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Decay of 3Co™
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We have studied some of the nuclear decay properties of **Co™. The half-life is found to be (8.853 & 0.023)
hours, which is significantly different from the evaluations found in the literature. The absolute intensity of the
24.9-keV y ray emitted in the internal transition decay is (0.0387 £ 0.0016)%, in agreement with the calculated
yield of a transition of M3 multipolarity. We observe y-ray photons from a previously unreported branch
for electron capture decay, with an intensity of (0.00120 £ 0.00005)%, consistent with expectations from the

calculation of log ft.
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I. INTRODUCTION

The ¥Co nucleus has two long-lived isomeric states
[1], formed by the parallel and antiparallel coupling of
7 f72 and vps), single-particle states [2,3]. The J™ =57
metastable state decays with a half-life of approximately
9 h to the 71-d J® = 2% ground state [4] via a highly
converted 25-keV internal transition [5-7] of multipolarity
M3 [8,9]. ¥Co™ is used in nuclear medicine for the ra-
diotherapy of small tumors [10-12]. The Auger electrons
accompanying the internal conversion of the 25-keV tran-
sition [13] provide a means of delivering a high radiation
dose to gram-size tumors. Improved knowledge of the decay
properties of *%Co™ will allow better calculation of local
dosimetry [14].

The *¥Ni(n, p) and *Co(n, 2n) reactions produce the
shielded (protected from B decay by stable isobars) nuclide
38Co with distinctly different isomer ratios [15], which could
be used as a potential nuclear-forensic fingerprint in debris
arising in a thermonuclear detonation. Since the decay of
38Co™ is difficult to observe directly, its concentration in an
experimental sample is often measured indirectly through the
ingrowth and subsequent decay of the ground state [15-18].
The accuracy with which the concentration of 3Co™ can be
determined indirectly is dependent, in part, on the accuracy
with which its decay half-life is known. We recently per-
formed experiments at the National Ignition Facility with the
purpose of measuring the *3Co"/5¥Cof isomer ratio arising
from the >*Co(n, 2n) and >®Ni(n, p) reactions at 14 MeV. In
following the ingrowth of 3Co®, we observed that the best
fits to the decay curves were obtained with a ¥Co™ half-life
that is significantly less than the currently accepted evaluation,
(9.10 £ 0.09) h [19]. To improve our isomer-ratio measure-
ments we performed a separate radiochemical experiment to
determine the decay properties of 3*Co™.

Sources of *¥Co™# were produced in the >>Mn(«, n) re-
action [5,20-22]. The angular momentum introduced by the
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projectile results in enhanced production of the high-spin
isomer, providing a more favorable isomer ratio than that pro-
duced from reactions with lighter projectiles [16,17,23-25].
In this paper, the 3¥Co™ half-life is reported from both direct
measurements, from the decay of the 25-keV photon intensity,
and indirect measurements, from the ingrowth and subsequent
decay of *Cof. We also remeasured the decay intensity of
the 25-keV photon emitted in the internal transition of *3Co™
and observed for the first time a small branch for its electron
capture (EC) decay.

II. EXPERIMENTAL

The 3Mn target was prepared by mixing powdered Mn
metal with powdered Al metal in equal amounts (by weight),
and grinding the mixture in a quartz mortar. Approximately
25 mg of the resultant powder was transferred into a 5-mm-
diameter die and compressed into a pellet by applying two
tons of pressure with a manual hydraulic press. The resulting
target behaved like a metal foil, and did not shed activity after
irradiation.

To produce *Co”, we irradiated the manganese target with
“He ions accelerated with the tandem van de Graaf at the
Center for Accelerator Mass Spectrometry (CAMS) [26], at
the Lawrence Livermore National Laboratory. The “He ions
[27] were accelerated to an energy of 27 MeV, focused to the
diameter of the target and delivered to a stack of foils bolted
to a water-cooled beam stop [28]. The Mn target was mounted
behind a Pt isotope-production target and thin Al foils [29].
The intervening experiment reduced the beam energy incident
on the Mn target to 12.9 MeV [30,31], which is the thresh-
old for the onset of the ¥Mn(«, 2n)>’ Co reaction [32]. The
small amount of 3’Co observed in the irradiated sample arose
through broadening of the beam energy profile in the leading
foils, along with minor deviations from homogeneity in their
areal densities. The Mn target was sufficiently thick that the
beam stopped in the target [30]. The nominal beam intensity
was 300 pnA (1.9 x 10'? particles/sec), and the duration of
the irradiation was 3 h.
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Following irradiation, the foil stack was transported to the
radiochemistry facility, where the Mn target was available for
processing 30 min postirradiation. The target was dissolved
[33] in 0.5 ml 6 M HCI, added dropwise, then heated to
complete dissolution. The resulting solution was diluted to
1.5 ml with addition of concentrated HCI, and after mixing
was passed through a 4-mm-diameter anion-exchange column
(AG 1-x8 resin, 140 mesh), preconditioned with 9 M HCI.
The column eluent from the original solution and 5 ml of 9 M
HCI column wash (containing Al and Mn) was set aside. Co
was then eluted from the column with 2 ml of 2 M HCI, and
the chemical fraction was evaporated to a small volume. The
overall chemical yield of the procedure was (98.5 £ 1.0)%,
based on the measurement of side fractions. The sample was
split into two parts, with both solutions evaporated to dryness
in 1-cm? spots on Pt foils and then heated to an orange glow
in a Bunsen burner flame. The final counting sources were
adherent and contained no visible contaminating mass. The
sources were available for counting 2 h after the end of the
irradiation.

y-ray intensities were measured with HPGe semiconductor
detectors [34]. Spectral data were acquired as singles using
standard counting electronics. The detectors were calibrated
for energy and efficiency responses with a set of radionuclide
standards, including commercial mixed-radionuclide sources
traceable to NIST as well as locally produced single-nuclide
sources (including '?Eu, ?*'Am, and '“°Ba) [35-37]. The
efficiency functions derive from a geometrical model based
on the construction of the detectors, benchmarked against
the calibration sources. Spectral data were collected as time-
tagged histograms in 4096 channels. For COAX detectors,
photon events between 50 keV and 2 MeV were collected; for
LEPS detectors, photon events between 10 keV and 400 keV
were collected. Samples were mounted in fixtures at well-
defined locations (£0.02 cm), coaxial with the detectors, and
were not moved during the acquisition of the decay-curve
data. Detectors were shielded with at least 5 cm of lead,
lined with cadmium and copper to reduce the detection of the
fluorescence of lead.

One sample (CO-3) contained 83% of the final Co product
and was counted 8 cm from the window of a germanium LEPS
detector. A 0.5-mm-thick Al absorber covered the sample to
attenuate electrons and very-low-energy photons, reducing
the relative rate of summing events. Electronic dead time,
which increased over the course of the experiment due to the
contribution of the ingrowth of 3Co? to the continuum at low
energy, did not exceed 2%. The decay of the intensity of the
24.9-keV y-ray was followed for 4 d with data accumulated
every 3 h.

The second sample (CO-4) contained 17% of the final
Co product and was mounted 4 cm from the window of a
12% COAX detector. A 480mg/cm? Cd absorber covered
the sample to attenuate low-energy photons. Electronic dead
time did not exceed 3% over the course of the experiment.
The ingrowth of the intensity of the 811-keV y ray from
3BCof decay was followed for 0.5 day with data accumulated
every 70 min, then for another 3.5 d with progressively larger
acquisition intervals as the effect of >¥Co™ decay on that of
B Cof was reduced.

TABLE 1. Nuclear data [19,37] used in the cross calibration of
the two detectors and in the calculation of the isotope inventory at
end of irradiation. Uncertainties (1-o') on the last digit(s) are given in
parentheses.

Nuclide Half-life Photon energy Photon intensity
(@ (keV) (%)
Co 271.79(9) 14.41 9.16(15)
122.06 85.60(17)
136.47 10.68(8)
692.0 0.157(9)
BCos 70.86(6) 810.8 99.45(1)
864.0 0.69(1)
1674.7 0.52(1)

Following the initial 4 d of counting, both samples were
counted with each of the two detectors, with the samples
mounted at 15 cm from the detector faces, for cross calibra-
tion. The long-lived nuclides 3’Co and 3¥Co? were used for
these measurements. It was found that a systematic discrep-
ancy of 2.5% existed between the efficiency functions of the
two detectors. All of the data reported below are corrected
(with appropriate propagation of uncertainty) to the basis of
the COAX detector for samples at 15 cm. This correction
is critical to the calculation of the absolute intensity of the
24.9-keV photon, discussed in Sec. III C.

Photon spectra were processed with the GAMANAL code
[38,39]. Spectral peak shapes as a function of photon energy
were used in the quantification of photopeak areas, the resolu-
tion of doublets, and the calculation of peak-energy centroids.
The code integrates peaks over an extrapolated continuum, ap-
plies energy and efficiency calibration functions, makes a geo-
metrical adjustment for the finite extent of the source deposits,
and calculates the effects of attenuation by the interposed Al
and Cd absorber foils [40,41]. Half-thicknesses for the absorb-
ing materials have associated uncertainties of approximately
2% [42], which is included in the propagation of uncertainty
of the photopeak intensities. The code also subtracts the con-
tribution of detector background to each photopeak, measured
in a separate long count without a source present.

Nuclear data associated with the decay of selected cobalt
nuclides [19,37] are given in Table 1. These data were used
in the cross calibration of the two detectors. They were also
used in the calculation of the postirradiation isotope inventory
listed in Table II.

III. RESULTS

A. y-ray spectra of Co isotopes

In Fig. 1, sections of two y-ray spectra from the more
radioactive sample (CO-3) are shown, the first and thirtieth
3-h counts taken with a LEPS detector. The later spectrum
is scaled downward by a factor of 0.1. In the 3.67 d that
elapsed between the two counts, the dominant 24.9-keV y -ray
associated with the IT of 9-h 3Co™ decayed to undetectable
levels. At higher energies than shown, the two most intense y
rays arising in the decay of 272-day 3’ Co were readily visible.
The strong ’Co y line at 14.4 keV is barely visible in the
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TABLE II. Isotope production in the cobalt
fraction produced by the irradiation. The nuclide
inventory is the sum from samples CO-3 and CO-
4, comprising (98.5 &£ 1.0)% of the cobalt product.
The 3Co™*¢ activity was calculated by extrapo-
lating the asymptotic 3*Co? activity backwards in
time to the end of the irradiation.

Nuclide Atoms at end of irradiation
Co 1.79 x 109 + 2%
BComts 8.74 x 10" + 2%
%ICu 2.0 x 107 + 10%

later spectrum, partly due to the interposed Al absorber; while
137 mg/cm? of Al attenuates the intensity of the 24.9-keV
photon by only 16%, the 14.4-keV photon is attenuated by
58% [40].

In Fig. 2, a section of a y-ray spectrum from the less
radioactive sample (CO-4) is shown; it is the first 70-min
count taken with a COAX HPGe detector, with a temporal
midpoint 0.11 d after irradiation. The spectrum is dominated
by radiation arising from the EC/B* decay of 38Co¥, along
with an easily visible contribution from the decay of 3’Co.
The small peak at 1322 keV is due to summing of annihilation
radiation with the 810.8-keV photon [43]. The cobalt fraction
was radiochemically pure, other than a very small contribution
from 3.4-h ®'Cu [44]. The ®'Cu activity likely arose from
irradiation of contaminants introduced by the steel dies used
in pressing the target foil, and was incompletely removed by
the radiochemical procedure [45].

The isotopic content of the initial radiochemical fraction
used to produce the two counting sources, decay corrected to

the end-of-irradiation time, is given in Table II. The 3’Co and
38Co™*¢ data were calculated using the information in Table I;
61Cu was calculated from literature data [37]. The >8Co™*8
value was determined by extrapolating the >*Co# intensity data
taken at late times to the end of irradiation using the *%Co?
half-life (the asymptotic assumption).

B. Half-life of *Co™

The half-life of 3*Co™ can be obtained from the sequence
of counts taken with the LEPS detector from sample CO-3
(see Fig. 1). The 24.9-keV photopeak intensity is plotted as
a function of time-after-irradiation in Fig. 3. Since the dead
time associated with data acquisition was small (<2%) and
the live time of each counting interval was the same, no cor-
rections were made for the nonlinearity of the decay intensity
within each counting interval, which should be the same for
each data point. The sample was placed at a fixed location
for the duration of the acquisition of the decay curve, so
uncertainties associated with the efficiency calibration became
systematic and were not included in the error bars. As the
38Co™ signal decayed with time, any error in the calculation
of the subtracted continuum had an increasing effect on the
residual photopeak areas and, consequently, the calculation of
the half-life. The continuum under the 24.9-keV photopeak
arises primarily from the decay of *Co# and is nearly constant
across the relevant energy region (Fig. 1). Consequently, the
subtraction of the continuum from the gross peak areas was
assumed to be executed properly in the GAMANAL analysis and
should not bias the half-life determination [46].

The single-component decay-curve analysis was per-
formed with a nonlinear least-squares code [47,48]. The data
measured for Fig. 3 cover more than nine analyte half-life
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FIG. 1. Sections of two y-ray spectra of 3-h duration, from sample CO-3, taken with a LEPS detector. The midpoint times of the acquisition
intervals were 0.15 and 3.82 d after irradiation. The later count is scaled by a factor of 0.1. The main features of the spectra are the 24.9-keV
photon associated with 3*Co™ decay and the Pt K x rays from fluorescence of the sample substrate, induced mainly by radiation from the decay

of Cos.
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FIG. 2. A section of the first 70-minute y-ray spectrum of sample CO-4, taken with a COAX HPGe detector. The midpoint of the
acquisition interval was 0.11 day after irradiation. The main features of the spectrum are the photon lines associated with the decays of
57Co and 33Co¥, and the annihilation peak at 511 keV. The peak at 1322 keV is due to summing of annihilation radiation with the 810.8-keV
photon from **Co® decay. The 1265.7-keV peak, decaying with a 9-hr half-life, is discussed in the text.

periods, resulting in a well-constrained fit, shown as a solid
line in the figure. The half-life of 3¥Co™ from the direct mea-
surement of the 24.9-keV photon decay is (8.847 & 0.023)
hours, a significant departure from the literature (see Sec. I'V).
The error bar is one o.

The half-life of *3Co™ can also be obtained from the se-
quence of counts taken with the COAX detector from sample

10% Sample CO-3
5 Ey =24.9 keV
o 10%
e
£ |
% 10%
c E
@]
"6 L
T 10°
107

0 1000 2000 3000 4000 5000 6000
Time after irradiation (minutes)

FIG. 3. The decay curve constructed from the 24.9-keV photo-
peak data taken with the LEPS detector (Fig. 1). Vertical one-o error
bars on the data points are smaller than the size of the markers
unless explicitly shown. Data are consistent with a *Co™ half-life
of (8.847 £ 0.023) hours. The weighted least-squares fit to the data
is shown as a solid line.

CO-4 (Fig. 2). The 810.8-keV photopeak intensity from the
EC/B* decay of *Cof [49-51] is plotted as a function of
time after irradiation in Fig. 4. The ingrowth of **Cof from
the decay of *%Co™ is easily observed at early times. The
nonlinearity of photon intensity across the counting interval
can be important when constructing a decay curve for an
activity that is growing into a sample. To minimize this effect
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FIG. 4. The decay curve constructed from the 810.8-keV pho-
topeak data taken with the COAX HPGe detector (Fig. 2). Vertical
one-o error bars on the data points are smaller than the markers.
Holding the half-life of 3Co? fixed at 70.86 days, a least-squares fit

of a growth-and-decay function to the data (solid line) is consistent
with a Co™ half-life of (8.942 £ 0.070) h.
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we selected an initial counting interval that was short (70
min) compared to the half-life of the parent activity (9 h). As
38Co™ decayed and the decay rate of the 810.8-keV photopeak
became increasingly dominated by the half-life of *Co#, the
counting intervals became longer. As before, the sample was
placed in a fixed location for the duration of the decay-curve
measurements, allowing exclusion of uncertainties associ-
ated with the efficiency calibration from the error bars. The
810.8-keV signal changed by only a factor of 2 over the course
of the measurements, so the subtraction of the relatively
small continuum, mostly arising from higher-energy photon
transitions from ¥Co# decay, was not expected to bias the
interpretation of the decay curve.

The decay curve shown in Fig. 4 was fit with a growth-and-
decay function [47,48], shown as a solid line. The literature
evaluation of the ¥Co# half-life is based on a large number
of experimental determinations that are in good agreement, so
we held its half-life fixed at 70.86 d in the calculation [19,52].
The half-life of 3¥Co™ from the indirect measurement of the
ingrowth of the 810.8-keV photopeak is (8.942 £ 0.070) h, in
reasonable agreement with the direct determination through
the decay of the 24.9-keV photon, given above. The error bar
is also one o.

The best value for the half-life of 3¥Co™ is a weighted
average of the two measurements, (8.853 & 0.023) h. This is
consistent with our less precise determinations of the half-life
arising from experiments at the National Ignition Facility
(Sec. I).

C. Absolute intensity of the 24.9-keV photon

The y-ray spectra obtained from samples CO-3 and CO-4
provide the basis for calculating the absolute intensity of the
24.9-keV photon emitted in the decay of 3*Co™.

Analysis of the decay curve shown in Fig. 4 results in a
value for [**Co™]/([**Co™] + [**Co®]) of (0.5496 % 0.0055)
at the end of irradiation. A count of CO-3 on the COAX
detector, long after 3™ had decayed to unobservable levels,
resulted in a measurement of ([>*C0™] + [*®C0%])measurements
which when decayed backwards to the end of irradiation
resulted in a value of ([**C0™] + [**Co®])asymptotic Of (7.229 x
10'"" +0.4%) atoms. The asymptotic value of [**Co?] that
grows in from >Co™ is related to the true value by the ratio
(Am — Ag)/ Ay, where A,, and A, are the decay constants of
3BCo™ and 8Co8, respectively [53]; this factor is sufficiently
close to unity to ignore. Thus, the inventory of ¥Co™ in
sample CO-3 at end of irradiation was (3.973 x 10" & 1.1%)
atoms.

Using the half-life of 3¥Co™ determined in Sec. III B, the
initial activity of *Co™ in sample CO-3 was (5.184 x 108 +
1.1%) disintegrations/min. The analysis of the decay curve
shown in Fig. 3 results in the absolute emission rate of the
24.9-keV photon. This value, adjusted slightly downward for
the effect of nonlinearity of decay during the 3-h acquisition
intervals, corrected for the cross calibration of the LEPS
and COAX detectors, and propagated with the uncertainty of
the efficiency of the LEPS detector, is (2.008 x 10° £ 4.2%)
photons/min. This results in an absolute intensity of the
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FIG. 5. The decay curve constructed from the 1265.7-keV photo-
peak data taken with the COAX HPGe detector (Fig. 2). Vertical error
bars are one o. Data are consistent with a half-life of (8.73 4 0.55)
h, supporting an assignment to the decay of Co™. The weighted
least-squares fit to the data is shown as a solid line.

24.9-keV photon of (0.0387 £ 0.0016)%, in reasonable agree-
ment with the literature (see below). The error bar is one o.

D. Radiation emitted in the EC decay of **Co™

All photopeaks in the COAX spectra of sample CO-4
(Fig. 2) were assigned to 272-day >’Co, 71-d ¥Co¥, or 3.4-h
61Cu, with the exception of the peak at 1266 keV. The
weighted average of several determinations of its energy in
successive y-ray spectra resulted in a value of (1265.74 &+
0.07) keV, which closely matches a strong y transition in
the B~ decay of 65-sec J* =47 Mn™ [19,54] to states in
3BFe, (1265.74 £ 0.05) keV [55,56]. The J* = 47 parent state
at 2076.5 keV is not populated in the decay of *Cof [19].
Figure 5 shows the decay curve of the 1266-keV photopeak,
constructed from the COAX counts of sample CO-4. A single-
component decay curve fit to the data (solid line) has a
half-life of (8.73 £ 0.55) hours, consistent with the observed
half-life of 3¥Co™. These observations suggest that the decay
of 3Co™ has a previously unobserved branch for EC decay to
states in *®Fe that are also populated in the decay of **Mn”".

As discussed above, decay-curve analysis of the 810.8-keV
photopeak gave a value of (0.5496 £ 0.0055) for the atom
ratio [>2Co™/([>*Co™] + [*2Co#]) at the end of irradiation.
For sample CO-4, the asymptotic extrapolation of [**Co?]
to end of irradiation yielded ([*Co™] + [°*Co%]) = (1.494 x
10" £0.4%) atoms. Applying the 3¥Co™ half-life to the
calculated end-of-irradiation atoms of [*®Co™] resulted in a
value of (1.072 x 10% & 1.1%) disintegrations/min. Holding
the 3Co™ half-life fixed at 8.853 h and forcing the fit to
the decay curve of Fig. 5 gave an initial photon intensity of
(1290 £ 44) y rays/min for the 1266-keV peak. Therefore,
the absolute intensity of the 1266-keV y ray emitted in the
EC decay of *3Co™ is (0.00120 = 0.00005)%.

Assuming that the 1266-keV y ray arises in most of the
38Co™ EC decays (see below), the EC branch is sufficiently
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TABLE III. Reported half-life of 3Co™.

Half-life (h) Publication year Reference
8.8 1950 [5]
92+£02 1950 [57]
9.0+0.2 1952 [24]
92+£02 1952 [58]
9.0£0.2 1960 [15]
9.15+£0.10 1967 [8]
95+£05 1968 [9]
93+£03 1968 [59]
8.94 + 0.17 1970 [6]
8.94 £ 0.17 1973 [60] (Evaluation)
9.15+0.10 1996 [37,61] (Evaluation)
9.04 £0.11 1999 [62,63] (Evaluation)
9.10 £ 0.09 2010 [19] (Evaluation)
8.853 £ 0.023 2018 this work

small that it does not impact the calculation of the 24.9-keV
photon intensity presented in Sec. III C.

IV. DISCUSSION

A. $Co™ half-life compared with the literature

In Sec. I1I B, we reported the **Co™ half-life to be (8.853 £
0.023) h, significantly less than expectation based on modern
evaluations. In Table III, this measurement is compared with
the literature, the results of nine measurements and four eval-
uations. All of the measurements were performed before any
of the evaluations. The first four reported values [5,24,57,58]
were obtained by following the decay of the gross activity of
the experimental samples with Geiger-Muller counters, and
only the last two measurements [6,59] employed germanium
semiconductor detectors. The last measurement [6], which the
1973 evaluation considered the most reliable [60], is in close
agreement with our value.

B. 24.9-keV photon intensity

Our measurement of the absolute intensity of the 24.9-keV
photon (Sec. III C) resulted from relating its relative intensity
to that of the 810.8-keV photon emitted in the decay of *3Co?
via application of the decay equations describing the ingrowth
of the daughter [53]. The absolute intensity of the 810.8-keV
photon is known, tying the relative intensity of the 24.9-keV
photon to the absolute decay rate of *Co™. Previous measure-
ments of the 24.9-keV intensity were made as byproducts of
the determination of the multipolarity of the transition (mostly
M3) through the measurement of the relative intensities of
the y ray and the K- and L-x rays [6-9,60]. Evaluators
assumed that the total transition intensity was divided between
the y ray and x rays, calculating unobserved x-ray intensity
based on theory [64]. Both pathways to the absolute y-ray
intensity should give the same answer, but measurement of the
low-energy photons characteristic of Co x-ray transitions can
potentially suffer from unquantified attenuation due to sample
thickness.

TABLE IV. Photon intensity of the 24.9-keV transition.

Absolute intensity Reference
(0.0369 £ 0.0011)% [37]
(0.0389 £ 0.0012)% [62]
(0.0397 £ 0.0006)% [19]
(0.0387 £ 0.0016)% this work

In Table IV, three independent evaluations of the 24.9-keV
photon intensity are listed. They compare favorably with our
measurement, which employed a different method. Although
M3 character would be expected to dominate a transition
between two states with the same primary quantum numbers
and a spin change of AJ = 3, a contribution from the E4
multipolarity cannot be excluded from first principles, though
consideration of single-particle B(E4) would indicate that
the contribution is very small [65]. The sum of the internal
conversion coefficients for the K and L shells are 2.48 x 10°
and 1.58 x 10° for 24.9-keV transitions of M3 and E4 mul-
tipolarity, respectively [64]. Consequently, the photon yield
of an E4 transition is no greater than 6.3 x 10~*%, making
E4 a small contribution at best to the observed process.
The ratio of L/M conversion intensities is approximately 7
[7,66,67] and the contribution of the N shell is not expected
to be significant [68]. This leads to a total M3 conversion
coefficient of 2.57 x 103 and a calculated M3 photon intensity
of 0.0389%. More modern internal conversion coefficients do
less adequately reproduce the results of the experiment [69],
but yield a similar E4/M3 value. The agreement with the data
in Table IV supports the more accurate interpretations ob-
tained from the x-ray intensities; the 24.9-keV IT transition is
of M3 multipolarity with very little E4 character [7,8,60,66].

C. EC branch of ¥Co™ decay

Figure 6 depicts the mass-chain decay scheme information
for >3Co™ and its potential decay daughters. The pairing gap in
even-even “°Ni ensures that only one state is energetically ac-
cessible to accept 8~ decay from ¥Co™, and the AJ = 5 spin
change makes such decays very unlikely. The level scheme
of Fe below 3 MeV is well studied, from the 6.25-MeV
B~ decay of *Mn™ [56] and from particle scattering ex-
periments [70,71]. The one-to-one correspondence between
the experimental level scheme and the states calculated with
the shell model [72,73] makes it improbable that there are
unknown states in *®Fe at low excitation energies. Only five
states in “®Fe are energetically accessible to the EC decay of
38Co™ [19], as shown in Fig. 6.

In Table V, we outline a log ft calculation of the approxi-
mate partial half-lives for 3Co™ decays to the indicated states.
The log f values were interpolated from tabular data [74]. The
expected range of log ft values [53] is an expression of the
degree of understanding of the effects of nuclear structure on
B-decay processes [75].

From Table V, we would argue that essentially all of the
EC decay of Co™ populates the 2077-keV state in *Fe.
Only two states at lower excitation energy can receive low-
multipolarity y transitions, the 2% states at 811 keV and

034307-6



DECAY OF *#Co™

PHYSICAL REVIEW C 99, 034307 (2019)

TABLE V. Expected transition rates to states in the daughter nuclei, in the 8~ and EC/S+ decay of J* = 5 3¥Co".

Daughter Excitation JT Transition Expected Qp- Qrc log f Partial
nuclide energy (keV) type range, log ft (keV) (keV) half-life
SNi 0 o* fourth forbidden unique >23 407 —0.40 >10% yr
BFe 0 0F fourth forbidden unique >23 2332 1.89 >10" yr
BFe 811 2+ second forbidden unique 13-18 1521 0.82 10%-10% yr
BFe 1675 2+ second forbidden unique 13-18 657 —0.66 10°-10" yr
BFe 2077 4+ allowed, £-forbidden 6-12 255 —1.71 1-10°0 yr
BFe 2134 3+ second forbidden 11-15 198 -1.95 10°-10% yr

1675 keV (Fig. 6). Only the 1266-keV photon is observed in
the depopulation of the 2077-keV state [19,37]. If we assume
a single-particle model, the relative population rates of the
two states go as Ef, [76], so that the state at 811 keV is
populated with 300 times the intensity as the 1675-keV state.
The 811-keV and 2077-keV states are both members of the
ground-state rotational band, which also favors y decay to
the 811-keV state. The y transition is of E2 multipolarity
and is expected to undergo internal conversion at a low rate,
<0.1% [67]. These observations lead to the conclusion that
the intensity of the 1266-keV y ray is approximately equal to
the 3¥Co™ EC rate.

The 1266-keV photon intensity is (0.00120 £ 0.00005)%
of the total decay rate of *¥Co™ (Sec. III D); by the argument
above, this is also the EC branch. Given the total half-life for
BCo™ decay (Sec. Il B), the partial half-life for EC decay is
84 years, or alog ¢ of 9.42. From Table V, this results in a log
ft of 7.71, in the expected range for an allowed, £-forbidden,
transition to the 2077-keV state.

5+ 25
2+
3+
2134 8Co
4+ 2077 0+
Q, =382 keV b

+ Q.= 2307 keV S8NJi
2 1675 EC Ni
2

h 811
0+ 0

®Fg

FIG. 6. Mass-chain decay scheme information for A = 58. Only
the ground state of **Ni is energetically accessible to potential S~
decay from 3¥Co™, but five states of *Fe are accessible to potential
EC/B* decays. The observed y transition is placed in the **Fe level
scheme. The y transition depopulating the 811-keV state, which also
arises in the decay of *Co?, is not shown.

From Fig. 6, the 1266-keV y transition is followed imme-
diately by a 811-keV E?2 y transition. Both transitions have
photon yields of nearly 100% [67], so the intensity of the
811-keV photon emitted in **Co™ EC decay is nearly equal
to that of the 1266-keV photon. Of course, the radiation is
obscured in the singles spectrum by the overwhelming photon
intensity of 811-keV photons arising in the EC decay of *Co?.
In principle, this could potentially interfere with the decay
curve analysis presented in Fig. 4; additional intensity at early
times would result in a half-life that is too long. When we cor-
rected the 811-keV photon-intensity data presented in Fig. 4
for the contribution from the direct decay of ¥Co™ (based
on the intensity of the 1266-keV photon), the correction was
sufficiently small that the refit half-life shortened by only
0.002 h, with no effect on the average value calculated in
Sec. III B.

V. SUMMARY

We have studied some of the nuclear decay properties of
8Co™, a nuclide with applications in oncology, as well as
a potential nuclear-forensic signature in nuclear explosion
debris. Counting sources were produced by the irradiation
of 3Mn with *He ions and the subsequent radiochemi-
cal isolation of the cobalt isotopes. The half-life of 3Co”
was found to be (8.853 +0.023) h, significantly different
from the evaluated data in common use today. Through the
growth-and-decay relationship and the absolute intensity of
the 811-keV photon emitted by ¥Co¥, the intensity of the
24.9-keV M3 y ray emitted in the dominant IT decay of
BCo™ is (0.0387 & 0.0016)%. This value is in good agree-
ment with evaluations obtained by measurements of the rel-
ative intensities of the y ray and x rays. We observed a
small decay branch for the EC of *Co” to the 2077-keV
state in ®Fe, with a partial half-life of 84 years. This is
within the log fr range expected for the allowed, £-forbidden
transition, and is much less than transitions to other states.
Assuming that 100% of the EC decays result in the ob-
served 1266-keV y-ray transition, the **Co” EC branch is
(0.00120 =£ 0.00005)%.
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