable

Decay Schemes:

Nb — Mo Undetermined

Mo — Tc Undetermined

Te — Ru Undetermined

Ru —Rh Undetermined

Rh —Pd Undetermined

92
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112,
33%
46Pd1_.47Ag1
so%
aaMo—3Tc —gRu——7Rh ee%/ 4sCd
50%\\ /
wfda A8
Half-lives (sec): Magg Diff. (Mev) : Cameron Coryell
Mo 1.0 *® Mo——Tc 9.96 9.24
Ru YA Riu-—— Rh 6:2% 5.94
Rh 12 % Rh——Pd Lel9 Lel9
Pd, 1.98x10% Pd —-Ag 2.46 2.64
Pd, 1.32x10° Ag ——Cd .886 .990
Ag, T4
Ag, 6.48x10°
Cd stable
Decay Schemes:
Mo — Tc Undetermined
Te —Ru Undetermined
Ru —Rh Undetermined
Rh —Pd, Undetermined (50%)
Rh —Pd, Undetermined (50%)
Pd,— Ag, .61 (328), IT (68%)
Pd,—sAg, 2.13 (100%)
Ag,—Cd .69 (6.2%), .79 (1.1%), 1.05 (92.7%)

93
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122%

Mo G Te— Ru tsRh—Pd—5 Ag 5 Cd

Half-lives (sec): Mass Diff.(Mev): Cameron Coryell

Mo T Mo ——Tc 8.08 6.99

Te 1.5 % Tc—— Ru 110 107

Ru 3 * Ru ——Rh 4.30 B L

Rh 7% Rh — < Pd Te 13 745

Pd 7.56x10* Pd ——=Ag s 551 . 426

Ag 1.15x10% Ag ——Cd 4.08 i

Cd stable

Decay Schemes:

Mo —Tc Undetermined

Te —sRu Undetermined

Ru-——=+Rh Undetermined

Rh— Pd Undetermined

Pd —Ag 28 (100%)

Ag —»Cd 2 (J8%), 1.22 (2.68), 1.34 (3.6%),
1 50 (1.8%), 1.61 (2%), 1.78 (4.4%)
2.01 (5.3%)) 2.20 (.6%), 2.57 (1.68),
2.63 (.9%), 2.73 (2.8%), 3.42 (18%),
4.04 (56%)

9
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13

4alC —gaflu—3Rh

Half-lives (sec):

Tc 52
Ru 2 *
Rh L %
Pd 90
Ag, 72

dg, 1.91xlc*
Cd,  4.41x10°
Cd, stable
In stable

Decay Schemes:

Tc —Ru
Ru —Rh
Rh—Pd
Pd —Ag,
Agy—Cdy
Cd, —In

rhey asCdy

09.90%

49In

v
\
4y ABa—1Cdy

Mass Diff (Mev): Cameron

Tec Ru 9.14
Ru—— Rh a3l
Rh —— Pd 5.76
Pd —Ag 3.79
Ag __Cd 2.18
Cd — In «253

Undetermined

Undetermined

Undetermined

3.3 (100%)

2.0 (100%)

.575 (100%)

95

Coryell

5.30
6.80
5.38
3.56
1.94
<324
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114.

43Tc——TzRu——T%Rh——TgPd——ijg——ugd

Half-lives (gec): Magg Diff.(Mev): Cameron Coryell
Te I on. Te—=——>Ril 124 ilizib
Ru Loi5r % Ru —— Rh Sl 4.58
Rh 3 * Rh —— Pd Bl T 8.29
PA 144 P4 —> Ag 1.82 1.36
Ag 5 Ag —— Cd 52 5RO
Cd stable

Decay Schemes:

Te ——Ru Undetermined
Ru——>Rh Undetermined
Rh ——Pd Undetermined
Pd —> Ag 1.4 (100%)
Ag —> Cd 4.6 (100%)

96
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1155

Ag Cd In

47i 48 1 49 1\
j;% asq \\\\ ///ﬁ 8¢
T R > > 73 37.65 96
43 - 44 " 45Rh ASPd % % % Sosn
729 l 99, /// \\\P
Ag—g—l%—> Cd 82.54 51In
a7 2 a8 2 a9 2

Half-lives (gec): Mass Diff (Mev): Cameron Coryell
Tec 0.8 #* Tc——Ru 10.5 9.62
Ru 1 * Ru——>Rh 8.67 T3
Rh 245 % Rh —> Pd 6.91 6.04
Pd 45 P4 —>Ag 484 bed5
Ag 20 Ag —>Cd 3.45 2.86
Ag, 1.26x10° Cd ——1In 1.60 127
Cd, 3.72x108 In——5n .158 .182
Cd, 1.987x10°
Lo, 1.58x10%
In, stable
Sn stable
Decay Schemes:
Tec——sRu Undetermined
Ru——>Rh Undetermined
Rh——>Pd Undetermined
Pd —>Ag Undetermined (28%)
Pd'———’Ag: Undetermined (72%)
Ag—>Cd_ Undetermined (28%), IT (72%)
Ag,—> Cd_ 2.75 (9%)
Aga——> Cdg 2.9 (91%)

Cd—— In
Cd—>In
Cdy—> Ing
i)y Sn

Lol

.2(.3%), .335(1%), .687(2%), 1.63(96.7%)

.59(24%), .63(12.5%
1.11(62.5%)

.84(5%), IT(95%)

), -85(1%)
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116.

ssfu—FRh—2%Pd oAg —43Cd

Half-live ec): Magg Diff. (Mev) : Cameron
Ru 1.5 # Ri=—=»Rh 6+77
Rh 2 * Rh——Pd 10.1
Pd 10 # Pd~——>lp 2.98
Ag 150 Ag — 0d 6.48
Cd stable

Decay Scheme:

Ru——=>Rh Undetermined

Rh=—=———=Pd4 Undetermined

Pd —>Ag Undetermined

Ag —>Cd 5.0 (100%)

98
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L1

4‘Ru

Half-lives (gec):

Ru 1.0 %

Rh L5 #
P4 5 *
Ag 66 *
cd,  1.15x10%
Cd;,  1.01x10%
In, 6.84x10°
In, 2.7x10°
Sn stable

Decay Schemes:

Ru——=>Rh
Rh =—>Pd
Pd —>Ag
Ag —>Cd,
Ag ~—%{ds
Cd;— In,

cd ;

48771 49

Cdy Ing

48 49

Mass Diff.fMev):

Ru——Rh
Rh ——>Pd
Pd ——Ag
Ag—>Cd
Cd ——>1In
In——>5n

Undetermined
Undetermined
Undetermined
Undetermined (50%)
Undetermined (50%)
1.0 (100%)

Cameron

9.81
8.24
6. 21
4.62
2.66

1.44

1.8 (70%), 2.3 (30%)

.95 (4%), 1.62 (24%), 1.77 (52%), IT (20%)

.74 (100%)

Coryell

8.53
715
b
379
2.21
1.13
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118.

PRt
safu—ggRh——2,Pd——5 Ag ‘ECQ\\\\\ /////;gSn

a1l
Half-lives (sec): Mags Diff.(Mev): Cameron Coryell
Ru il * Ru——Rh 7.80 6.37
Rh Lob % Rh——Pd 3 [ e 9.96
Ag 25 & Ag —— Cd 7.85 6.82
Ccd 3x103 Cd ——>1In .801 .089
In, 270 In—= Sn VR 3.68
In, 5
Sn stable
Decay Schemes:
Ru—-Rh Undetermined
Rh — Pd Undetermined
Pd —Ag Undetermined
Ag —Cd Undetermined
Cd —In, .8 (100%)
In,—Sn 1.5 (100%)
Ing—+Sn 3.3 (20%), 4.5 (80%)

100
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119,

4ERh._-—-‘BPd———tg’Ag

Half-lives (gec):

Rh al ¥*
Pd 3 L]
Ag 17 %
cd, 142

Cdg 570

In, 1.08x10°
In, 120

Sn, 2.16x107
Sny stable

Decay Schemes:

Rh——Pd
Pd —Ag
Ag —Cd,
Ag —.Cd,
Cd,—1In,
Cda——’lnl
In,—=Sny
In,—Sn,

Mass Diff.(Mev): Cameron

Rh——Pd 9.28
Pd——lg 7.36
Ag ——-Cd 5.96
Cd——1In 404
In Sn 2.62
Undetermined
Undetermined

Undetermined (50%)
Undetermined (50%)
Undetermined

3.5 (80%), 4.0 (20%)

1.8 (6%), 2.7 (90%), IT (4%)
1.6 (100%)

101
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120,

4010y

7
45D ——?ePd—?,,Ag —3:Cd so°n
so%

\ ‘

4910
Half-lives (sec): Mass Diff.(Mev): Cameron Coryell
Rh Lt Rh —— Pd 124 10.7
Pd 2 * Pd — Ag 5.36 4.07
Ag 6 * Ag — Cd 9.00 763
Cd 60 Cd ——=1In 215 .992
In, 3 In—->» 50 5.85 2e'55
In2 50
Sn stable
Decay Schemes:
Rh—— Pd Undetermined
Pd——Ag Undetermined
Ag —Cd Undetermined
Cd —1In, Undetermined (50%)
Cd —=+1In, Undetermined (50%)
In,—s5n 2.2 (100%)

102
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121,

45

Half-live

Rh 1.
Pd 1.5
Ag 4
Cd 210
In, 186
In, 30

Rh ——2gPd——7, Ag——,C

X % X

[+
(o]
R

e

5o

—_—
2

:;}n

PRE

Mass Diff.(Mev):

Rh——Pd
Pd——Ag
Ag ——Cd
Cd——1In
In——>5n
Sh——> Sb

Sosnl\
51Sb
soSng

Sn1

Sng
Sb

8.88x108
9.0x10*
stable

Decay Schemes:

Rh— Pd
Ag—Cd
Cd —1In,
Inl_.Snl
Ing, —~Sn,
Snl__> Sb
Sn2 —Sb

Undetermined
Undetermined
Undetermined
Undetermined (50%)
Undetermined (50%)
3.7 (100%)

2.9 (100%)

.42 (100%)

.383 (100%)
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Cameron

10.8
8.44
7.01
5.19
3,97
<427

Coryell

8.77
7.04
551
3.98
2.95
.918
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122.

‘GPd —‘;Ag ——TeCd——zsIn ——SBSH

Half-live ec): Mags Diff.(Mev): Cameron Coryell
Pd 1.5 # Pd ——Ag 6.92 494
Ag 3 ¥ Ag —> Cd 1041 Sl
Cd 40 % Cd —1In 3.20 1.90
In Te5 In——5n 702 540
Sn stable

Decay Schemes:

Pd—-Ag Undetermined

Ag —Cd Undetermined

Cd —In Undetermined

In —»Sn Undetermined
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123,
7In1 5t.,Snl

so \
46Pd———1bAg———;8Cd 519D

so%\\

a9 INg—3o5n,

Half-live ec): Mass Diff.(Mev): Cameron Coryell
Pd 1.5 * Pd —— Ap 9.32 7.85
Ag 2.5 % Ag ——Cd 8.57 6.34
Cd 9 * Cd ——1In 6.28 4.83
In, 36 In——5n 5.02 3.82
In, 10 Sn—— Sb 1.59 1281
Sn, 1.08x107
Sn,  2.40x10°
Sb stable
Decay Schemesg:
Pd —Ag Undetermined
Ag—Cd Undetermined
Cd-——-'In1 Undetermined (50%)
€d —In, Undetermined (50%)
In,—~Sn, 4.6 (100%)
In,—Sng 3.3 (100%)
Sn, —~Sb 34 (2%), 1.42 (98%)
Sn, —Sb 1.26 (100%)
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124,

‘ePd~——23Ag———78Cd———z§In———ngn

Half-lives fgec}:

Pd 1 *
Ag 2 &
Cd 10 *
In 20 ¥
Sn stable

Decay Schemeg:

Ag —,Cda
Cd —1In
In—5n

Mass Diff.(Mev):

Pd———aAg
Cd —=Tn
In—— Sn

Undetermined
Undetermined
Undetermined
Undetermined
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Cameron

TalF
11.0
L=l
g.11

Coryell

5.83
9.26
2.81
6.24
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125
ijfnl 52Te1
/;9% ;}%
‘7Ag-—180d———?§13\\ EISQ\\
so% 79%
%
50502 5218
Half-lives (sec): Magss Diff.(Mev): Cameron Coryell
Ag 2 % Ag — »Cd 9.45 7520
Cd 5 % Cd ——=1n 7.18 570
In 15 * Ife=—=sSn 6.60 1 70
Sn, 582 Sn Sb 2.69 2570
Sn, 8.12x10° Sb——=Te .837 .800
Sb 8.51x107
Te, 5.01x108
Te, stable
Decay Schemes:
Ag—Cd Undetermined
Cd —1In Undetermined
Ttz Bl Undetermined (50%)
In—s Sn, Undetermined (50%)
Sn,— Sb .65 (2.2%), 2.04 (97.8%)
Sng.-—xSh 37 A2.1%) s W4T 158) s ~95 (n18), L3 (1380,
2.33 (95%)
Sb— Te, .09 (5%), .118 (1.3%), .124 (6.4%), .295 (8.6%)
437 (1.3%), 612 {2.98)
Bt = Tey, .09 (1.7%), .118 (4.8%), .124 (24.6%),

.295 (32.5%), .437 (4.7%), .612 (10.7%)
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1263

EISbl
‘7Ag———zgcd———zgln———EBSn 58Te

v

sxsba
Half-lives (gec): Mass Diff.(Mev): Cameron Coryell
Ag 1.5 *® Ag—— Cd 11.9 10.0
Cd 3 # cd In 5.65 Tk
In 7 ¥ In——5n 9,01 7.02
Sn 6.30x102 Sn—— Sb 1519 .729
Sb, 1.14x109 Sb—— Te 3.93 404
Sby 1.08x10°
Te stable
Decay Schemes:
Ag - Cd Undetermined
Gd=—»1In Undetermined
In_—»5n Undetermined
Sn———oSb1 Undetermined
Sb,—>Te 1.9 (100%)
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127,

Ag

47 48

Half-lives (sec):

Ag 1 =
Cd Jo5
In 3 ¥
Sn 9.36x10°
Sb 3.2x10°

Te, 9.07x108
Te;,  3.35x10%
] stable

Decay Schemes:

Ag —Cd
€d —1In
In—55n
Sn —» Sb
Sb —* Te,
b —»Te,
Tel—-vI

Tea——bI

Cd ‘gln SBSn-———*

SISb 98.5% SSI

50%

Ly

521 €3

Mass Diff.(Mev): Cameron
Ag———» Cd 10.3
Cd — In 8.10
In—s Sn 7.48
Sn —— Sb 3.60
Sb — Te 2.42
Te—=>1 .738

Undetermined

Undetermined

Undetermined

Undetermined

1.50 (50%)

.80 (22%), .86 (6%), 1.11 (22%)

.73 (1.5%), IT (98.5%)
.27 (1%), .695 (99%)
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Coryell

1499
6.51
5453
3.55
1.67
.592
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128.
51/Sb1
/3%
de—@In—s)oSn\ 5310
97%\ /
51503
Half-liveg (gec): Mags Diff.(Mev): Cameron
cd 1 * Cd——In 6.50
In 2 0% In——> Sn 9.94
Sn 3. 12x10® Sn—> Sb 2,07
Sb,  3.46x10% Sb— Te 484
Sb, 600
Te stable

Decay Schemeg:

Cd——>In Undetermined
In—Sn Undetermined

Sn —Sb, Undetermined (3%)
Sn — Sby, Undetermined (97%)
Sb,—Te 1.0 (100%)

Sb,—> Te 2.9 (100%)
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Coryell

4.56
7.79
1.62

4.85
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129.

Cd——

‘an-———*

48 60

Half-lives (sec):

Cd g *
In 1315 %
Sn 3.60x10°
Sb 1.55x10%
Te, 2.85x108
Tey,  4.02x10°
1 stable

Decay Schemes:

Cd— In
In —s'Sn
Sn—— Sb
g~ le,
Sh—>1eay
Te,—1

Sn——2=,

61

2s?

76

1.87 (4.88), 3.32 (19.2%)
1.87 (15%), 3.32 (61%)
.3 (%), .7 (

Sb sas
%\\
521€2
Mass Diff.(Mev): Cameron Coryell
Ccd In 8.95 7.30
Thi=—===Sr 8.34 6.34
Sn—— Sb 453 4.38
Sbi—=—35'Te 332 2.52
Te — 1 1.65 1,46
Undetermined
Undetermined
Undetermined

3%), .99 (16%), 1.453 (80%)
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130.
7“)1

s0%
«eCd —g5In—=3 Sn\ sale———gz1 5ake

so%

51502

Half-live ec): Mags Diff.(Mev): Cameron Coryell
Cd 1 * 6d=—==1In 8.67 129
In L5 % In—— Sn 10.8 8.71
Sn 156 Sn—— Sb 2.94 267
Sb, 420 Sb —— Te 5.77 5.79
Sb, 1.98x10° Te — I +130 705
Te stable I —sXe 2571 1,02
I 4.5x10%
Xe stable
Decay Schemes:
Cd——1In Undetermined
In—Sn Undetermined
Sn — Sb, Undetermined (50%)
Sn —Sb, Undetermined (50%)
Sb,— Te Undetermined
Sby, —Te Undetermined
Te — 1 No Transition - Shielded Nuclide
T === .6 (47%), 1.02 (53%)
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131

1 54%€)

\% %

B
A

LY P

53l €2 54Xz
Half-liveg (gec): Mass Diff,(Mev): Cameron Coryell
In 1.5 * In——%Sn 10.5 7.46
Sn 204 Sn——Sb 5539 551
Sb 1380 Sb ——Te 4.18 3.66
Te, 1.04x10° Te —1 2459 2.61
Teg 1.5x10° I ——Xe 1.19 1,16
T 6.96x10°
Xe, 1.04x10°
Xey stable
Decay Schemes:
In——35n Undetermined
Sn —Sb Undetermined
Sb—Te, Undetermined (15%)
Sb — Te, Undetermined (85%)
Te,—>1 .215 (3.6%), .420 (43%), .570 (30%),

20457 (4.48) y IT (19%)

Tl 1.15 (10%), 1.36 (5%), 1.68 (25%), 2.14 (60%)
I e, .25 (1.4%), .33(4.6%), .606 (43.7%), .81(.3%)
I —Xe, .25 (1.4%), .33 (4.6%), .606 (43.7%), .81(.3%)

113



GNE/Phys/65-3

132.

eoIn—goSn—53Sb —gpTe——73 I—5y Xe

Half-lives fsec) s Mass Diff.(Mev): Cameron Coryell
In 1.5 % In——~5n 135 9 hd,

Sn 132 Sn——— Sb 5.12 3452

Sb 126 Sb—— Te 6.63 6.56

Te 2.81x10° Te——1 1.00 .640

I 8.28x10° I ——Xe 3.65 3.68

Xe stable

Decay Schemes:

In——5n Undetermined

Sn ——Sb Undetermined

Sb — Te Undetermined

Te—»1 .22 (100%)

I —Xe .80 (21%), 1.04 (15%), 1.22 (12%), 1.49 (12%),

1.61 (21%)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>