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ABSIRACT

Schemgtic diapcans of the decay chains for the Tiesion droducts of
ureaium and plutonium are presented, with half-lives of the nucliden,
brancl:ing fractions, and literature retferences. The updated data were
obtained from a review of the literatuce th:rough February 1957.
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SUMMARY

The Problem

Precise descripiions of “he genetic relationships in fission-
product decay chains, as well as half-life valu.s for the radionuclides
comprising the chains, sre required for the calculation of the redia-
tion properties of fission-product mixtures.

Findings

Accurate knowledge of these properties is required in assessuents
of the consequences of reactor operations and accidents, nuclear weapon
testing, and nuclear warfare. Updated individual redionuclide data
were obtained by review of the literature through February 1967. The
information is presented in schematic form, along with literature

references.
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INTRODUCTION

The neutron fiesion of uranium or piutonium produces several hun-
dred radionuclides, moatly beta-emitters, telonging to about 90 mass
chains, Calculation of the radiation properties of fission-product
mixtures as & function of time requires precise descriptions of the
decay chains, including the parent-Caughter r-lationships of the nuclides,

the branching fractions where the chaing are branched, and the half-
lives of all the nuclides.¥*

This kind of information has been generated and/or collected at
this laboratory and utilized in computer calculations of fission-product
aburddances and activities for several years. An early version of the
decay chains was published in Ref. A. Many of the half-lives in that
version were estimated and some chain-branching fractions were arbitrar-
ily assigned. Also, a sizable number of metastable states among the
figgion products were not knowm to exiet at that time. The appearance
of Katcoff's (Ref. B) and Stehn’c (Ref. C) chain data led to considerable
improvement. In 1964, & new version (Ref. D) of the fission-product
decay chains, based largely on the decay svhemes through 1963, in the

Nuclear Data Sheets (ND3), see Ref. F, was prepared for use in this
Laboratory.

Tre coliection of new deta has continued and a large number of
changes has accumulsted since 1963. These were incorporated into the
decay chains, of which the latest versions are presented here.

SOURCES

The list of references is divided into (1) general references,
which are cited by the letters A through F; and (2) numbered refer.nces,
which were sources of specific items of information. The decay chains
and the data as presented evolved via References A, B, C, and the NDS

data sheets, except where indicated by parenthesized citations of the
scurces in the specific reference list.

*The independent yields of the nuclides are required as well, but these

sre not ireated here. Predicted independent yielids for several fission
types can be found in Ref. T1.
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The data collected since 1963 which have been incorporated into
this presentation were accumilated by regular and systematic perusal of
perioiicals and reports in the nuclear science field. The pertinent
information tends to appear in a handful of major journals, as a cursory
examination of the list of references will confirm, and it is believed
that most of these were considered. A crosscheck with the 1964 and 1966
Recent References of NDS has provided welcome reassurance that no very
sizable body of publication was overlooked. Another crosscheck was
provided by the reference list (through 1963) in Herrmann's excellent
historical account of fission-product radiochemistry, Ref. E.

Since most of the NDS d=cay schemes for the fission-product mass
chains (on which Ref. D was based) have not been revised since 1961 or
earlier, the chain data presented here incorporate a large number of
more recently published values. Many of the changes are minor, but some
are important. The reports on which the changes are based have not been
sub jected to the critical study and evalustion which the Nuclear Data
Group will eventually provide. The chain data as presented here should
therefore be regarded as an interim summary, subject to further emenda-
tion and amplification.

The intention was to include in the chains all the products, includ-
ing isomers with half-lives grester than 0.5 seconds, known to occur in
the neutrcn fission of uranium and plutonium., Mass chains lower than
mass T2 or higher than mass 161 were disregarded because ol their iusig-
nificant contributions. Many of the short-lived ruclides at the begin-
nings of the chains have never been observed in fission products, but
their presence is predicted by the models of charge distribution. Scme
of tb~ shielded nuclicdes srowm af the ends of the chains may not be
Rgpduced in detectsble amounts. However, very small yields of 86rb and

t0s have beenrepcrted 0 and it seems possible that similar shielded
end-vembers in other chains will eventually be identified in fission
products.

Some important gaps in the informaticn remain., The lack of half-
life values for short-lived early chain menbers is conspicuous. Almost
all the chains begin with a few members whose half-lives are only rough-
ly estimated at best. Estimated half-lives axe marked with an asterisk
and are mostly taken from Ref. A. Ixperience has showut that they may be
in error by several orders of magnitude. Branching fractions are fre-
{uently unknown or are uncertain, varticularly in the more complicated
chains. Estimated branching fractions, also asterisked, are usually an
arbitrary 50-50 splitting, but in a few cases have some basis in reports
of fragmentary or incomrlete studies. It is often unknown which of two
states of a nuclide is the ground state. For calcule*ional and schematic
purposes, distinguishing symbolism is desirable, .c..cheless. Therefore
arbitrary assignuents of "metastable" and "ground" states were made in
~ases of uncertainty.
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The relationchip of several ~hovt-lived states to the fission pro-
cess and to the chain-decay path (or paths) is unknown. On the other
bend, most of the longer-lived chain menbers have been well character-
ized and their positions in the chains are fairly certainly kmown.
However, some exceptions exist. It is not clesr, for instance, whether
the mass-98 chein decays mainly throngh a 51-minute or & 2-minute isomer;
or, indeed, whether either of these haif-lives is correct. Certain
chain~decay features, once regarded as well.eslablished, have required
important modifications. For instance, vntil recent the mass-1L7
chain was believed to decay partly through a 3-honr M1TM0d and partly
through & 50-minute 11 ng. aowahoth 1sgm°rs of Cd. axe known to have
half-lives near 3 hours. (The further decay pathways
of the mass-117 chain through two In isomers and wwo Sn isomers remain
uncertain.) Similarly, "he repcrted l-hour stute of 129sn recently was
established as one of asbout 6 minutes.*0 It ia quite »ossible that
further importent changes of this kind may occasionally be necessary.

NOTATION

The decay chaius sre represented in the conventional synicolism
with arrowe indicaling nsrent-daughter relationships. 3Iranching frac-
tions are written ulong .he arrows vwhere chain branching occurs, Half-
lives are written bzlow the nuclides, with ebbreviaticus f, {or seconds,
M for minmitee, H f'¢r hours, D for days and Y {or years. The numbers in
parentheses which ascompany some of the data refer to the sources in
the List of References. Half-lives and obranching fractions marked with
an asterisk are estimates {see preceding sectiomn).

The argows ordinarily indicate negatron decay but in a fer cases
(22egp, 12 152mpy and 152€5u), where the direction of the arrow is
reversed, either positron emission or electron capture, or & combina-
tion of the two, occurs. Decay by neutron emlssion to the 8 chaln

ne lower number _is indicated by dotted lines for 92as, OTrr, 80pr,
9Br, 137 381 and 1391, Since neutron emission is irmmediately
preceded by beta em:.ssion, these lines terminate at elements of higher
gtomic nunber. The unsubstantiated possible decay by neutron emission
of one Sb isotope (13%Sb) is indicated by dotted lines and the symbol
(-n?). Decay by alpha emission has not “e:n indicated. The only
s .ssion-product mass chains which termirate in alpha-emitters are 144
(1, half-life of 1015 years) andh%h7 (sm, half-life of 1011 years).
The shielded nuclides 192Eu and Pm, which may be producea very
small quantities, dccay partly to the alpha-emitters 192Ga(10%* years)
and X sm(5 x 107 years), respectively. In some cases where isomerism
occurs, it is not rertain whether one of the isomers has a Precurscr or
vhat its daughter nuclides are. In such cases dotted lines and question
marks indicate the missing information.
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SCHEMATIC DIACRAMS OF FISSION PRODUCT DECAY
CHAINS: MASS NUMBERS 72 THROUGH 161
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Se and its T.

1/2 taken from NDS.
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(a) Ref. 14 states thei the precursor of &mBr decays mostly to the
32-M isomer. !
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(a) Pmy 4o not the daughter of 905:-, see Ref. 18.
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that Hageb@d's 1.0-H isomer was an artifact and at the same time reportad the 2-M

igomer. It is not atated whether the 2:M or the 6.2-M isomer is the ground stsate.
The assignment here is arbitrary.

> 35,6 M

.
13004 2307, . 1305 (k) 130,,, 1307 _ 130,
-- *¥1.5 8 2.6 M Stable 12.3 K Stable
B il ®
1308,
12,3
(k)
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131m 131mTe ) 131:1-)xe
+1.6 H< 30.0 KQ.q e~ 11.8D
2 > P . lgffb’ (29)
1Bl 3y’ M3y, o 131y
-—- ¥1.0 § 25.5 M 3 8.05 b
\ (74) \ / N
131g, ~ TN 1312y, BN 131,
1.32 M 25,0 M Stable
(17) (32)
132,y 138y, 138, 132, 132, 132 13%,
-—- - 1.0 M 3.13 M 78.2 H 2.38 H Stable
(77) (9) (29) (47)
133, 133my e
50.0 M w 7 2.3D
F A
Q 1
133 133; 133,,

LA
“ <
L 1 28

o

<
=

Do, &1 ;ﬁ},f‘;o‘

o

e e e D BAS
.

4

- e e e as me e ee e

Sb ——135Te ——-’-1

6.7 H\
%

13310 e 33Sn 3 °
aee ) % 6T M @ 20.3 H Stable
(77 77} o.\‘
23 o S

13&I _13lsx‘3 1
M 52.0 M Stable / Stable
(29) 13kg,,

o3

o

135my o

V]SJM
35, ‘ 335, ——o 13,

/ 2 x 100y Stable

135@X
9.14 U
(29)
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136, roee 1360, 136, 136, 136 136

C8 ————e Ba

#3.6 8 33 S 83.0 s Stable 13.0 D Stable
(62) f
'
: \ 137m,
OO 2. B Q;?q‘)?' 2.55 K
: (49)
1378b 137'ne 137I 0.96 1374, 137 {
--- ¥3,0 S 2.k s b2 300Y
LU N
" ’ 0} 13785,
: Stable
0.03
PR 4 R
!
1 0.97
138Sb 138Te 138I . 138xe 13805 138&3 13&La = 138Ce
— ¥2,0 8 6.30 S .1 M 32.2 M Stable 1.1 x 0¥ Stable
(88)
{
1
L '
: A
I
139pe —o 1391 0-% 13%e 1390 139, 13%a
- 2.08 41.0 8 2.5 M 82.9 M Stable
(56)
W0, ko, o, ;1!;008 1o, wo, ko,
- #1.5 S 16.0 § 66.0 8§ 12.8 D Lo.2 K Stable
1h1I 1h1xG 11310‘5 1h1Ba 1!:1La 1!;10e 1!z1Pr
.- 1.7 8 25.0 § 18.0 M 3.90 H 33.0D Stable
(56)
1heI 1&2)(9 1&2Cs 1h2Ba 1haLa 1h20e
- 1.5 3 *8.0 3 11 M 92.5 M Stable
(69) (56) (56)
11.31 1h3Xe "3 cs 1"31351 1h3La 1&3Ce JJ»:;Pr 1h3[\,d

-—- 1.0 8 #2.0 8 13.0 S 18.0 M 33.0 H %3? D Stable
22
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S

o

o~

Iy 8] 4l
1“‘)(6 lhlch 1 "Ba 1k n 1k ;“g ]lxhpr 1Lk i
--- ¥1.5 5 *3.5 § ¥15,0 8 280 3D 17.3 ¥ (a)
Gy

il 15
(2) " 'hd is an alpha-emitter with ha)f-life of aoout 2.4 ¥ 10"’ Y, accordint to

Ref. 50.

] )
W5ye ———ll‘SCS W5ps ~1bSLa L Pge ——at"opr —Jhsr:d
--- ¥1.0 8§ *2,0 5 *9.0 S 3.0 M 5.98 § Stable
(86) (8)
] ! 1h6 G
1!;6xe 11;608 1116Ba 1h6ml 1:6Ce l‘éh— lh(“d 0.69 1h6mo.31 11;6$m11
- --- #1.5 38 *.08 13.9 M 2.4 M Stable 5.53Y 1.2 ¥ 10Y
{87) (a)
(a) Tne lont-1ived 1l‘6Sm decays by alpha emission to stable 1h2ﬁd.
!
1h7c8 1147Ba 1h7La 1147Ce 11;7Pr _1&7Nd 1 o —>1h7Sm
--- #10.0 § *2.0 S 1.2 M 12.0 M 11.0D 2.6Y (a)
(22)

b7 11

(a) Sm is an alpha-emitter with half-1ife of aboui 107~ Y.
1h8mPm
430 g,

! ! 1
1!;8Cs 1!‘8&3 ,1"81,:; 1;80‘e 1;8Pr 1!:8Nd g (a) 1‘83m
—— %¥1.0 8§ *¥2,0 '8 40.0 8 1.95 ¥ Stable 3 Stable

1h8gpm
5.0 D
(a) lhsml’m Ti‘ and branching from NDS.
! ] !
1h9Ba ik IYa U LA 1h9m 1k bm ALE .
—-- *1.5 8 *3,5 @ ¥30.0 § 1.72 E 53.1 H Stable
(73)
150pg — 1904 1900e o 3%0p o 1504 150p, 2P
——- *.5 5 *2.5 8 ¥15.0 5 Stable 2.7 H Stable
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151 1
> LY — 51Ce -——-—151Pr 15]1«1 lslpm 1513::: —-—»1515\:
#1.0 8 ¥2,0 8 *#7.0 S 13.0 ¥ 27.8 H &.0Y Stable

(22) (19)

15

3
y9'3 H %
Y
l?&a 152Ce R 5 5 Na o 52 152
. ¥1.,5 S *505 ¥3.0 M 60M s&able\ / (a)
’73 $id

1‘52gEu
13.0 ¥
(a) lsacd is an alpha-emitter with half-life of about 101" Y.
153, 1530, 153, 153y Ji53p, 353, 153
.- #1.5 S #3,0 8 #18.0 s 5.5 M L6.5 H  Stable
(22)
Whe, S 1% JLsh 15k 15!‘m-——-—19‘cd

#1.0 S *2.0 8 *¥12.0 8 2.5 M Stable 16,0 Y Stable

1550e 155p, 15514 1550, - 5550 550 15564
—-- ¥#2.08 *5,0 § *60.0 S 2h,0 M 1.7Y Stable

1565, — 156, 156, 156Sm _ Y56y, 156&1
#1.5 S *.,5 8 ¥25.0 S 10.0 H 15.11 D Stable
(38)
V5T, AT 157, LT 35T, =
--- ¥3.0S  #3.058 30.0 8 15.15 K Stable
(38)
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1‘58Pr 1581:5 158Pn 158Sm 15.8Eu 1sacd

— *#2.0 § *6.0 S ¥15.0 M Ls, 7 M Stable
(38)

1594 o159, 159, L 15%, 1594 159,

#1.5 8 ¥3.5 § #¥14.0 8 19.0 ¥ 18.56 H Stable

(5k) (38)
16°m 163Pm 160Sm 16°m 160Gd 160'I’b 160Dy
——— ¥2.5 S #15.0 S 2.5 M Stable 72.1 D Stable

(12) (22)
161Nd 161Pm _1615m 161Eu _161Gd 161% 1611)y
——- ¥2.0 8 *4.,08 ¥22,0 8 3.7 H 7.3D Stable

(53)
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