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We have deduced the emission probability of the 447-keV γ ray from the ε + β+ decay of 137Ceg (9.0 h)

relative to that of the 254-keV γ ray from the 137Cem (34.4 h) decay in transient equilibrium. The time-dependent

factor in transient equilibrium was applied following the Bateman equation for a radioactive decay chain. The

isotope was produced via the 139La(p, 3n) 137Cem,g reaction by bombarding natLa with a proton beam from the

88-in. cyclotron at Lawrence Berkeley National Laboratory. γ -ray intensities were measured using an HPGe

detector. The emission probability for the 447-keV γ ray deduced in this work is 1.21(3) (that is 1.21 ± 0.03)

per hundred parent decays, which differs significantly from an earlier published value of 2.24(10). We identify

the source of this discrepancy to be an incorrect use of the time-dependent factor. Additionally, we have deduced

the emission probability of the 504-keV γ ray from the decay of 85Yg (2.68 h) relative to that of the 232-keV γ

ray from the 85Srm (1.127 h) decay in transient equilibrium. The isotope was produced via the 86Sr(p, 2n) 85Yg

reaction by bombarding 86SrCO3 with a proton beam at the same facility. The study confirms the assumption of

the time-dependent correction for recommending the emission probability of the 504-keV γ ray in the literature.

Our work highlights the importance of explicit description by authors of any time-dependent correction they

have made when reporting γ -ray intensities for nuclides in transient equilibrium. The need and significance of

accurate and precise decay data of 137Ceg and 85Yg in basic science and medicine is briefly outlined.

DOI: 10.1103/PhysRevC.101.064619

I. INTRODUCTION

γ -ray emission probabilities Pγ are basic nuclear data

widely used in nuclear research, nuclear engineering, and

medical applications. In addition to direct measurement of Pγ

with different experimental techniques, such as 4πβγ mea-

surements [1,2] or implantation and subsequent decay of par-

ent nuclides in coincidence [3,4], other measured quantities,

like absolute x-ray intensity [5], annihilation radiation [6,7],

a complete γ -ray decay scheme [8], etc., have frequently

been used to extract the γ -ray emission probabilities. Further-

more, relative γ -ray intensities in secular (parent half-life �

daughter half-life) or transient equilibrium (parent half-life >

daughter half-life) have also been used to deduce γ -ray emis-

sion probabilities of the daughter/parent radionuclides relative

to that of their parent/daughter [2,9]. Some of the implantation

and additional decay studies including instrumentation can be

found in Refs. [10–15].

Henry et al. [9] reported a comprehensive level structure

of 137La populated by the ε + β+ decay of 137Cem+g and

proposed %Pγ (447) = 2.24(10) based on their measured ratio

of Iγ (254)/Iγ (447) = 4.91(15) in transient equilibrium spec-

tra given in a footnote to their Table I. The relevant γ -ray

transitions of the 137Cem isomeric decay and 137Ceg decay are

shown in Fig. 1. For a known %Pγ of ∼11 for the 254-keV

isomeric transition, one can readily find that these two num-

bers are related directly through their ratio. However, it was

not clear whether or not the time-dependent correction for a

measurement in transient equilibrium was applied. As a result,

in the following decades, the recommended emission proba-

bility for the 447-keV γ ray from the 137Ceg decay followed a

duality, i.e., without or with a consideration of the correction

factor. For example, the Table of Isotopes (7th edition) [16]

recommended %Pγ (447) = 2.2(1). Later, Peker [17] and the

Table of Radioactive Isotopes [18] recommended 2.24(10).

However, Peker in the revised evaluation [19] suggested

a value of %Pγ (447) = 1.78(8), using the time-dependent

factor. Since then this value remains nearly the same and

in the latest evaluation Browne and Tuli [20] proposed a

value of 1.68(6) considering the conversion coefficient data

from Kibedi et al. [21]. Recently, for the 136Ce(n, γ ) 137Ceg

reaction cross-section measurements Torrel and Krane [22]

used %Pγ (447) = 1.69, mentioning that it was determined

from their measurement. However, no details are available in

the article. During the 23rd Technical Meeting of the Inter-

national Nuclear Structure and Decay Data (NSDD) Network

in Vienna, Austria, April, 2019 [23], the issue was presented

for discussion with an opinion to change the %Pγ (447) value
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FIG. 1. Partial level scheme (not in scale) showing 254- and 447-

keV γ rays from the 137Cem (34.4 h) isomeric decay and the 137Ceg

(9.0 h) decay, respectively. Detailed decay schemes can be found in

Ref. [20]. %Pγ (254) and conversion coefficient α are also listed.

again to that which was proposed by Henry et al. [9]. It may

be mentioned here that earlier, Bunting [24] recommended

%Pγ (447) = 1.4(3) based on data from Ref. [25]. All these

literature data are presented in Table I (Sec. IV)

To resolve the above mentioned issues, here we report

a new measurement for γ -ray emission probability of the

447-keV γ ray from the 137Ceg decay and discuss the possible

reasons for the discrepancy with the existing literature data.

Additionally, we have measured the emission probability of

the 504-keV γ ray from the decay of 85Yg. The main moti-

vation for the study of the 85Yg decay was to verify whether

the reported relative intensity of the 232-keV γ ray from the
85Srm decay in Ref. [6], in transient equilibrium with 85Yg,

was corrected or not for the time-dependent factor.

Accurate and precise γ -ray emission probabilities of
137Ceg and 85Yg are needed to determine the absolute activity,

commonly used for nuclear reaction cross section measure-

ments by activation technique. Isomeric and ground state

pairs of 137Cem,g and 85Ym,g having suitable lifetime make

them attractive for studying the distribution of spin in excited

nuclear states via activation technique [26–28]. The cross

section data yielding the relative population of the isomeric

state with respect to the ground state have long been used

for studying the angular momentum effects in nuclear re-

actions, spin dependence of the nuclear level density, and

testing of nuclear reaction models [29–32]. Also cross section

data involving 137Cem,g and 85Ym,g products are important

for nucleosynthesis studies of elemental evolution in a stel-

lar environment. These studies use an extensive network of

nuclear reactions, of which cross section data for different

nuclear reaction channels are important. Stable isotopes in the

nuclear chart above iron are classified as s, r, and p nuclei

depending upon their nucleosynthesis production process.

The s isotopes are produced by the slow (s) neutron capture

process in stellar environments of helium burning, where

beta decay usually occurs between subsequent captures of

neutrons due to a moderate density of neutrons. The stable

isotopes at the valley of stability in the nuclear chart are

considered as being produced through the s process. On

the other hand, the r isotopes are produced in high density

neutron environments resulting from explosive stars and are

located in the neutron rich side in the nuclear chart. The

p nuclei [33], which are basically proton rich nuclei in the

nuclear chart, have been identified to be produced through a

sequence of photodisintegration processes starting from some

preexisting seed nuclei [34]. During supernovae explosions,

γ rays are energetic enough to initiate subsequent neutron

knockout through the (γ , n) reaction on the s- and r-processed

seed nuclei. With the increased neutron separation energies in

consecutive compound nuclei, a competing (γ , p) photodis-

integration process becomes important [35]. For experimental

cross section measurements, however, the common practice

is to measure the inverse reaction, for example (n, γ ) or

(p, γ ), in the laboratory and to extract the cross section for

the actual reactions in the astrophysical relevant energies.
137Ce is adjacent to the 136Ce (0.185% abundance) which is

one of the heaviest of the so-called p nuclei and is likely

formed via successive (γ , n) or a combination of (γ , n) and

(γ , p) processes starting from 140Ce (88.45%) or 141Pr (100%)

seed nuclei. The relative population of the isomer and ground

state via 138Ce(γ , n) could affect p-process network calcu-

lations. Similarly, 84Sr (0.56%) p nuclide can be produced

through a combination of (γ , n) and (γ , p) processes starting

from 89Y(100%). Cross section measurements for nuclear

reactions, like 136Ce(n, γ ) 137Ce and 84Sr(p, γ ) 85Y, are mea-

sured via the activation technique for nucleosynthesis studies

[36,37] and the use of accurate γ -ray emission probability of
137Ceg and 85Yg is pivotal to provide accurate input data for

any subsequent studies. Furthermore, an emerging motivation

for more accurate decay data of radionuclides of trivalent

metals, like scandium, gallium, yttrium, and rare earths, lies in

their use in certain chemical forms as tumor-seeking agents.

This characteristic of trivalent metal radionuclides strongly

supports the fast developing theranostic approach in nuclear

medicine, which involves a combination of diagnosis and

internal radiotherapy, specific to a patient [38]. To this aim,

use is generally made of a “matched pair” of radionuclides,

i.e., a positron-emitting diagnostic radionuclide and a β−- or

α-emitting therapeutic radionuclide of the same element in

the same chemical form. The distribution of the radioactivity

in various organs of the body is determined by positron

emission tomography (PET) and from the pharmacokinetic

data thus obtained the radiation dose through the therapeutic

radionuclide is quantified. Several matched pairs of trivalent

metals are being developed [38]. One such pair is 86Y/90Y,

which is commonly used [39]. The reactor-produced β−-

emitting therapeutic radionuclide 90Y (2.7 d) is commercially

available but the production of 86Y (14.7 h) is carried out

at a cyclotron using the reaction 86Sr(p, n) 86Y. Closely as-

sociated with this production route is the nuclear process
86Sr(p, 2n) 85Ym,g. These two positron-emitting isomers, if

present in large quantity, would deteriorate the quality of the
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PET scan of 86Y and would also cause higher uncertainty in

dose quantification. On the other hand, they may also replace
86Y in some special investigations. Obviously, in all those

medically oriented studies, the necessity of high-accuracy

decay data, including the intensities of all emitted gamma

rays, cannot be overemphasized, especially with regard to

dose quantification [40].

II. WORKING EQUATIONS

The radioactivity of a daughter radioisotope Ad (t ) at

time t with an initial activity of Ad (0) and contribu-

tions from a radioactive decay chain of three isotopes,

X (parent)
λp

→ Y (daughter)
λd
→ Z , may be obtained from the

Bateman equation [41]:

Ad (t ) = Ap(0)
λd

λd − λp

× (e−λpt
− e−λd t ) × BR

+ Ad (0)e−λd t , (1)

where Ap(0) and Ap(t ) are the radioactivity of the parent at

t = 0 and after a decay time t , respectively; λp and λd are

the decay constants for the parent and daughter nuclides,

respectively, and BR is the decay mode branching of the

parent. After a decay time ≧10 half-lives of the daughter, the

second term in Eq. (1) becomes negligible and it reduces to

Ad (t ) = Ap(0)
λd

λd − λp

× (e−λpt
− e−λd t ) × BR

or Ad (t ) = Ap(t )
λd

λd − λp

× (1 − e−(λd −λp)t ) × BR, (2)

where Ap(t ) = Ap(0)e−λpt . In equilibrium

Ad (t ) = Ap(t )
λd

λd − λp

× BR. (3)

The time needed, tmax, to reach the daughter activity to the

maximum, i.e., to equilibrium, can be calculated using the

following relation:

tmax =
1

λd − λp

ln
λd

λp

, (4)

derived solving dAd (t )/dt = 0 at tmax, Ad (t ) in Eq. (2). The

radioactivity A(t ) for a parent/daughter may be obtained from

the measured γ -ray intensity using the general radioactivity

equation:

A(t ) = λNt =
λCn

Pγ × εγ × (1 − e−λtc )
, (5)

where Nt is the number of radioisotopes at time t . Cn, εγ , and

Pγ are the net counts under the peak for a counting period of tc,

the detector efficiency, and the emission probability for the γ

ray of interest, respectively. For a very short counting period tc
compared to half-life T of the radioisotope, i.e., 0 < tc ≪ T ,

Eq. (5) with one decay constant λ, can be approximated as

follows:

A(t ) ≈
C

Pγ × εγ

, (6)

where C is the net count per second for the γ ray of interest.

In the limit of tc < 3%T Eq. (6) yields A(t ) > 99% compared

to that of using Eq. (5). Inserting Eq. (6) in Eq. (3) and

rearranging, we obtain the following equation for the γ -ray

emission probabilities and relative γ -ray intensities for the

parent and daughter radioisotopes:

Pγ p

Pγ d

=
Iγ p

Iγ d

×
λd

λd − λp

, (7)

where Pγ p and Pγ d are the γ -ray emission probabilities, Iγ p

and Iγ d are the relative γ -ray intensities of the parent and

daughter radioisotopes, respectively, and Iγ = C/εγ . Equa-

tion (7) can further be simplified replacing the decay constant

λ by half-life T from their relation λ = ln(2)/T to yield

Pγ p

Pγ d

=
Iγ p

Iγ d

×
Tp

Tp − Td

=
Iγ p

Iγ d

× F (8)

or

Pγ p

Pγ d

=
Iγ p

(Iγ d/F )
=

Iγ p

Iγ dc

, (9)

where Tp and Td are the half-lives for parent and daughter

radioisotopes, respectively. We denote F =
Tp

Tp−Td
where the

right-hand side is defined in Eq. (3) as λd

λd −λp
and Iγ dc =

Iγ d/F as the corrected relative γ -ray intensity in transient

equilibrium. The factor “BR” in Eq. (1) is associated with

the γ -ray emission probability. We have deduced the γ -ray

emission probability using either Eqs. (8) or (9). Note that

from measurement only the relative γ -ray intensities of parent

and daughter, obtained from the same spectrum, are required

in Eqs. (8) or (9). As a result, all the systematic uncertainties

related to the target, beam current, dead time, counting posi-

tion, detector efficiency, etc., cancel out.

III. MEASUREMENTS

The experiments were performed using a proton beam from

the 88-in. cyclotron at Lawrence Berkeley National Labora-

tory (LBNL) on natural lanthanum and thin 86SrCO3 targets

(96.4% 86Sr) in order to determine cross sections of interest

for medical radioisotope production by activation technique.

Here we describe the irradiations and measurements in detail

relevant to this work, i.e., for relative γ -ray intensities of the

parent and daughter radioisotopes in transient equilibrium.

Cross section data of the 139La(p, x) reactions have been

published by Morrell et al. [42] and data of the 86Sr(p, x)

reactions will be published in upcoming articles.

A. Target preparation and irradiation

Natural lanthanum foils of thickness ∼25 µm and 99%

purity were purchased from GoodFellow USA. These foils,

2.54 by 2.54 cm, were supplied in glass ampoules filled

with an inert gas to prevent oxidation. Just before irradiation,

the foils were opened, cleaned, weighed, sealed with kapton

tapes, and placed in aluminum target frames. A stack of ten

lanthanum foils along with copper and aluminum foils was

mounted inside a sample holder for irradiation. The stack was

irradiated with a 57-MeV proton beam for 1 h and 37 min
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FIG. 2. The measured HPGe detector efficiency at 30 cm (points

with uncertainty) along with the fitted line. The shaded region

represents the 1σ confidence band.

with a beam current of about 8 nA. The radionuclide 137Cem,g

was produced through the 139La(p, 3n) reaction. It may be

mentioned here that sample no. 3, listed in Table I, was

damaged during the irradiation due to oxidation, however, for

relative γ ray intensity measurements it was not a problem, as

pointed out in Sec. II.

For 85Yg production, thin 86SrCO3 targets were prepared

via a sedimentation method described in Ref. [43]. The
86SrCO3 sample enriched to 96.4% 86Sr was supplied by

Eurisotop (France). A stack of eight SrCO3 targets along with

five copper, six titanium, and three iron foils was mounted

inside a sample holder for irradiation. The stack was irradiated

with a 27-MeV proton beam for 30 min with a beam current

of 150 nA. The radioisotope 85Yg was produced through the
86Sr(p, 2n) reaction.

B. Data acquisition and analysis

After the irradiation, target and monitor foils were counted

using a shielded HPGe detector with an ORTEC PC-based

acquisition system. The γ -ray energy spectra were collected

about 15 min after the end of irradiation and continued for

several days for different reaction products based on their

half-lives. The energy resolution of the HPGe detector was

4.9 and 2.5 keV full width at half maximum (FWHM) at

Eγ = 1332.5 keV, achieved using 8 and 16 K channels during

Ce and Sr sample counting, respectively. The efficiency of the

HPGe detector was measured at different distances from the

detector surface using standard γ -ray point sources of 54Mn,
137Cs, 133Ba, and 152Eu purchased from Isotope Products

Laboratories. The efficiency for closer counting positions of

the detector was obtained by normalizing the efficiency data

measured at 30 cm with ratios of single γ lines. Single γ

rays of energy 661.4 and 834.8 keV from 137Cs and 54Mn,

respectively, were used. The measured efficiency at 30 cm

from the detector surface is presented in Fig. 2 along with the

fitted line produced using the functional form of ε(E ) = A ∗

(−b1E c1 ) ∗ (1 − e−b2E c2
), where A, b1, b2, c1, and c2 are the

FIG. 3. A partial HPGe γ -ray spectrum of 137Ceg (9 h) in tran-

sient equilibrium with 137Cem (34.4 h); their corresponding 447- and

254-keV γ rays are labeled.

fitting parameters. The functional form accounts for the dead-

layer efficiency dropoff at low (x-ray) energies. The shaded

region represents the 1σ confidence band on the efficiency

data. A few weaker 152Eu γ rays, like 488.1, 564.0, and

810.5 keV with Pγ < 0.5%, were barely or closely fitted due

to lower counting statistics. A residual plot is also presented

in Fig. 2. The γ -ray energy spectra for the 137Cem (34.4 h)

isomeric decay and 137Ceg (9 h) electron capture and β+

decay, collected after a decay time >160 h, for all ten samples

were analyzed. The decay time was more than ten half-lives

of 137Ceg (9 h), thereby allowing any directly produced 137Ceg

via the 139La(p, 3n) reaction to decay away and ensuring

that the radioactivity of 137Ceg was from the parent 137Cem

decay alone. During counting, the daughter radioactivity was

in transient equilibrium with the parent. These spectra were

collected at 1 cm distance from the detector surface. The sum-

ming effect was negligible for counting at this close distance.

The 254- and 447-keV γ rays, from the decay of 137Cem and
137Ceg, respectively, were well separated from neighboring

γ -ray peaks (see Fig. 3) and the net area was obtained using

the ORTEC GammaVision Software. It may be mentioned

that the population branching of the isomeric and ground

state, σm,g/(σm + σg), in 137Cem,g was 78(4) and 22(4)%,

respectively, with insignificant variation in the incident proton

beam energy range of 36–56 MeV, deduced using the cross

section data σ from Ref. [42]. In the 139La(p, 3n) 137Cem,g re-

action, the high-spin (11/2−) isomeric state was preferentially

populated compared to the low-spin (3/2−) ground state due

to higher angular momentum of the compound nucleus carried

by the high-energy protons. However, for cases with low-

energy projectile induced reactions the population branching

would be the other way around. For example, in thermal

neutron capture reaction, 136Ce(n, γ ) 137Cem,g, the population

branching of the isomeric state was measured to be 8.1(5)%

[22].

The γ -ray energy spectra for the 85Yg (2.68 h) electron

capture and positron decay and 85Srm (1.127 h) isomeric decay
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FIG. 4. A partial HPGe γ -ray spectrum in transient equilibrium

of 85Srm (1.127 h) with 85Yg (2.68 h); their corresponding 232-

and 504-keV γ rays are labeled. Inset represents fitted peaks by

Fitzpeak gamma analysis software in selected region. 504-keV γ

peak separated neatly from the 511-keV annihilation peak. The 514-

keV γ peak comes from 85Sr (64.849 d) decay. The annihilation peak

was fitted with three component peaks, 511 (labeled) and two others

by the sides, owing to its characteristic broader width compared to

other γ -ray peaks, used for FWHM calibration.

(99.21%) were collected at 18 and 11 cm distances from the

detector surface considering the detector dead time <25%.

Actual dead time was in the range of 14–21%, calculated

using the real and live time of the acquisition system. Mea-

surable γ rays from these radioisotopes were detected in the

first six out of eight samples in the target stack. The decay

time was 12.5, 12.0, 11.7, 9.0, 8.7, and 8.5 h for samples

1–6, respectively, listed in Table II, corresponding to 11.1–7.5

half-lives of 85Srm (1.127 h). The decay time frame allowed us

to decay away 99.0–99.9% directly produced 85Srm through

the 86Sr(p, pn) reaction, i.e., the second term of Eq. (1) was

negligible. However, 85Ym (4.86 h) which has a 100% electron

capture and β+ decay branch to 85Sr was also present in the

sample, so another set of γ -ray spectra was collected after

a decay time >27 h placing the samples at 10 cm distance

from the detector surface. These spectra were used to subtract

the contribution of 85Ym (4.86 h) from the 232- and 504-

keV γ rays of the first set of spectra, which contained the

contribution from both the 85Yg (2.68 h) and the 85Ym (4.86 h)

decays. The 504-keV γ ray from 86Yg decay was close to the

511-keV annihilation peak (see Fig. 4) and the net peak area

was obtained using the FitzPeak gamma analysis software. A

partial decay scheme for 85Sr is presented in Fig. 5 from the
85Yg (2.68 h) and 85Ym (4.86 h) decay. Full and detailed decay

schemes can be found in Ref. [44].

IV. RESULTS AND DISCUSSION

A. 137Ceg

The relative γ -ray intensities of 254- and 447-keV γ rays

from the decay of 137Cem and 137Ceg, respectively, measured

FIG. 5. Partial 85Sr level scheme (not in scale) from 85Yg (2.68 h)

and 85Ym (4.86 h) decays [44], showing 504- and 232-keV γ rays

from the 743- and 232-keV levels, respectively.

in transient equilibrium are presented in Table I. The emission

probability %Pγ for the 447-keV γ ray has been obtained

using Eq. (8) and found to be 1.21(3) relative to the emission

probability of %Pγ (254) = 11.11(15). The %Pγ (254) value

was deduced using isomeric transition branching %IT = 99.21

(4) [20] and a conversion coefficient α of 7.93(12) [21] for

the 254.29(5)-keV M4 transition in cerium. Our results along

with the literature data [9,16–20,22,24,25] are presented in

Table I.

From the measured relative γ -ray intensities of 254- and

447-keV transitions, we obtain the ratio Iγ (254)/Iγ (447) =

6.78(9). As can be seen in Table I, this value is comparable

with 6.0(6), obtained using the Iγ data reported in Ref. [25].

However, it differs significantly from the value of 4.91(15)

reported by Henry et al. [9]. The value in Ref. [9] is listed

only with the statement “In transient equilibrium spectra

I (254)/I (447) = 4.91(15),” making no mention of whether or

not the time-dependent factor F was applied. From half-lives

of 34.4(3) and 9.0(3) h for 137Cem and 137Ceg, respectively,

we obtain the value of time-dependent factor F as 1.354(17).

If we divide our ratio 6.78(9) by the factor F , we obtain

5.01(9), which is in good agreement with Henry’s value of

4.91(15). It appears that the time-dependent factor was used

by Henry et al. [9] to divide the ratio of Iγ (254)/Iγ (447).

However, it can be seen from Eq. (8) that the intensity

ratio Iγ (254)/Iγ (447) should have been multiplied instead of

dividing by the time-dependent factor.

We have therefore revised the ratio 4.91(15) [9] and using

Eq. (8) obtained %Pγ (447) as 1.23(5). The revised %Pγ (447)

value is in excellent agreement with our measured value of

1.21(3)%. The other %Pγ (447) = 1.4(2) presented in Table I

has been deduced using the data from [25]. This value is

statistically consistent with our value 1.21(3) but the central

value is higher. It is probably due to insufficient decay time

being allotted prior to the collection of the γ -ray spectrum.

Beery [25] noted “All relative γ intensities are measured after

transient equilibrium has been reached (�80 h after bombard-

ment),” however, the decay time was not given specifically.

As mentioned in Sec. III B, a decay time of ≧10 half-lives
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TABLE I. Relative Iγ (254) and Iγ (447) from the decay of 137Cem and 137Ceg, respectively, in transient equilibrium, are listed in columns 2

and 3. Ratio = Iγ p/Iγ d and unweighted average in columns 4 and 5, corrected ratio = Iγ p/Iγ d × F and emission probability of 447-keV γ ray

are presented in columns 6 and 7, respectively. F = 1.354(17).

Sample no./[Ref.] Iγ p(254) Iγ d (447) Iγ p/Iγ d Iγ p/Iγ d Iγ p/Iγ d × F %Pγ (447)

1 624(9) 100(8) 6.24(51) 6.78(9)a 9.18(17) 1.21(3)b

2 670(15) 100(7) 6.70(48)

3 643(12) 100(10) 6.43(65)

4 723(5) 100(4) 7.23(29)

5 685(3) 100(2) 6.85(14)

6 692(3) 100(2) 6.92(14)

7 684(2) 100(1) 6.84(7)

8 673(3) 100(2) 6.73(14)

9 696(1) 100(1) 6.96(7)

10 687(1) 100(1) 6.87(7)

[25] 600(40) 100(7)c 6.0(6) 8.1(13) 1.4(2)d

[9] 4.91(15) 2.24(10)

[16] 2.2(1)e

[17] p. 161 2.24(10)e

[18] 2.24(10)e

[19] p. 836 1.78(8)f

[20] 1.68(6)f

[22] 1.69

[9] (revised) 9.00(32)g 1.23(5)g

aUnweighted average of ten values presented in column 4.
bThis work.
c100 in Ref. [25], we have assumed 7% uncertainty.
dObtained here using the data from [25]. Using the same data, Bunting [24] (p. 355) proposed 1.4(3).
eSame/similar value as that of Ref. [9].
fCorrecting the ratio 4.91(15) [9] for time dependence, assuming not done by authors.
gRevised value using the ratio 4.91(15) [9]; see text for details.

of the daughter is needed to allow complete decay of the

directly produced 137Ceg through the 139La(p, 3n) reaction,

otherwise, additional counts would be accumulated under the

447-keV γ -ray peak, i.e., the second term in Eq. (1) would

not be negligible. This would result in a lower ratio value for

Iγ (254)/Iγ (447) and thus a higher value for %Pγ (447).

Since 1975, the recommended %Pγ (447) value varied

between 2.25(5) and 1.68(6), as presented in Table I. As a

result, the accuracy of all the cross section data measured

by activation technique was most likely deviated by the same

fraction compared to %Pγ (447) = 1.21(3), where the reaction

product was 137Ceg. In many cases, the measured cross section

data, especially with an isomeric and ground state pair, have

been used for studying the angular momentum effects in

nuclear reactions, spin dependence of the nuclear level den-

sity [26,29–32], elemental evolution in a stellar environment

[22,36,37], and to recommend Maxwellian-averaged (n, γ )

cross sections at thermal energy kT = 30 keV [45]. Existing

experimental cross section data if deduced using incorrect

%Pγ (447) should be revised for inclusion as input for further

studies. The %Pγ (447) value of this work will also be useful

to normalize the 137Ceg decay scheme to provide accurate

quantitative intensity data for all related radiations, like β, x

ray, and all other γ rays, etc.

B. 85
Y

g

The relative intensities of the 504- and 232-keV γ rays

from the decay of 85Yg and 85Sr, respectively, measured in

transient equilibrium, are presented in Table II. The relative

intensity Iγ (232) of the daughter has been corrected using the

time-dependent factor F = 1.73(8). It was calculated using

the half-lives of 2.68(5) h and 1.127(67) h for 85Yg and 85Srm,

respectively. Finally, an unweighted average value of 139(4)

was obtained for the time-dependent corrected Iγ (232) and

the emission probability of %Pγ (504) = 60(2) was deduced

using %Pγ (232) = 83.9(4) [44] in Eq. (9). Our value agrees

well with the recommended value of 60(5)% [44], however,

the uncertainty has been improved from 8.3 to 3.3%. New

value would yield more precision to the determination of the

absolute activity of 85Yg for use in cross section measurements

or in other uses.

Liptak et al. [6] presented the relative intensity Iγ (232) =

140(10) with respect to Iγ (504) = 100, however, the authors

did not mention whether or not the daughter Iγ (232) was

corrected for the time-dependent factor. To normalize the 85Yg

decay scheme, these values were used with the assumption

that the value 140(10) was corrected for a time-dependent

factor [44]. The assumption was consistently used since the

publication of that article, so we find that all the recommended
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TABLE II. Relative Iγ (504) and Iγ (232) from the decay of 85Yg and 85Srm, respectively, measured in transient equilibrium. Statistical

uncertainty of the former Iγ has been propagated with that of the latter one. Corrected Iγ dc = Iγ d (232)/F , unweighted average in columns 4

and 5, and emission probability of 504-keV γ ray are presented in column 6. F = 1.73(8).

Sample no./[Ref.] Iγ p(504) Iγ d (232) Iγ dc(232) Iγ dc(232) %Pγ (504)

1 100 241(2) 139(7) 139(4)a 60(2)b

2 100 245(2) 142(7)

3 100 237(2) 137(6)

4 100 245(2) 142(7)

5 100 259(3) 150(7)

6 100 213(5) 123(6)

[6] 100 140(10)

[44] 60(5)c

aUnweighted average of six values presented in column 4.
bThis work.
cUsing data from Ref. [6] and assuming that 140(10) was corrected for time dependence by authors.

values over the decades in Refs. [16,18,44,46] are consistent.

Our work shows that the assumption is indeed a correct one.

V. CONCLUSIONS

For the 137Ceg decay, the emission probability of the

447-keV γ ray was measured to be 1.21(3)%, which differs

significantly from an earlier published value of 2.24(10)%

[9]. From our measured data, we show that the discrepancy

was caused by the incorrect use of the time-dependent factor

in the denominator in Eq. (8) as opposed to the numerator.

A revised value of 1.23(5)% was obtained using the datum

of Ref. [9]. The revised value is in excellent agreement with

our value 1.21(3)%. This work resolves the discrepancy of

%Pγ (447) in 137Ceg decay and provide accurate and more pre-

cise value compared to earlier data. The new value will yield

accurate and more precise cross section data by activation

technique for future measurements and will be useful to

normalize the 137Ceg decay scheme to provide accurate quan-

titative data for all related radiations, like β, x-ray, and all

other γ rays, etc. Since 1975, the recommended %Pγ (447)

value varied between 2.25(5) and 1.68(6), as presented in

Table I. As a result, the accuracy of all the cross section

data measured by activation technique was most likely devi-

ated by the same fraction compared to %Pγ (447) = 1.21(3),

where the reaction product was 137Ceg. The measured cross

section data involving the 137Cem,g product are useful for

studying the angular momentum effects in nuclear reactions,

the spin dependence of the nuclear level density, and to recom-

mend Maxwellian-averaged (n, γ ) cross sections at thermal

energy kT = 30 keV for nucleosynthesis studies. Existing

experimental cross section data if deduced using incorrect

%Pγ (447) should be revised for inclusion as input for these

studies.

For the 85Yg decay, the emission probability of the 504-

keV γ ray was found to be 60(2)%, which agrees well with

the recommended value of 60(5)% [44]. We have obtained

relative Iγ (232) = 139(4) correcting with the time-dependent

factor F , which is in good agreement with the reported value

of Iγ (232) = 140(10) by Liptak et al. [6]. We confirmed

that the reported value of Iγ (232) in Ref. [6] was corrected

by the time-dependent factor, which was, however, not ex-

plicitly mentioned by the authors. Additionally, the uncer-

tainty of %Pγ (504) = 60(2)% has been improved compared

to 60(5)%, i.e., from 8.3 to 3.3%. The new value would yield

more precision to the determination of the absolute activity of
85Yg for use in cross section measurements or in other uses.

To deduce γ -ray emission probabilities from relative γ -ray

intensities for nuclides in transient equilibrium, the use of a

time-dependent factor is important as shown in Eqs. (8) or (9).

In cases where the literature data are ambiguous on the use of

time-dependent factor, new experiments are needed to verify

the accuracy of the γ -ray emission probabilities. Our work

highlights the necessity of explicit description by authors of

any time-dependent correction they have made when reporting

γ -ray intensities for nuclides in transient equilibrium.
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