Comments on evaluation 144Ce

144Ce — Comments on evaluation of decay data
by A. L. Nichols

Evaluated: May 2013 and March/April 2014

Evaluation Procedures

Limitation of Relative Statistical Weight Method (LWM) and other analytical techniques were appt®d
average numbers throughout the evaluation. Thertaioty assigned to the average value was always
greater than or equal to the smallest uncertaifitigeovalues used to calculate the average.

Decay Scheme

**Ce (T,, = 284.89 days) undergoes 10Q%decay (Qf") = 318.6 (8) keV) via various excited levels
of *¥Pr to the metastable state 6f"Pr (branching fraction of 0.0115 (20), and*"Pr half-life of
7.2 min) and to the ground state ¥fPr (branching fraction of 0.9885 (20), aftiPr half-life of
17.29 min). A reasonably well-defined decay schevae derived from the gamma-ray measurements
of 1969Gul5, 1970Anl15, 1970Fa03, 1970Po09, 1975DdB76Ch33, 1977Gel2, 19810I04,
1982Yu02, 1983El14 and 1984Dal3, coupled with cedmpnsive studies of conversion-electron
spectra and extensive efforts to determine unarobigly the spin and parity of the ground state &ed t
half-lives of the excited states df‘Pr (1957Pa51, 1958Hi76, 1959Fr54, 1959Se57, 1968Ge0
1961Ge09, 1962BI05, 1962Bu09, 1962Bu22, 1962F0083C018, 1963Ful6, 1963Iw02, 1963Sil0,
1963Crl11, 1963Kn05, 1963Bh11, 1964Az02, 1964Be964Mc22, 1965Rel3, 1965C019, 1966Bel1,
1966Da04, 1967Gul7, 1968Dal2, 1969Ge01, 1969M&PMAN15, 1971Sa20 and 1975Ba32). While
1%4Ce@™) **"Pr amounts to only 1.15 (20) % of the total deciyghter***Pr undergoes 99.94 (2) %
isomeric-transition decay t§°Pr by emission of a single 59.03(3)-keV gamma emd 0.06 (2) %8
decay td"*Nd. As a consequence of the short-lived decdy*BPr the 59.03-keV M3 gamma transition
has been included in both t#Ce and***"Pr decay-data files. Thus, the proposed decay seliem
1%%Ce consists of threp transitions and seven gamma-ray emissions, oflwbiee gamma transition
originates from***"Pr IT decay. Weighted-mean relative emission priitiab were calculated for
some of the gamma rays, while equivalent data therogamma transitions were primarily adopted
from the comprehensive measurements of 1984Dal3fAhese relative emission probabilities were
defined in terms of the 133.515-keV gamma ray (1)00%

Nuclear Data

*Ce has been adopted as a burn-up monitor for aredifuel, and as a brachytherapy source in
specific forms of cancer treatment. Ti§é decay of daughtef*Pr is important in decay heat
assessments, design of irradiated fuel storagitifsssiand other facets of radwaste management.

Half-life

The measurements of 1956Sc87, 1957Me47, 1965F9BEBLR10, 1968Re04, 1980H017, 1983Waz26,
19860I101, 1997Ma75 and 2014Un01 were analysed nsef the limitation of relative statistical
weight method (LWM), normalised residual method WRRajeval technique, bootstrap method, and
Mandel-Paule approach?(N-1) obtained from the LWM, bootstrap and ManBelle analyses are
significantly higher than the values obtained frdm equivalent data manipulation by means of the
NRM and Rajeval techniques. While NRM resulted djuatments to the half-life data measured by
1980H017 and 1997Ma75, the equivalent Rajeval aimlgonsisted of a small adjustment to the
uncertainty of 1965FI02, and more substantial chantp the uncertainties quoted by 1980H017,
1983Wa26 and 1997Ma75. Under these circumstancleaslfdife value of (284.89 + 0.06) days was
preferred and recommended, as quantified by thevbanalytical procedure.
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Comments on evaluation 144Ce

Reference Half-life (d)
1956Sc87 284.5+1.0
1957Me47 285+ 2
1960Ea02 277 +'4
1965F102 283.8+0.6
1968Lal0 284.8+1.0
1968Re04 284.9+0.8
1980H017 285.8 + 0.1
1983Wa26 284.45 + 0.14
19860101 284.893 + 0.088
1992Un01 284.558 + 0.038
1997Ma75 286.14 + 0.09
2002Un02 284.534 + 0.032
2012Fi12 284.35 + 0.08
2014Un01 284.35 + 0.40
Recommended value 284.89 + 0.06

" Defined as an outlier, and therefore not adoptaté analytical procedures.

$ Uncertainty adjusted t 0.06 to reduce weighting to no more than 0.50.

* Superseded by study of 2012Fi12 after the disgoveproblems in maintaining constant
detector-source geometry within the NIST ionizatbamber.

® Replaced by 2014Un01 - uncertainty increased @08 to 0.40 in the most recent NIST
paper.

" Recommended value adopted from Rajeval analydis,uncertainty increased from + 0.008
to 0.06 in alignment with the smallest uncertaadppted to calculate the average value.

Analytical method Half-life (d) v*/(N-1) I (N-1eritican
UWM 284.86 +0.22 - -

LWM - WM 284.91 +0.05 31.85 2.41
LWM — WM? 285.3+0.4 23.22 2.41

NRM 284.64 +0.16 2.01 1.88
Rajeval 284.892 + 0.008 1.56 -
Bootstrap 284.79+0.21 57.74 -
Mandel-Paule 285.0+0.6 46.43 -

# Uncertainty of measurement by 19860I01 increasmd £ 0.008 to 0.06 to reduce weighting to no ntbes 0.50.

Q values

The 59.03-keV IT gamma decay df*"Pr has been handled as part of the decay scheM&Cef with
100%p" decay td*Pr and adoption of a @alue of 318.6 (8) keV (2012Wa38).

Gamma-ray energies and emission probabilities

Energies
The well-defined nuclear level energies of 2001Sed&e used to calculate the gamma transition

energies and their uncertainties. Greater confielemas placed on this approach because of the more
wide-ranging origins of the gamma transition datarethough the energies of the gamma-ray emissions
have been measured by 1960Ge05, 1960Sa22, 1970A816Ch33, 1976Ra22, 1982Yu02, 1983EIl14
and 1984Da13. Daughtef*"Pr undergoes 99.94 (2) % isomeric-transition deodyPr by means of a
single 59.03(3)-keV gamma ray, and 0.06 (2p%lecay to"*Nd - the 59.03-keV M3 gamma transition
has been included in both tH{éCe and***"Pr decay-data files.

Adopted energies, spins and parities for the nucledevels of**Pr (2001S016).

Nuclear level number Nuclear level energy | Spin and parity
(keV)
0 0.0 0- 17.29 (4) min  **Pr
1 59.03 + 0.03 3- 7.2(2) min  *pr
2 80.120 + 0.004 1- 136 (11)'ps
3 99.952 + 0.009 2 - 0.67 (6)ns
4 133.5152 + 0.0020 1- 7 (4)'ps

" Weighted mean of 125 (14) ps (1962Bu22 (same \alkeereported by 1962Bu09)) and 143 (11) ps (1964yIc2
uncertainty increased from = 9 to 11, in alignmeith the smallest measured uncertainty of the \salised to
calculate the weighted-mean value.

#Weighted mean of 0.69 (14) ns (1962Bu22 (same \alkeereported by 1962Bu09)) and 0.66 (6) ns (1968Be3

" Determined by 1962Bu22 (same value also reportetDb2Bu09).
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1444
Measured and recommended gamma-ray energies.
E, (keV
15(57P;51 1959Fr54 | 1959Se57| 1960Ge0§ 1960Sa22 | 1970Anl5|  1976Ch33 1976Ra2} 1978Mod2 19788 | 1982YU02 1983EI14 1984Dal3 Recommende’”
- - - - - - - - - - - - 5.012 (50) PrXi+ Ly,
- - - - - - - - - - - - 5.486 (50) Pr X+ Lgs + L
- - - - - - - - - - - - 5.851 (50) Pr Xdse
- - - - - - - - - - - - 6.297 (50) Pr XL
- - - - - - - - - - - - 6.594 (50) Pr X4
33.7 35 (X-ray) 36 (2) 33.57 (3 34 (3) 336 (1) .62 (10) 33.6 - - 33.552 (20 33.56 33.568 (10) 583 + 0.009
- - - - - 35.9 (1) [ 35.554 (10 - - - 35.558 (2)) - | 35.547 (10 PrX i
- - - - - - 36.030 (10) - - - 36.033 (20) - 36.026) PrX Ku
- - - - - 40.7 40.676 (10 - - - - 40.72 40.739)(20 Pr X Kg
41.0 - - 40.93 (3) - 41 40.892 (50 40.8 (4 - - - - 40.98 (10) 40.92 +0.03
- - - - - 41.7 (1) | 41.759 (10 - - - 41.756 (1b) - | 41.778 (10) PrX I
53.0 - - 53.41 (5) 54 (4) | 53.4(1) | 53.432(10) 53.4 (1) - - 53.436 (10) 63.4] 53.395 (5) 53.395 + 0.005
- - - 59.03 (3) - 59.0 (3) - 58.5 (2) - - - 58.96) 8.98 59.03 +0.03
L4mpy T decay
81.0 80 81 (4) 80.12 (3) 80 (3) 80.1 (1] 80.106 (5) 80.09 (8) - - 80.119 (10 79.95 80.120 (3) 80.120004
100.6 - - 99.95(5)] 101 (5)| 100.0(1) | 99.963 (20 99.85 (8) - - 99.922 (15) .899 | 99.961 (15) 99.952 +0.009
134.1 133 134 (4) | 13353(3) 134(2 133.5(1) 1583.(5)| 133.51(10) 133.515 () 133.524 133.514 (9) 133.29 133.515 (4) 133.5152 +0.0020
13)
# Determined from the nuclear level energies of Zilb.

" Gamma-ray energies derived from coincidence measenmts.
" Gamma-ray energies determined from conversiortreleeneasurements.

* Inadequate data arising from insufficient starisfbrPym < 0.01 (normalized with respect to a relative emisgrobability of 100% for the 133.515-keV gammg)ra
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Emission Probabilities

Relative gamma-ray emission probabilities have beartially or fully determined or derived from the
measurements of 1970An15, 1970P0o09, 1976Ch33, ¥I7ZAd982Yu02, 1983EI14 and 1984Dal3, and limited
and complete studies of the absolute gamma-raysemnigprobabilities have been performed by 1960Ge05,
1969Gul5, 1970Fa03, 1975Del7, 1976Ra22 and 19810MHile considerable emphasis was placed on the
comprehensive and well-defined measurements of 1883, data from the studies of 1960Ge05, 1970An15,
1970Fa03, 1970P009, 1976Ch33, 1977Gel2, 1982Yu21883EI14 were also used in the weighted-mean
analyses of the 33.563-, 40.92-, 53.395-, 80.120@ ©9.952-keV gamma-ray emissions. All of the reéat
emission probabilities were suitably refined andriiied in terms of the emission probability oeth33.515-
keV gamma ray (100.0%). Considerable difficulty lagn experienced in resolving the 40.92-keV gamaya-
emission from Pr KX-rays (40.65 — 41.97 keV); hence, a speculaﬂ}f”é(40.92 keV) weighted-mean value of
2.94 (50) was adopted to achieve a gamma poputdepopulation balance in conjunction with an asslizexo

B~ population of the 99.952-keV nuclear level'8Pr. A weighted-mean normalization facté?) (of 0.1083 +
0.0012 was adopted for the relative gamma-ray eomsprobabilities, as determined from the conversio
electron and gamma spectroscopic studies of Gelgar (1960Ge05), Debertiat al. (1975Del7) and Olomo
and MacMahon (19810I104) by means of a well-chare&ep spectrometer and Ge(Li) detector systems.

Absolute emission probability of 133.515-keV gammeay (normalization factor).

Reference P4s(133.515 keV)
1960Ge05 0.108 (4§
1975De17 0.1109 (16)
19810104 0.1069 (12)
Recommended 0.1083 (12)

# Calculated from theoretical internal conversionfficients, measured conversion-electron aritensities, and (K(133.515 keVj*Prp spectrum)
ratio of 0.053 (2), as specified in Table 2 andti®ad of 1960Ge05.

T Recommended uncertainty adjusted from + 0.00090012 to align with the smallest uncertainty of #ladues used to calculate the weighted mean
value.

Multipolarities, and Internal Conversion Coefficien

The nuclear level scheme specified by Sonzogni been used to define the multipolarities of the gamm
transitions on the basis of known spins and pari{@2001S016). Extensive conversion-electron, e-y
coincidence and directional angular correlatiordistsl throughout the 1960s/1970s focused on defigalgma
multipolarities and spin-parity assignments for thelear levels of*Pr (particularly for the 0 — ground state).
The detailed conversion-electron measurements dfeGest al. are particularly noteworthy (1960Ge05,
1961Ge09, 1969Ge01), along with equivalent stunlil959Se57, 1963Iw02, 1965C019, 1966Bell, 1966Da04
1969Ma24, 1970An15, 1971Sa20, 1975Ba32 and 1976CA88pted multipolarities are 100%M1 for the
33.563-, 40.92-, 53.395-, 80.120-, and 133.515-gawhma rays, and E2 for the 99.952-keV gamma rayeMo
specifically, evidence of 100%M1 for the 40.92-kg&mma transition arises from measurements of fagve
conversion-electron emission probabilities of 1960& and they value of 1.8 (6) determined by 1970An15.
Recommended internal conversion coefficients haaenldetermined from the frozen orbital approximad
Kibédi et al. (2008Ki07), based on the theoretical model ofdetral. (2002Ba85, 2002Ra45).

The observation of a low-intensity, 59.03-keV ganmamawas identified with the subsequent IT decay8Pr
(half-life of 7.2 (2) min. — defined as M3 traneiti).

Branching fractions for **‘Ce@")**Pr and “**Ce($")"*"Pr

1%‘Ce undergoep™ decay predominantly to the ground staté“@®r via bothp™ population of the ground state,
80.120- and 133.5152-keV nuclear levels*8Pr, andy depopulation/population of the ground state, 80-12
99.952- and 133.5152-keV nuclear levels‘@®r. However, there is also evidence for the emisteof a small
branch that populates the 59.03-keV nuclear lefét'8Pr by means of the 40.92-keMransition, which arises
as part of the 33.563-40.92(-59.@3)ascade embracing the 133.5152-, 99.952- and &@¥03uclear levels.

Adopting a recommended relatigeray emission probability of 2.94 (50) % for the.9®-keV y ray, and a
normalisation factor of 0.1083 (12):
BF(“Ce@)*"Pr) =[B! x F1x (1+ rorar)]
WherePyTel is the relativey-ray emission probabilityF is the normalisation factor, angy, is the total
internal conversion coefficient.
Therefore, BE(“Ce3)**™Pr) = [2.94 (50) x 0.1083 (12)] x 3.61 (4) 1149 (195) %.
BF(**Ce@)"**"Pr) = 0.0115 (20) when rounded-up and expressediaction [i.e. 1.15 (20) %];
BF(**Ce()"**Pr) = 0.9885 (20) when expressed as a fractiengB.85 (20) %.
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Published gamma-ray emission probabilities.

144C e

" Emission probabilities expressed relative 10.83.515 keV) of 100%.
4 Absolute emission probabilities calculated fromdtetical internal conversion coefficients, meaguenversion-electron andntensities, and (K(133.515 keV)

/ **4Pr B spectrum) ratio of 0.053 (2), as specified in €abland Section 6 of 1960Ge05.
 Measured absolute emission probability (and prdiiais).
T Absolute emission probabilities expressed on #sssbof an absolute emission probability of 10.8¥tlie 133.515-keV gamma ray.

* Emission probabilities expressed relative to ssohlte emission probability of 10.0 (1) % for tf281515-keV gamma ray.

* Emission probabilities expressed relative (696.5 keV) of 100% which is identified with theahy of daughté'f“‘Pr/lM"PI’.
4 Authors state that relative emission probabilityained by subtracting theoretical relative emissicobability of Pr X K, from measured composite peak.
# Authors state that relative emission probabilityaifed by subtracting theoretical relative emisgiosbabilities of Pr X i1 and Ky, from measured composite peak.

Surrey Univ. & Manipal Univ./A.L. Nichols
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E, (keV) P, (%)
1954Kr40 | 1959Fr54 1959Se57 | 1960Ge0% 1960Sa22 | 1969Ma24 | 1969Gul8 | 1970An15 1970Fa03 1970Po09 | 1975Del?

33.563 (9) _ includes X-rays| 144 (10) 0.23 (1) 95 80 (8) - 2.0(5) 0.15 (5) @3 -
40.92 (3) - - - 0.36 (1) - - - 4.4 (15) 0.50 (25) (45 -
53.395 (5) - - - 0.127 (5) - - - 1.2 (2) 0.09 (4) 1) -
59.03 (3) - - - 0.0011 - - - ~0.01 not observed - -
L4mpr T decay
80.120 (4) 28.7 (43) 24 (5) 24 (5) 1.6 (1) 35 2P (2 1.51 (15) 14.8 (10) 1.54 (15) 16 (1) -
99.952 (9) - - - 0.042 (2) - 10 (2) - 0.36 (5) ®Q3) 0.39 (4) -
133.5152 (20) 100 100 (10) 100 (6) 10.8 (4) 100 100 11.0 (3) 100 (5) (10.8) 100 (6) 11.09 (16
E, (keV) P, (%)

1976Ch33 1976Ra22 1977Gel? 19810104 1982Yu0? 1983El14 1984Dal3
33.563 (9) 2.62 (15) includes X-rays - - 2.14 (17) 1.77 (26) 1.8 (2)
40.92 (3) 3.59 (40) 0.72 (4) - - 3.76 (85) 3.22 (230} 1.38 (20)
53.395 (5) 0.86 (5) 0.07 (1) 7.8 (4) - 1.05 (11) 840(8) 0.90 (7)
59.03 (3) not observed 0.003 (2) - - not observed ~0.01 <0.01
144D T gecay
80.120 (4) 10.20 (100) 1.50 (4) 112 (6) - 13.6 (10) 12.58 (100) 12.25 (49)
99.952 (9) 0.35 (3) 0.06 (1) - - 0.36 (4) 0.50 (7) 0.36 (4)
133.5152 (20) 100 (4) 10.0 (1) 836 (25) 10.69 (12 100 100 100.0 (10)
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144C e

Measured and recommended gamma-ray emission probaidies relative to P(133.515 keV) of 100%.

Emission probabilities adjusted in order to beregped relative to,33.515 keV) of 100%.

# Unable to resolve 33.563-keV gamma transition fémay emissions — data not included in subseqeeaiuation.
T LWM weighted-mean values adopted when judged apjate.
* Stated as obtained by subtracting the theore®ici],, X-ray emission probability (36.033 keV) from theperimentally-measured composite peak.
® Stated as obtained by subtracting the theore®icil, and K;, X-ray emission probabilities (40.739 and 41.778)kiom the experimentally-measured composite peak.
* Rajeval value adopted, with the recommended uaicgytadjusted from + 0.07 to 0.10 to align withadlast uncertainty of the data used to calculagweighted-mean

value.

4 Considerable difficulty has been experienced $oléng the 40.92-keV gamma-ray emission from PXKray emissions (40.65 — 41.97 keV) — hence, aidpéive
Py’el(40.92 keV) weighted-mean value of 2.94 (50) wasptel to achieve a gamma population-depopulatitanbe in conjunction with an assumed zgr@opulation of

the 99.952-keV nuclear level Y¥pr.

“ Rajeval value adopted, with the recommended uaicgytadjusted from + 0.03 to 0.05 to align withadi@st uncertainty of the data used to calculatewieighted-mean

value.

® Calculated from the recommended relative transitimbability of 10.61 (215) % for the 40.92-keVay which populates the 59.03-keV nuclear levéf'#ir, and M3
total internal conversion coefficient of 1221 (18).

* Recommended uncertainty adjusted from + 0.3 taddign with smallest uncertainty of the datadigecalculate the weighted-mean value.
8 Recommended uncertainty adjusted from + 0.0102 @ align with smallest uncertainty of the dasedito calculate the weighted-mean value.
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E, (keV) Pt (%)

1954Kr40 1959Fr54 1959Se57 1960Ge05| 1960Sa22 1969Ma24  1969Gul5 1970An15| 1970Fa03 | 1970Po09
33.563 (9) - - 144 (10) 2.1 (1) 95 80 (8) - 2.0 (5) 1.4 (5) 2.3(2)
40.92 (3) - - - 3.3(1) - - - 4.4 (15) 4.6 (23) 45 (
53.395 (5) - - - 1.18 (5) - - - 1.2 (2) 0.8 (4) )
59.03 (3) - - - 0.01 - - - ~0.01 not observed -
Lampr T decay
80.120 (4) 28.7 (43) 24 (5) 24 (5) 14 (1) 35 22 (2) 13.7 (14) 14.8 (10) 14.3 (14) 16 (1)
99.952 (9) - - - 0.39 (2) - 10 (2) - 0.36 (5 0(3% 0.39 (4)
133.5152 (20) 100 100 (10) 100 (6) 100 (4) 100 100 100 100 (5) (100) 100 (6)
E, (keV) Prel (%)

1976Ch33 | 1976RaZ2 | 1977Gel2 1982Yu02 1983El14 1984Da13 Recommended
33.563 (9) 2.62 (15) - - 2.14 (17) 1.77 (26) 1.8 (2) 2.08 (10)
40.92 (3) 3.59 (40) 7.2 (4) - 3.76 (65) | 3.22 (230§ 1.38 (20) 2.94 (50
53.395 (5) 0.86 (5) 0.7 (1) 0.93 (6) 1.05 (11) 0.84 (8) 0.90 (7) 0.93 (9)
59.03 (3) - 0.03 (2) - not observed =~ 0.01 <0.01 0.0087 (18)
144mpr T
decay
80.120 (4) 10.20 (100) 15.0 (4) 13.4 (8) 13.6 (10) 12.58 (100) 12.25 (49) 12.9 ()
99.952 (9) 0.35 (3) 0.6 (1) - 0.36 (4) 0.50 (7) 0.36 (4) 0.38 (2
133.5152 (20) 100 (4) (100 (1)) 100 100 100 100.0 (10) 100
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Gamma-ray emissions: multipolarities, and theoretial internal-conversion coefficients (frozen orbitalapproximation).

144C e

Ey(keV) Multipolarity oK oL o oL o3 oy ay oo+ Qrotal
33.563 (9) (Pr) M1 - 3.70 (6) 3.35 (5) 0.289 (4 06D3 (9) 0.780 (11)| 0.1744(25) 0.03L  4.69 (1)
40.92 (3) (Pr) M1 - 2.06 (3) 1.87 (3) 0.1585 (2B) .0329 (5) 0.434(7) | 0.0971 (14) 0.0168  2.61(4)
53.395 (5) (Pr) M1 6.75 (10 0.942 (14 0.856 (12) 0.0710 (10) | 0.01464 (21 0.199 (3) 0.0444 (f) 08007 7.94 (12)
59.03 (3) (Pr) M3 408 (6) 618 (9) 233 (4) 34.9 (5 351 (5) 155.0 (23) 34.7(5) | 5.20(8) 1221 (18)
80.120 (4) (Pr) M1 2.08 (3) 0.288 (4) 0.263 (4 209 (3) 0.00427 (6) 0.0608 (9) 0.01359 (19)  0.00302.45 (4)
99.952 (9) (Pr) E2 1.214 (17 0.710(10)  0.1089 (16 0.288 (4) 0.313 (5) 0.1599 (23 0.0346 (3)  0.00492.12 (3)
133.5152 (Pr) M1 0.486 (7)| 0.0668 (10 0.0613 (9 0.00456 (70.000919 (13)| 0.01408 (20) 0.00315 (5) 0.00055 57D(8)
(20)

Recommended gamma-ray energies, relative and abstduemission probabilities, and transition probabilties, and conversion-electron probabilities.

E, (keV) prel P%Ys (%) Transition probability (%) P2bs = (TP - Pbs) (%)

Yaz 33.563 (9) 2.08 (10) 0.225 (11) 1.28 (6) 1.05 (6)

Y31 40.92 (3) 2.94 (50) 0.32 (5) 1.16 (18) 0.84 (19)
Yaz 53.395 (5) 0.93 (5) 0.101 (5) 0.90 (4) 0.80 (4)

Yic 59.03 (3) 0.0087 (18) 0.00094 (19) 1.15 (23) 1.(28D)

Ya.c 80.120 (4) 12.9 (5) 1.40 (5) 4.83 (17) 3.43 (18)
Yac 99.952 (9) 0.38 (2) 0.041 (2) 0.128 (6) 0.087 (6)
Yac 133.5152 (20) 100 10.83 (12) 17.01 (19) 6.18 (22)
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B~ energies and emission probabilities

Energies
All B~ energies were derived from the structural detdilthe proposed decay scheme. The nuclear level

energies of 2001S016 and evaluated Q-value of 388.BeV (2012Wa38) were used to determine the
recommended energies and uncertainties off tleenissions.

Emission Probabilities

Emission probabilities were derived for the popoladepopulation imbalances of the relative emissio
probabilities of the gamma rays, their theoretio&trnal-conversion coefficients, and the normaiira
factor of (0.1083 + 0.0012) for the gamma-ray emoiss, as noted abovp. decay directly to the 99.952-
keV nuclear level of*Pr and the 59.03-keV metastable stat&'Pr) were both assumed to be zero on
the basis of spin and parity considerations thatlevdave resulted in first forbidden unique andahi
forbidden non-unique transitions, respectively. ftaglues and averagg Eenergies were determined by
means of the LOGFT code.

Recommended energies and emission probabilities ftire p~ decay of**Ce.

Es (keV) |Av. Ej (keV) Py Yece | *pr transition type log ft
Bos 185.1(8) 50.29 (24) | 19.2(1) 04 1+ first forthish non-unique 7.27
Bo2 238.5(8) 66.24 (25) 3.9(2 04 1+ first forb@dnon-unique 8.31
Boo  318.6(8) 91.3 (3) 76.9 (3 0 H 0 first forbiddeon-unique 7.424

> 100

" Determined from the nuclear level energies of Zlb and Q-value of 318.6(8) keV (2012Wa38).

Energies and emission probabilities of noteworthyniternal-conversion electrons.

Energy (keV) Electrons per 100 disint.
€G3 (Pr) 26.728 — 33.563 1.05 (6)
eGsy (Pr) 26.728 — 27.599 0.83 (5)
eGzm (Pr) 32.052 - 32.632 0.175 (10)
eq:N (Pr) 32.259 - 33.561 0.039 (2)
€G30+ (Pr) 33.526 — 33.563 0.0069 (4)
eGiT (Pr) 34.09 - 40.90 0.84 (19)
eG 1L (Pr) 34.09 — 34.96 0.66 (15)
eG1 M+ (Pr) 39.41 -40.90 0.18 (4)
eGo1 (Pr) 11.404 — 53.393 0.80 (4)
eq sk (Pr) 11.404 (5) 0.68 (3)
eq:yL (Pr) 46.560 — 47.431 0.095 (5)
eC2 M+ (Pr) 51.884 — 53.393 0.025 (1)
€G o1 (Pr) 17.04 —59.03 1.15 (23)
eC ck (Pr) 17.04 (3) 0.38 (8)
eCcL (Pr) 52.20 - 53.07 0.58 (12)
€C oM+ (Pr) 57.52 - 59.03 0.18 (4)
€Go1 (Pr) 38.129 - 80.12 3.43 (18)
€Gok (Pr) 38.129 (4) 2.91 (15)
€GoL (Pr) 73.285 — 74.156 0.403 (21)
€Gcm (Pr) 78.609 — 79.189 0.085 (4)
eGoN (Pr) 79.816 — 80.118 0.0190 (10)
€Goo+ (Pr) 80.083 — 80.12 0.0042 (2)
eGo1 (Pr) 91.524 — 133.515 6.18 (22)
eqok (Pr) 91.524 (2) 5.26 (19)
eGoL (Pr) 126.680 — 127.551 0.723 (25)
et om (Pr) 132.004 — 132.584 0.152 (5)
eqoN (Pr) 133.211 - 133.513 0.0341 (12)
€CGoc+ (Pr) 133.478 — 133.515 0.00595 (21)
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A consistent decay scheme was derived that conttatiesp™ transitions and seven gamma-ray emissions,
of which one gamma transition originates from tliedecay of***"Pr. While the 59.03-keV gamma
transition constitutes the major IT-decay mode*8Pr, this emission has been adopted as part ¢ the
decay scheme df‘Ce, and can be found in the decay-data files df B&€e and**"Pr.

Atomic Data

The X-ray and Auger-electron data have been cdkullasing the evaluated gamma-ray data, and atomic
data from 1996Sc06, 1998ScZM and 1999ScZX. Both Miray and Auger-electron emission
probabilities were determined by means of the ENMI®S&computer program (version 4.02, 28 February
2012), as described in 2000Sc47. This programrpurates atomic data from 1996Sc06 and the
evaluated gamma-ray data.

K and L X-ray energies and emission probabilities b**Ce.

Energy Photons Relative
(keV) per 100 disint. probability
XL (Pr) 4.453 - 6.617 1.54 (4) 35.0
XL, (Pr) 4.453 0.0282 (9)
XL, (Pr) 5.013 — 5.033 0.711 (21)
XL, (Pr) 4.929 0.0107 (4)
XLg (Pr) 5.489 — 5.851 0.673 (15)
XL, (Pr) 6.327 — 6.617 0.116 (3)
XK XK o2 (Pr) 35.5506 (2) 2.41 (5) 54.8
XK a1 (Pr) 36.0267 (2) 4.40 (9) 100
XK g1 XK g3 (Pr) 40.6533(7) | )
XKy (Pr) 40.7487(5) | ) 1.34(3) 30.5
XK gs (Pr) 41.050 )
XK g2 XK g2 (Pr) 41.774 (2) )
XK g4 (Pr) 41.877 ) 0.343(10) 7.80
XKO, 3 (Pr) 41.968 )
Auger-electron energies and emission probabilitiesf **Ce.
Energy Electrons Relative probability
(keV) per 100 disint.
€ak (Pr) 0.80 (4)
KLL 28.162 —29.890 0.514 (26) 100
KLX 33.576 — 36.004 0.254 (13) 49.4
KXY 38.97 —41.95 0.0313 (17) 6.1
e (Pr) 2.90-4.91 9.88 (10) 1922

Pr:og =0.914 (4)w. = 0.132 (5); r. = 0.871 (4) were taken from 1996Sc06.

Electron energies were determined from electrodibmenergies tabulated by Larkins (1977La19) and
the evaluated gamma-ray energies. Absolute eteamission probabilities were calculated from the

evaluated absolute gamma-ray emission probabibtigsassociated internal conversion coefficients.

Data Consistency

An effective Q-value of 318.6 (8) keV has been adopted from Weiray. (2012Wa38), and compared
with the Q-value calculated by summing the contitns of the individual emissions to th&Ce p™-
decay process (i.8., conversion electrong, etc.):

calculated Q-value = > (E; xP)

= 318.5 (13) keV

The percentage deviation of the calculated Q-véiomm the effective Q-value i€0.0 + 0.5)%, which
supports the derivation of an extremely consistiecly schemeith a relatively modest variant
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