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The half-lives and Y-ray intensities associated with radioactive decay have been
evaluated for nuclides of interest to the Interlaboratory LMFBR Reaction Rate program.
The results indicate that for most of the isotopes the decay parameters are known !?,"
sufficiently well to meet the ILRR goals of 2>s or 5$ accuracy in reaction rate Measurements5,

(evaluated Y-ray intensities, evaluated half-lives, ILRR program)

For many years, the nuclear physics conmunity has
had available two general f i les of decay scheme data.
These are the data sheets from the Nuclear Data Group
at ORNL and the Table of Isotopes from LBL. These
files have attempted to include essentially al l
quantities related to nuclear structure and radio-
active decay. These fi les represent both a compilation
( i .e . , a l ist of all data or, at least, all references)
and an evaluation ( i .e . , a judgment as to the best
information). I wil l not review the quantities that
can be Included in a f i le of decay scheme data since ,
this has been done by C. W. Reich at this Conference.

In the last few years, a great use has developed
for a number of specialized files of decay scheme data.
These specialized files are usually needed for some of
the following three reasons. First, due to the large
amount of experimental data to be treated, i t has not
been possible to keep the evaluation work of the two
general files up to date. For example, out of 218 A
chains above A=44 for which the Nuclear Data Group has
published data, 90 are dated before 1970 and 143 are
dated before 1972. Second, some special fi les can
justify more evaluation effort in obtaining specific
quantities (e.g., absolute -f intensities) than can be
warranted for these quantities in assembling the
general f i les. Third, some special files may need
particular quantities that are not available in the
general f i les.

In assembling any data f i l e , one must decide what
level of evaluation is to be carried out. For example,
in a decay data f i le for reactor decay heat calcula-
tions i t seems quite reasonable to use data from one
publication for each quantity. A more detailed
evaluation which involved combining the results from
several references would not be justified from the
point of the manpower required.

In this paper, we wish to illustrate a specialized
evaluation of decay scheme data by describing the data
f i l e for7the Interlaboratory LMFBR Reaction Rate (ILRR)
program. This program was organized 1n 1971 for the
purpose of making a series of precise measurements of
rates of neutron Induced reactions for a set of well-
defined and reproducible neutron spectra. For most of
these reactions, the rates are determined by measure-
ments of the Y-ray spectra from the decay of radio-
active reaction products. These reaction rates are
determined 1n the ILRR program for two purposes.
First, the rates for neutron induced reactions on
certain nonfissiie elements are measured 1n order to
obtain Information on the neutron spectrum or the
Integral cross section. The second purpose Is to
determine production rates for several fission products
from four fissionable nuclides. (Combined w1ch fission
rate measurements, these data give fission yields.)

W1*h respect to the y-ray counting, the goals of
the ILRR program are:

1. to obtain an estimate of i ie systematic errors
in the Y-ray counting by comparing the results
from several laboratories;

2. to provide absolute nonfission reaction rates
which are accurate to ±5% (at the 68% con-
fidence level); and

3. to provide absolute fission-product production
rates accurate to ±2>s*.

These reaction rates are given by

Ae
AT

where
A = area of y-ray peak
e = detector efficiency (energy dependent)
B = absolute Y-ray intensity
C «= other factors, including sample mass
A = decay constant • In2/Tjj and T^ = half-l ife
T « decay time from end of irradiation to start

of count
T = count time
t • Irradiation time.

As shown, the reaction rate R depends on two parameters
of the decay scheme: the half- l i fe and the absolute
Y-ray intensity (or branching ratio).

For the calculation of the reaction rates for the
ILRR program, a careful determination of the associated
uncertainties is needed. Differentiation of the above
expression and rearrangement gives the following
contributions to the fractional error, u(R)/R.

o(A)

from the y-ray counting and

q(R) « o(B)

l-e"

from the decay scheme parameters.

Although there are several other error contribu-
tions from the experimental counting, the above are
generally the dominant terms in the error 1n R. For
comparison of results from different irradiations or
targets, relative reaction rates ara sometimes
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sufficient. In these cases experiments can at times
be done In a manner such as to cancel any error contri-
bution from e (same detector at same energy), B (same
isotope counted) and TV (similar irradiation, decay and
count times). In less than ideal situations, residual
uncertainties from these contributions wil l be present
but may st i l l be small. The error in R may then be
limited by c(A)/A and can be made quite small.

For careful Y counting, the o(c)/e contribution to
o(R) is taken to be between I t and 2% by the various
laboratories involved 1n the ILRR measurements. This
means that to meet a goal of o(R)/R < 2<s* with a
typical value of c(e)/c » 1>#, the remaining terms
above must total (when added In quadrature) <_ Z% for
the fission products. Because of these rather strin-
gent goals, an evaluation effort was needed within the
ILRR program to provide the current best values of
these parameters. In this case, published evaluations
were not completely satisfactory because they either
were out of date by several years or did not place a
sufficient emphasis on obtaining precise values of
these particular quantities.

The decay-scheme parameters from our most recent
evaluation for the ILRR program are given in Table I
for both the fission products and the nonfission
reaction products. (These evaluations arc documented
in Ref. 3.) The uncertainties are estimated standard
deviations. Since the Y-ray energies are used in the
It.RR program only to identify the appropriate peaks,
these quantities were not extensively evaluated and
are generally from a single reference. In contrast,
the half-Hvas and Y-ray intensities are the "average"
of the various published values of comparable quality.
In addition to providing (hopefully) the "best" values,
this procedure has the advantage of indicating those
cases where the quoted uncertainties are probably too
small. (See illustration below.)

In determining an evaluated value for cases where
several measurements exist and are of about the same
quality, a weighted average of the values is used.
Generally, the weight is taken to be l/o where a is the
reported uncertainty. An indication of the consistency
of the Individual values is determined from the reductd-
x1 value, or e2.

where A Is the average and y-j ± oi are the reported
values. Then the "internal" estimate of the uncer-
tainty in A Is

/ N

>1nt
1»l

and the "external" estimate of the uncertainty 1s

A set of values Is Inconsistent 1f E 2 1S significantly
greater than 1.0. The larger of aint and o f is
taken as the uncertainty 1n A. 1ru exc

There ere basically two ways of determining the
absolute Y-ray intensities. The first Involves mea-
suring the disintegration rate of a source (generally
by 4n a or a counting) and the corresponding Y-ray
emission rate. The ratio of these quantities is the
absolute Y intensity. The second method consists of

adding up the intensities of all of the radiations
populating the ground state. The simplest cases of
this are when only one Y >"ay, and no B rays, feed the
ground state (e.g., M 6Sc). The most complex cases are
those with strong Bray transitions to the ground state
and the Y rays have significant internal conversion
(e.g., i""Ce-i'"'Pr).

In several of the evaluated decay schemes in Table
I, there is a Y-ray transition that occurs in T- 100% of
the decays. In these cases, we have made an attempt to
estimate the small effects (i.e., internal conversion,
internal pair formation and unobserved, highly forbidden
beta decay transitions) that would cause the Y-ray
intensity to be less than 1001. Only in this way can a
meaningful value of the uncertainty in the Y-ray
intensity be obtained.

One of the purposes of any specialized data evalu-
ation is to identify those experimental data which are
not accurate enough for the program. To facilitate the
comparison of the quality of the values in Table I witn
the ILRR goals, the contributions to o(R)/R from the
Y-ray intensity and half-life errors are given in Table
II. The latter contribution is given for typical
irradiation and count times (namrly, 2.2 and 8.3 hours,
respectively) and two decay times (0 and the lesser of
2Tis and 60 days). These data indicate that the ±5*
goal for the nonfission reactions can be met, but that
more stringent goals would be impossible for several
isotopes (e.g., 6"Cu, 1 I 5 m I n ) . With the present para-
meters, the fission reaction goal of ±Zh% cannot be met
for lo3Ru, 132Te and '"-"Ce-Pr due to the large uncer-
tainty in the absolute Y-ray intensities. In no case
is the uncertainty in the half-life a limiting factor
with respect to these goals.

Finally, we would like to illustrate one of the
problems associated with the evalution of published
experimental values. For many of the half-lives 1n
Table I there have been a large number of measurements.
For example, Table III lists nine values for 199Au
decay. It can be seen that these values are quite
consistent since ez - 0.5. However, a more typical
situation is given in Table IV for eight reported
values of the 2l|Na half-life. Three different averages
are shown. From the average of the three "best" values
(i.e., those with the smallest quoted uncertainties),
one obtains an ez value of 54. This means that in
order to be consistent, each of the reported errors
would have to be multiplied by /54 % 7. The effect of
the "best", and latest, value is also illustrated by
the comparison of the average of the first seven and
all eight values. Between these two averages there is
a large change in the deduced half-life as well as a
large increase in e2, from 5 to 17. In this situation
it would be tempting to use only the "best" value.
However, since the best values often are inconsistent,
we feel that this would be unacceptable. We, therefore,
have taken the average value and used the external un-
certainty estimate which takes into account the incon-
sistency within the set. It is reasonable to assume
that the inconsistency in Table IV results in part, if
not primarily, from the failure of experimentalists to
include systematic error contributions in their quoted
uncertainties.
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TABLE I

EVALUATED NUCLEAR DECAY SCHEME DATA

Isotope Half-Life Energy (keV)

nonfission reactions

»Na 15.00(2) ha 1368.60(3)
2753.98(10)

9.46(2) m

"«Sc 83.85(10) d

"DSC

s»Co

«<»Au

103Ru

'""•Pr

3.39(4) d

43.8(1) h

312.6(3) d

71.23(15) d

44.6(1) d

60Co 5.268(5) y

6hCu 12.701(7) h

1 5 BIn 4.50(2) h

I W I n 54.03(20) m

2.696(2) d

2.355(4) d

843.73(4)
1014.44(5)

889.258(18)
1120.516(25)

159.39(5)

983.4
1037.4
1311.8

834.827(21)

810.757(21)

1099.224(25)
1291.564(28)

1173.208(25)
1332.464(30)

511.002

335.2(1)

1293.4(3)
2112.1(4)

411.794(8)

228.19(1)
277.60(3)

fission reactions

95Zr 64.4(5) d 724.184(18
756.715

(18)
(19)

39.43(10) d

77.9(b) h

30.03(15) y

12.79(11 £

40.26(2) h

284.4(4} d

17.28(5) m

497.08(1)

228.16(6)

661.638(19)

1596.18(5}

133.53(3)

696.492(19)
2185.608(46)

Gamma-Ray
Intensity (»)

99.993(2)
99.84(3)

71.4(5)
28.6(5

sum=99.964(4)

99.984(6)
99.987(6)

69.0(25)

99.987(2)
97.5(3)

99.992(2)

99.97(2)

99.44(5)

S5.5J17)
44.1(12)

sum=99.6(l)
99.86(2)
99.986(2)

36.8(16)b

47.(2)

83.4(15)
16.5(15

SUITF99.94(1)

95.48(10)

11.3(2)
14.3(2)

44.2(5)
54.8 5)

sum»99.0(5)

89.(3)

88.5(60)

85.0(3)

95.33(16)

10.7(4)

1.49(15)
0.77(4)

The numbers In the parentheses are the uncertainties
in the last digi t (s) .

This intensity assumes conversion of al l positrons to
photon pairs at the source.

TABLE I I

UNCERTAINTY IN REACTION RATE R

Contributions to o(R)/R from the errors in decay scheme
parameters for an irradiation of 30,000 sec and count
duration of 8,000 sec. V i s the decay time.

Fractional Uncertaity in R (%)
from from Half-Life

v-Intensity T«0

nonfission reactions

»Mg

"«Sc

" S c

"8SC

5 BCo
5 9 F e

6 0 C o

6"Cu

2 3 9 N p

9 5 Z r

IS h 0.002
9.5 m

84 d

3.4 d

44 h
313 d

71 d

45 d

5.3 y
13 h

4.5 h
54 m

2.7 d

2.4 d

0.10

0.7j 0.004a 0.21
0.006
3.6
0.002
0.02
0.05
2.7; 0.1a

0.002
4.3
4.3
1.8; 0.01a

0.10
1.4

0.12
1.1
0.21
0.1C
0.21
0.22
0.09
0.04
0.15
0.23
0.07
0.16

0.08

0.50

0.51
0.11

T»60 d

0.06

0.08
0.09
0.01
0.09

0.04

0.47

0.74

0.03

0.08

fission reactions

l l l0Ba-La

64
39
78
30
13

284

0.9
3.4
6.8
0.35
0.17
5.2b

0.77
0.25
0.61
0.50
0.08
0.14

0.28

0.03

0.27
0.01

0.50

0.12

The second value applies 1f the sum of the intensities
of two Y rays is used.

bFor 2185-keV y ray.



TABLE III

EXAMPLE OF CONSISTENT SET OF
REPORTED HALF-LIFE VALUES - 1 9 8 A u

TABLE IV

EXAMPLE OF INCONSISTENT SET OF REPORTED
HALF-LIFE VALUES - 21tNa

Half-Life
(days)

2,697

2.699

2,697

2.699

2.697

2.693

2.695

2.6946

2.696

Wefghted Average «

e* - 0.5

2.696 ± 0.001

Uncertainty
(days)

0.003

0.(503

0.005

0.004

0.005

0.005

0.002

0.0010

0.004

Half-Life
(hours)

14.970

14.980

14.959

14.953

15.050

15.050

15.000

15.030

Values Used

f i rst seven

all eight

best three

Weighted Averages

Half-Life
(hr)

14.985

15.005

15.004

Internal
Uncertainty

0.006

0.004

0.003

Uncertainty
(hours)

0.020

0.020

0.010

0.013

0.030

0.020

0.020

0.003

External
e2 Uncertainty

5 0.014

17 0.016

54 0.025
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