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A number of fission products possess isomeric states which have a nuclear spin significantly different from

that of the ground state. The yield ratio of these states following fission is influenced by the angular momentum

present in the fissioning system. The 134m,134Sb yield ratio had not been previously measured in the spontaneous

fission of 252Cf; however, it had previously been observed to favor the (7−) isomer over the (0−) ground state in
235U(nth, f ) and 232Th(25 MeV p, f ). Using a mass-separated beam of low-energy 134,134mSb ions produced by
252Cf spontaneous fission at the CARIBU facility, β particles and γ rays were detected using the SATURN/X-

Array decay station to determine the fission-yield ratio and β-decay half-lives. The 134mSb to 134Sb fission yield

was determined to be 2.03 ± 0.05 and the half-lives of 134mSb and 134Sb were found to be 9.87 ± 0.08 s and

0.674 ± 0.004 s, respectively. These results represent the first isomeric yield ratio measurement for this nucleus,

and improved measurements of the 134Sb ground state and the 134mSb isomer half-lives.

DOI: 10.1103/PhysRevC.98.054307

I. INTRODUCTION

In nuclear fission, an atomic nucleus separates into two

fragments, which rapidly de-excite through the emission of

prompt neutrons and γ rays. The resulting nuclei, referred to

as fission products, are produced in both the ground state and

isomeric states, with the long-lived isomeric states typically

arising from a small difference in mass from the ground state,

a large difference in intrinsic angular momentum, or both.

The ratio of isomeric to ground state independent fission

yields, referred to here simply as the isomeric yield ratio,

is an observable which can be used to infer the initial spin

distribution in the primary fission fragments [1].

Isomeric yield ratios are important for understanding the

development of radiation released after fission. The fission-

product ground and isomeric states often have significantly

different β-decay properties such as half-lives, γ -ray and

delayed-neutron emission properties, and lepton energy dis-

tributions [2]. Therefore, isomeric yield ratios provide critical

input parameters to decay-heat calculations for nuclear reac-

tors, and for addressing the reactor antineutrino anomaly [3].

Previous measurements of isomeric yield ratios have gen-

erally used either Isotope Separation Online (ISOL) ap-

proaches [4,5] or chemical-separation methods. The ISOL

approach is limited to high energy fission, most commonly

charged-particle-induced fission, and has been performed on

several actinides to determine the isomeric yield ratio for

several nuclei. The energy and species of the charged particle

used to induce fission determine the amount of angular mo-

mentum added to the system. The effect of these parameters

on the isomeric yield ratio has previously been studied [6]

and consistently showed that an increase in conferred angu-

lar momentum leads to increased yield of the high-angular-

momentum state relative to the low-angular-momentum state.

This technique, however, is limited to only non-refractory

chemical species.
Previous measurements of spontaneous and thermal-

neutron-induced fission were only possible by chemical-
separation processes applied to fission products accumulated
on foils. However, the deposition and chemical-separation is
often slower than the lifetimes of the shorter-lived isobars so it
was necessary to account for the feeding into and decay out of
the species of interest to extract isomeric yield ratios, resulting
in large uncertainties [7–11].

In all previous measurements focused on determining

the isomeric yield ratios, γ -ray spectroscopy was used to

identify the isomeric and ground state decays, and there-

fore measurements were limited to cases where both have
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well-characterized γ rays of sufficient intensity. Although this

allowed measurements to be made even in the presence of

other decaying isotopes, it introduced additional uncertainty

from the absolute intensities of the γ -ray transitions.

The Californium Rare Isotope Breeder Upgrade

(CARIBU) facility at Argonne National Laboratory (ANL)

can deliver pure beams of mass-separated ions from

spontaneous fission with extraction significantly faster

than chemical separation. In this work, 134,134mSb was

delivered to the experiment with an average preparation time

of 80 ± 15 ms. The isomeric yield ratio is determined without

relying directly on the absolute intensities of characteristic γ

rays. As only the nuclear species of interest is present in the

beam, the isomeric yield ratio could be determined from the

build-up and decay of the β-particle signal.

In order to interpret the time dependence of the β-particle

count rate, precision measurements of the half-lives of the two

species were necessary. The β decay of 134mSb, the 279-keV

excitation isomer [12], produces multiple high-intensity γ

rays, which allows a straightforward way to determine the

half-life through γ -ray spectroscopy. However, the β decay

of 134Sb is dominated by the 0− to 0+ transition to the ground

state of 134Te [13,14] and does not have any high-intensity γ

rays. Therefore, the 134Sb half-life was determined from the

β-particle decay curve. Once the half-lives were determined

to high precision, these values were used in the determination

of the isomeric yield ratio from the β-particle counting.

The only previous isomer-yield-ratio estimates for
134,134mSb were in 235U thermal neutron induced fission [15]

and 232Th 25-MeV proton induced fission [16]. Both cases

showed a favored production of 134mSb although the isomeric

yield ratio was not well quantified.

II. EXPERIMENTAL TECHNIQUES

The (J π = (0−)) 134Sb and (J π = (7−)) 134mSb ions were

produced from the spontaneous fission of a ∼1.7-Ci 252Cf

source at the CARIBU facility. The 252Cf fission fragments

were thermalized using a large helium-filled gas catcher and

extracted as a continuous low-energy beam of singly charged

ions from the nozzle of this device using a combination of gas

flow and electric fields [17,18]. The beam was sent through an

isobar separator [19] operated with a mass resolution of M
�M

≈

15000 to isolate 134,134mSb. A radio frequency quadrupole

(RFQ) buncher containing residual helium gas was used to

accumulate, cool, and bunch the beam with a timing of

100 ms between bunches [17]. The ion bunches were delivered

through an electrostatic beam line to a decay station with an

intensity of ∼400 ions per second.

The decay station consisted of the scintillator and tape

using radioactive nuclei (SATURN) surrounded by an array

of five high-purity germanium (HPGe) clover detectors (X-

Array), described in detail in Ref. [20]. For this experi-

ment SATURN used a cylindrical ‘well’ plastic-scintillator

β detector, a 10-cm diameter cylinder 10 cm in length. The

detector has a 6-mm diameter well bored in it to allow the

beam to implant on a 35-mm-wide aluminized-mylar tape

which passes through a slot in the middle of the detector

oriented at 90◦ to the beam direction. The collection point

on the tape is positioned to be at the geometric center of the

HPGe γ detector array. Energy and efficiency calibrations for

SATURN and the X-Array were determined using standard

calibrated β and γ -ray spectroscopy sources. The plastic

scintillator was operated with a β-particle energy threshold of

500 ± 200 keV, resulting in an ≈97% detection efficiency for

the decays of 134,134mSb which release over 8 MeV of energy.

The purpose of the movable tape was to limit contributions

from the β-decay products 134Te (t1/2 = 41.8 min) and 134I

(t1/2 = 52.5 min). The majority of the data were acquired with

the bunched beam implanted for 2.5 s, after which it was

deflected from the beam line for 2.5 s. The tape was then

moved, and after an additional 1.5 s (providing time to assess

any remaining backgrounds) the beam was returned to the

tape. This is subsequently referred to as the “short tape cycle.”

Data were also acquired with a “long tape cycle” consisting

of 30 s of implantation, 30 s of decay, and 16 s to assess

backgrounds after the tape was moved. In the short tape cycle

the time dependence of the total β-decay rate was primarily

sensitive to the half-life of 134Sb, while the long tape cycle

was better suited to study the long-lived 134mSb decay.

The data acquisition recorded the time and energy as-

sociated with each detector trigger and coincidences were

identified for events which occurred within a 2 µs window.

The β-γ coincidence of the characteristic γ rays of 134mSb

in the long tape cycle were used to determine the half-life

of the isomeric state. Using this half-life result, the isomeric

yield ratio as well as the 134Sb half-life were determined from

the build up and decay of the β-decay rate during the short

tape cycle. An independent nonparalyzing dead-time of 4.5 µs

was found for each channel of the data acquisition, and a

rate-dependent correction was applied to the time dependence

of the β-singles and β-γ coincidences.

III. RESULTS AND DISCUSSION

A. 134mSb half-life

The decay of 134mSb primarily populates the 2398- and

1691-keV levels of 134Te, resulting in the emission of 297.0 ±

0.1-, 706.3 ± 0.1-, and 1279.1 ± 0.1-keV γ rays with inten-

sities of 97 ± 5%, 57 ± 3%, and 100 ± 5%, respectively [15].

The β-gated γ -ray spectrum detected using the long tape cycle

are shown in Fig. 1.

Fits to the build up and decay of each β-gated γ ray,

shown in Fig. 2, were used to determine the half-life of
134mSb. A gradual increase in 134Te and 134I γ rays in the

coincidence spectrum was observed over the course of the

experiment. This background was consistent with (7 ± 3)%

of the delivered beam being implanted in the β detector and

not transported away during tape moves. The inclusion of

this residual activity contributed a (0.6 ± 0.3)% shift in the

determination of the 134mSb half-life. The 1279-keV γ -ray

coincidence was corrected for the presence of the γ ray in

the decay of 134Sb at an intensity of 1.1(5)% by the inclusion

of a 0.50(25)% contribution to the fit of the line with the
134Sb half-life. The systematic uncertainty for the half-life

determined by each γ ray includes the sensitivity of the result

to the selection of the coincidence-timing window, the dead

054307-2



β-DECAY HALF-LIVES OF 134,134mSb AND … PHYSICAL REVIEW C 98, 054307 (2018)

-ray Energy (keV)γ
200 400 600 800 1000 1200 1400

 p
e
r 

1
-k

e
V

0

10

20

30

40

50 297-keV

706-keV
1279-keV

FIG. 1. The γ -ray energy spectrum, with constant background

lines subtracted, of the β-gated γ -ray coincidences in the long tape

cycle with the 297-, 706-, and 1279-keV γ rays.

time, the presence of backgrounds, and the activity implanted

in the detector. The three β-gated γ -ray results, shown in

Table I, agreed well within uncertainty resulting in an average

half-life of 9.87 ± 0.04 ± 0.07 s (at 1 σ ) for 134mSb, where

the first uncertainty is statistical and the second systematic.

The value presented here is lower than the currently adopted

value of 10.07 ± 0.05 s [21] by 2 σ ; it is also lower than

the previous results of 10.3 ± 0.5 s [15], 10.2 ± 0.3 s [22],

and 10.3 ± 0.4 s [23], 11.1 ± 0.8 s [24], although these other

results have significantly larger uncertainties.

B. 134Sb half-life

In order to determine the half-life of 134Sb, the β singles

for the short tape cycle were used. The time dependence of

the detected β-decay rate was fit to a model which included
134,134mSb as well as the decay product 134Te, and the time

structure of the bunched beam. The results are shown in

Fig. 3(a). The half-life of 134mSb was fixed to the value

determined in the previous subsection.

The 134Sb half-life was determined to be 0.6744 ±

0.0034 ± 0.0019 s, which is lower and approximately an

order of magnitude more precise than the previous evaluated

average of 0.78 ± 0.06 s [13], that is a weighted average

of two measurements. In the previous works, a half-life of

0.75 ± 0.07 s was determined from the time dependence of

the low-intensity γ rays following the decay of 134Sb [25] and

a half-life of 0.85 ± 0.10 s was determined from analysis of

the build up and decay of the β radiation with energy exceed-

ing that available to the leptons in the 134mSb decay [15].

C. Isomeric yield ratio

The isomeric yield ratio is stated as the ratio of the yield of

the high-spin to low-spin nuclear states, σh/σl . The observed

ratio of 134mSb to 134Sb was determined from consistent

results obtained from the β singles build-up and decay for

both the short and long tape cycles shown in Fig. 3 after

taking into account the relative efficiency for β detection for

each species, as well as the decay losses incurred during
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FIG. 2. The time dependence of the build up and decay of

the β-gated γ counts during the long tape cycle for (a) 297-keV,

(b) 706-keV, and (c) 1279-keV γ rays.

the transport time to the SATURN/X-Array decay station.

Although the β particles emitted following the decay of
134mSb are detected with about 1% lower efficiency than those

emitted from the decay of 134Sb because of their lower average

energy, this effect was counter balanced by the additional

energy deposition from the γ rays emitted in the decay of
134mSb. Together, these two effects largely cancel and the

β-efficiency ratio for 134mSb-to-134Sb was found to be 1.00(1).

The correction for decay prior to measurement accounts for

the 30(15)-ms extraction time of the fission products from

the CARIBU source to the buncher followed by the 100-ms

buncher cycle. These corrections shift the ratio by 8% and
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TABLE I. Results for the half-lives of 134Sb and 134mSb. The first

uncertainty is statistical, the second is systematic.

Rate 134Sb t1/2(s) 134mSb t1/2(s)

β-γ (297 keV) – 9.86 ± 0.06 ± 0.04

β-γ (706 keV) – 9.82 ± 0.09 ± 0.16

β-γ (1279 keV) – 9.92 ± 0.07 ± 0.07

β-γ average – 9.87 ± 0.04 ± 0.07

β (short cycle) 0.6744 ± 0.0034 ± 0.0019 9.87a

β (long cycle) 0.6744a 9.93 ± 0.09 ± 0.07

aValue was fixed in the fit.

after they are applied a value of σh/σl = 2.03 ± 0.05 was

obtained.

The isomeric yield ratio can be used to understand the

initial angular momentum of the fragments from the fission-

ing system. This is done using a statistical model of the

angular-momentum density distribution of the fragments to

determine the imprint the characteristic momentum of the

distribution, Jrms, has on the isomeric yield ratio [2]. Madland

and England presented equations for the relation between Jrms

and σh/σl that are only dependent on the spins Jg and Jm
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FIG. 3. The β-singles counts collected during the (a) short and

(b) long tape-cycle time (black) compared to fit results (red solid line)

which include contributions from the decays of 134Sb (blue or dark

dashed line), 134mSb (green or light dashed line), and backgrounds

from the room and 134Te build up (gray wide dashed line).

TABLE II. This result compared with previous measurements of
252Cf spontaneous-fission isomeric yield ratios.

Nuclide Jg (h̄) Jm(h̄) σh/σl Jrms(h̄)a

128Sb 8− 5+ 1.1 ± 0.2b 9.3 ± 0.6

1.15 ± 0.35e 9.5+1.0
−1.2

130Sb (8−) (4+) 1.2 ± 0.2b 9.0 ± 0.6

0.8 ± 0.2e 7.7 ± 0.7
134Sb (0−) (7−) 2.03 ± 0.05g 7.07 ± 0.07g

131Te 3

2

+ 11

2

−
1.8 ± 0.6c 6.8+0.9

−1.0

133Te ( 3

2

+
) ( 11

2

−
) 1.2 ± 0.3c 5.8 ± 0.5

132I 4+ (8−) 1.9 ± 1.0b 10.8+2.1
−2.7

1.11 ± 0.26c 8.7+0.7
−0.8

134I (4)+ (8)− 1.17 ± 0.30b 8.9+0.8
−0.9

1.22 ± 0.32c 9.0+0.9
−1.0

1.68 ± 0.24d 10.2+0.6
−0.6

136I (2−) (6−) 3.58 ± 0.40b 10.1 ± 0.5

3.1 ± 0.9e 9.5+1.1
−1.3

135Xe 3

2

+ 11

2

−
1.9 ± 0.5e 6.9 ± 0.8

138Cs 3− 6− 1.4 ± 0.4f 7.5+0.8
−0.9

aCalculated from the equations of Madland and England [2].
bReference [7].
cReference [8].
dReference [10].
eReference [11].
fReference [9].
gThis work.

of the isomeric and ground states, respectively, and ignore

the initial excitation energy of the fission fragments and the

energy difference between the isomeric and ground state. As
134,134mSb has even A and odd |Jm − Jg|, the relation from

Ref. [2] of σh/σl = F4

(1−F4 )
was used, where

F4 = exp

[

−(1/Jrms
2)

(

Jm + Jg + 1

2

)(

Jm + Jg + 3

2

)]

.

For nuclides with odd A or even |Jm − Jg|, or both, the rela-

tionship between the spins and σh/σl differs, and is described

in [2].

The characteristic angular momentum obtained from the
134Sb results is shown in Table II and is at least 1 σ lower

than the value obtained from previous measurements of σh/σl

from other even-A fission products [7,9–11]. There is a

trend identified in proton-induced fission for the value of

Jrms determined from the equations presented by Madland

and England to underestimate large and overestimate small

Jrms values when compared to the results of more complex

methods that estimate the effects of prompt neutron and γ -ray

emission from the primary fission products on the final angu-

lar momentum distribution [4,7]. As the spins for 134,134mSb

are (0−) and (7−), the average spin is lower, resulting in

an underestimate when compared to the other measurements

with higher spin states. Note that the spin assignments of
134,134mSb are tentative and a change to either one would

impact the determination of Jrms. Any assessment of a trend
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for the spontaneous fission of 252Cf would require additional

high-precision measurements of isomeric yield ratios.

IV. CONCLUSIONS

This work demonstrates that by using the mass-separated,

high-intensity beams delivered by the CARIBU facility to-

gether with the SATURN and X-Array detector systems, it

is possible to precisely determine independent yield ratios

without relying on absolute γ -ray intensities, even when the

half-lives are considerably shorter than 1 s. The results for

σh/σl represent the first quantitative measurement for 134Sb

and the most precise measurement of this quantity for any

isotope produced in the spontaneous fission of 252Cf. The

value of Jrms inferred for 252Cf from this measurement is

lower than values obtained from previous, lower-precision

measurements which measured characteristic γ rays for both

the isomeric- and ground-state decays in chemically-separated

fission-products [7]. In addition, the use of pure beams al-

lowed the quality of the nuclear data on the β-decay half-lives

of 134,134mSb to be improved significantly. Direct comparisons

of isomer yield ratios in spontaneous fission and thermal-

neutron-induced fission have previously been limited by the

reliance on chemical separation of deposited fission products

and yield identification by characteristic γ rays. By applying

the measurement approach demonstrated here to other iso-

topes and other fissioning systems it should be possible to

perform more detailed comparisons of the angular momentum

distributions of fragments from different fission processes.
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