
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Strong Neutron-γ Competition above the Neutron Threshold
in the Decay of ^{70}Co

A. Spyrou, S. N. Liddick, F. Naqvi, B. P. Crider, A. C. Dombos, D. L. Bleuel, B. A. Brown, A.
Couture, L. Crespo Campo, M. Guttormsen, A. C. Larsen, R. Lewis, P. Möller, S. Mosby,
M. R. Mumpower, G. Perdikakis, C. J. Prokop, T. Renstrøm, S. Siem, S. J. Quinn, and S.

Valenta
Phys. Rev. Lett. 117, 142701 — Published 29 September 2016

DOI: 10.1103/PhysRevLett.117.142701

http://dx.doi.org/10.1103/PhysRevLett.117.142701


Strong neutron-γ competition above the neutron threshold in the decay of 70Co

A. Spyrou,1,2, 3, ∗ S. N. Liddick,1, 4, 3 F. Naqvi,1, 3 B. P. Crider,1 A. C. Dombos,1,2, 3 D. L. Bleuel,5 B. A. Brown,1, 2, 3

A. Couture,6 L. Crespo Campo,7 M. Guttormsen,7 A. C. Larsen,7 R. Lewis,1, 4 P. Möller,6 S. Mosby,6
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The β -decay intensity of 70Co was measured for the first time using the technique of total absorption spec-

troscopy. The large β -decay Q-value (12.3(3) MeV) offers a rare opportunity to study β -decay properties in a

broad energy range. Two surprising features were observed in the experimental results, namely the large frag-

mentation of the β intensity at high energies, as well as the strong competition between γ rays and neutrons, up

to more than 2 MeV above the neutron separation energy. The data are compared to two theoretical calculations:

the shell model and the quasiparticle random phase approximation (QRPA). Both models seem to be missing a

significant strength at high excitation energies. Possible interpretations of this discrepancy are discussed. The

shell model is used for a detailed nuclear structure interpretation and helps to explain the observed γ-neutron

competition. The comparison to the QRPA calculations is done as a means to test a model that provides global

β -decay properties for astrophysical calculations. Our work demonstrates the importance of performing de-

tailed comparisons to experimental results, beyond the simple half-life comparisons. A realistic and robust

description of the β -decay intensity is crucial for our understanding of nuclear structure as well as of r-process

nucleosynthesis.
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The connections between the micro-cosmos of nuclear

structure and the macro-cosmos of stellar phenomena are

among the most elegant features of the field of nuclear astro-

physics. Unexpected changes in nuclear structure while mov-

ing away from the well-known stable isotopes can alter the

calculated abundance distributions. It is therefore critical to

understand, not only the evolution of nuclear structure itself,

but also the implications it has to astrophysical calculations.

It is well known today that roughly half of the isotopes of

the heavy elements are produced in the rapid neutron cap-

ture process (r process). Despite six decades of study [1, 2],

the astrophysical site for the r process remains elusive. Var-

ious plausible scenarios have been proposed [3, 4], with the

most dominant being core-collapse supernovae, e.g. [5–8]

and neutron-star mergers, e.g. [9, 10]. Many astrophysical

observations are designed to answer this important question,

and the most recent advancement is the observation of dwarf

spheroidal galaxies [11], which were found consistent with r-

process nucleosynthesis from rare events. On the other hand,

the nuclear input in r-process models is also highly uncertain,

and the present Letter focuses on an effort to understand the

nuclear structure input, in particular for light r-process ele-

ments, where evidence suggests a production mechanism pos-

sibly different from the heavier ones [3, 12].

R-process sensitivity studies show that nuclear masses,

neutron-capture rates, and β -decay properties such as half-

lives (T1/2) and β -delayed neutron emission probabilities (Pn),

all have a large impact on the final abundance distribution

[13, 14]. Experiments have long attempted to provide mea-

surements of the masses and β -decay properties for as many

nuclei as possible, e.g. most recently [15–17]. The study of

neutron-capture reactions is much more challenging experi-

mentally, and indirect techniques are being developed for con-

straining the reaction rates [18–22].

On top of the extended experimental efforts to provide data

for r-process calculations, reliable theoretical calculations are

necessary for the isotopes that are out of reach by current facil-

ities. It is therefore critical to test these theoretical models as

extensively as possible. For β -decay properties, the quasipar-

ticle random phase approximation (QRPA) is commonly used

to provide global predictions across the nuclear chart [23–25].

Typically, the calculations are tested against known half-lives

and β -delayed neutron emission probabilities. However, these

quantities are calculated from the β -decay intensity, Iβ , or the

Gamow-Teller strength, B(GT ), distributions, and a more sen-

sitive test of the theory is the direct comparison to experimen-

tal Iβ and extracted B(GT ).

Experimentally, the measurement of the Iβ and B(GT ) is

commonly done either via β -decay measurements, or through

charge-exchange reaction measurements [26, 27]. Although

the latter can provide the B(GT ) in a larger energy region,

as a reaction-based technique, it is limited to nuclei relatively
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close to the valley of β stability. β -decay studies can be ex-

tended farther from stability into regions that are directly rele-

vant to the r process; however, they are limited by the β -decay

Q-value. In the present Letter, we present the first measure-

ment of Iβ for the case of 70Co, an isotope with a very large

β -decay Q-value (12.3(3) MeV [28]), which offers a unique

opportunity to compare to theoretical calculations, both far

from stability and within a wide energy window.
70Co decays into 70Ni, a nucleus with magic proton number

Z = 28 and two neutrons from the semi-magic neutron number

N = 40. Nuclei in this region are considered to be dominated

by near-spherical features [29], however, shape coexistence

has been observed in some isotopes [30–35]. In particular,
70Co is known to have two β -decaying isomeric states, a high-

spin one (6−,7−) with short half-life (≈ 110 ms [34, 36–39])

and a low-spin one (3+) with a longer half-life (≈ 500 ms

[34, 37]), which are believed to have different shapes. In the

present Letter, we only observe the high-spin state, which is

considered near-spherical.

The experiment was performed at the National Supercon-

ducting Cyclotron Laboratory (NSCL), at Michigan State

University. A primary beam of 86Kr at 140 MeV/nucleon

was impinged on a 9Be target and the fragmentation reac-

tion products were separated in flight using the A1900 frag-

ment separator [40] and delivered to the experimental setup.

The setup was presented in [41], and briefly it consisted of

a series of silicon detectors for beam identification and im-

plantation, and the Summing NaI (SuN) detector [42] for γ-

ray detection. SuN is a large-volume NaI(Tl) detector, with 8

optically-isolated segments. A double-sided silicon-strip de-

tector (DSSD) was used to detect both the implanted ions and

the subsequent β -decay electrons, and correlate them in time.

The technique used for the extraction of Iβ is the technique

of total absorption spectroscopy (TAS) [27]. TAS was intro-

duced four decades ago as a solution to the so-called “Pan-

demonium effect” [43], which is a term used to describe the

incorrect extraction of β -decay intensity when using a low-

efficiency γ-ray detector. When the detector has efficiency

close to 100%, the energy of individual γ rays in a cascade can

be summed, and the initial excitation energy correctly identi-

fied. In the present experiment, the TAS technique was ap-

plied for the first time to study the β decay of 70Co.

Unlike previous experiments, where the long-lived β -

decaying isomeric state was also observed [34, 37], in the

present experiment no signature of this low-spin state was

found. This was evident in the decay time of 70Co, which

was consistent with the half-life of the short-lived state, and

also by the non-observation of γ rays at 1866 keV, coming

from a 2+ state that is strongly populated in the decay of the

long-lived state [34, 37]. The low lying energy levels and γ
decays of [34] were confirmed up to ≈ 4 MeV.

For the extraction of the β -decay intensity three experimen-

tal spectra were used (Fig. 1): 1) The event-by-event energy

sum of all segments in SuN to produce the total absorption

spectrum. This spectrum is sensitive to the initial excitation

energy populated in β decay. 2) The individual spectra of

the eight segments of SuN. These are sensitive to the indi-

vidual γ rays that participate in the cascade. 3) The number

of segments that record a signal within an event (multiplic-

ity). This spectrum is sensitive to the γ multiplicity in a cas-

cade. A random ion-β correlation was used to produce “back-

ground” SuN spectra and was subtracted from the “true” ion-

β -correlation spectra [44, 45].

The low-energy part of the 70Ni level scheme from [34], up

to ≈4 MeV, was used as input in a well characterized GEANT4

simulation [42] of SuN. Above that energy, the level scheme

is not known and “artificial” cascades were produced using

the statistical model code DICEBOX [46]. Assuming that the

ground state spin and parity of 70Co is 6− (the results do

not change if the alternative spin assignment of 7− is used),

β decay is expected to dominantly populate states with spin

and parity 5−, 6− and 7−. These were the spins assumed as

entry states in DICEBOX. Artificial entry states for each of

the three spins were created every 200 keV. Although in re-

ality we expect more than one level in the 200 keV window,

these would not be resolved due to the energy resolution of

SuN. Therefore, the extracted Iβ corresponds to the feeding of

each energy window and not individual levels. For each en-

try state, random de-excitation paths were produced in DICE-

BOX and fed into the GEANT4 simulation. Using this simu-

lation process, three spectra were produced by GEANT4 for

each entry state: TAS spectrum, segment spectrum, and mul-

tiplicity. These simulated spectra were used to perform a χ2

minimization, fitting all three experimental spectra simultane-

ously, with the Iβ to each entry state as free parameters. The

best fit from this analysis is shown in Fig. 1. An overall ex-

cellent agreement with the experimental spectra is observed.

It should be noted that at low energies, the TAS spectrum is

dominated by significant statistical fluctuations coming from

the subtraction of random correlations. As there are no levels

in 70Ni expected to be populated in the observed decay, the

region below 2 MeV was excluded from the χ2 fit. The up-

per limit for the TAS spectrum was at 10.4 MeV, above which

there was no significant population.

While the TAS spectrum exhibits a strong population of a

level at 3592 keV, as seen in previous experiments [34, 35], it

also presents two additional surprising features: strong pop-

ulation of high energy levels in what looks like a continu-

ous distribution, and strong γ-ray emission above the neutron-

separation energy at 7.3 MeV [28]. These two features will be

discussed in the following, through the comparison to theoret-

ical calculations.

The best fit of the experimental spectra shown in Fig. 1

resulted in the cumulative β -decay intensity of Fig. 2

(black line), together with the experimental uncertainties

(green/shaded area). The uncertainty band is dominated by

the statistical uncertainty of the TAS spectrum (≈ 15% up

to 8 MeV, which gradually increases at higher energies and

reaches 50% at 10 MeV). A ≈10% uncertainty in SuN’s effi-

ciency [42] was also included. An additional uncertainty, not

included in the figure, comes from the unknown β -delayed

neutron emission probability. A recent experiment at NSCL
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using a high resolution γ-detection system [34, 47], searched

for γ-ray emission from excited states in 69Ni which are pop-

ulated via β -delayed neutron emission from 70Co. No γ rays

were observed from the decay of the high-spin state in 70Co,

while for the low-spin state a Pn of 3.5% was extracted. This

“non-observation” of neutron emission for the state of interest

does not exclude the possibility of neutron emission populat-

ing directly the ground state of 69Ni. Nevertheless, the conclu-

sions of the present work will not be significantly affected by a

small percentage of Pn, within the aforementioned remaining

uncertainties.

In Fig. 2, the experimental β -decay intensity is compared

to two theoretical calculations: The dotted/blue line corre-

sponds to a calculation using the quasiparticle random phase

approximation (QRPA) approach in the folded-Yukawa QRPA

model [25] under the assumption of spherical shape [29]. The

dashed/red line corresponds to a shell-model calculation car-

ried out in the 0 f7/2,0 f5/2,1p3/2,1p1/2,0g9/2,0g7/2 model

space. We used the GPFX1A Hamiltonian [48] for the 0f-

1p part of this model space. The part of the Hamiltonian in-

volving the 0g orbitals was obtained from the N3LO interac-

tion [49] renormalized by Vlowk into 6 major oscillator shells

and then renormalized up to second order perturbation theory

into the model space [50]. The single-particle energies were

determined from the low-lying spectra and relative binding-

energies of 69,70Ni, 69Co and 71Cu. The spin-orbit spacings

for 0 f7/2 − 0 f5/2 and 0g9/2 − 0g7/2 were set to about 6 MeV.

Starting with a 0 f7/2 proton closed shell configuration, the

lowest 5− proton particle-hole state in 70Ni comes at about 3.5

MeV. The initial 70Co 6− state was taken to have the configu-

ration C(ν0g9/2)
3(π0 f7/2)

−1 where C is the closed-shell con-

figuration (ν0 f5/2)
6(ν1p3/2)

4(ν1p1/2)
2(π0 f7/2)

8. The 70Ni

final states were obtained from all possible configurations for

one-particle one-hole (1p− 1h) excitations relative to 70Co;

about 12,000 final states. These final states were needed to

obtain the Gamow-Teller sum-rule strength of 3(N−Z) = 48.

The cumulative β -decay intensity of Fig. 2 shows that both

calculations can reproduce the missing intensity into low ly-

ing levels, as well as the strong population of a level around

4 MeV, although both over-predict its intensity. In addition,

the large fragmentation of the experimental β -decay intensity

at high energies is qualitatively reproduced by the shell-model

calculation, but not with the QRPA one. QRPA calculations

were also performed for various deformation parameters (in-

set of Fig. 2). It can be seen that the energy of the strongly

populated level is changing with deformation but the overall

shape of Iβ does not change significantly.

The extracted β -decay intensity was also used to calcu-

late the log( f t) values [51] and from that the Gamow-Teller

strength distribution, B(GT ) [27]. The cumulative B(GT ) for

energies up to 10 MeV is shown in Fig. 3. The experimen-

tal values are shown as the black solid line with uncertainties

indicated by the green-shaded area. The same theoretical cal-

culations shown in Fig. 2 are also shown in Fig. 3 in the same

line style. The theoretical calculations are missing significant

strength at high energies, compared to the experimental re-

sults. For a better overview, the full range of the shell-model

calculation, including the giant Gamow-Teller resonance is

shown in the inset of Fig. 3, renormalized by a quenching

factor of 0.55 [52]. Beta decay to the 70Ni 0+ ground state

would go by the ν0g9/2 to π0 f7/2 transition to the C(ν0g9/2)
2

state, resulting in a fifth-forbidden ∆J = 6− type of β decay.

The first Gamow-Teller strength around 3 MeV is dominated

by the ν0 f5/2 to π0 f7/2 transition to C(ν0 f5/2)
−1(ν0g9/2)

3

states. The gradual rise starting at 5 MeV is dominated by

ν0p to π0p, ν0 f5/2 to π0 f5/2 and ν0g9/2 to π0g9/2, lead-

ing to proton particle-hole states in 70Ni. The peak near 23

MeV is the giant Gamow-Teller resonance that is dominated

by ν0 f7/2 to π0 f5/2 and ν0g9/2 to π0g7/2 transitions. The

giant Gamow-Teller removes strength from the low energy

states. The experimental strength above 6 MeV is about a

factor of two larger than that calculated. This could be due to

the spreading width of the higher state coming from mixing

with 2p− 2h configurations that are not in the calculation.

For the QRPA calculation there may be additional factors

that contribute to the missing strength observed in Fig. 3.

On one hand, the present calculation does not include first-

forbidden transitions, an effect that was shown to have signif-

icant impact on the distribution for spherical nuclei [53]. In

addition, the Gamow-Teller residual interaction may be too

strong due to the model assumption that the shapes of the

mother and daughter nuclei are identical. It should be noted

that while the QRPA β -decay intensity and B(GT ) shown in

Figs. 2 and 3 are not in very good agreement with the data, the

extracted half-life of 103.5 ms is in excellent agreement with

the literature value.

To investigate further the competition between γ deexcita-

tion and neutron emission above the neutron separation en-

ergy, an additional calculation was performed, which calcu-

lates the β -delayed neutron emission probability using the

experimental β -decay intensity, based on the model assump-

tions presented in Ref.[54]. The calculated Pn value is 12.6%,

which shows that above the neutron separation energy the

emission of neutrons is assumed to dominate over γ emission.

This in contrast to the observed γ emission from states all the

way up to 10 MeV. γ emission from states above the neutron

separation energy has been observed in the past in the decay

of 137I [55] and in the mass region around A = 90 [56, 57],

although in both cases the effect does not extend more than a

few hundred keV from the neutron threshold. In both cases

the neutron-emission hinderance was attributed to the large

angular momentum difference between initial and final states.

In Ref. [57] an increase in the γ-ray strength function is pro-

posed to reproduce the neutron-γ competition. In the present

work, the Pn value calculation mentioned above [54] does in-

clude angular momentum considerations, assuming the uncer-

tain spin assignments from [58]. In an effort to understand

the additional hinderance of neutron emission, we used the

shell-model calculation to examine the spectroscopic overlap

between states above the neutron separation energy and the

low-lying states in 69Ni. Within the model truncations dis-
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cussed above, we found that, on average, the spectroscopic

factor was of the order of 10−6, which is not surprising since,

as mentioned earlier, the relevant states in 70Ni include proton

excitations, and the low-lying states in 69Ni do not. This ex-

tremely small spectroscopic overlap can explain the reduction

in neutron emission and the strong γ emission above the neu-

tron threshold. Similar conclusions were drawn in the recent

work of Dungan et al. [59], in a different case of γ-neutron

competition in 19O, from states populated in a transfer reac-

tion. We therefore conclude that in the decay of neutron-rich

nuclei, the neutron emission can be hindered due to the small

spectroscopic overlap of the involved states, with a major im-

pact on the calculated neutron emission probability. An in-

vestigation of all nuclei where this effect may be important,

and the impact on r-process nucleosynthesis is currently in

progress.

In summary, the present Letter reports on the first measure-

ment of the β -decay intensity from the decay of 70Co. This

nucleus offered the rare opportunity to study this quantity far

from stability and within a broad energy range. We observed

a surprisingly large fragmentation of the β -decay intensity at

high energies, which is not well reproduced by the QRPA

calculation, but in good qualitative agreement with the shell

model calculation. In addition, we observed an unexpectedly

strong γ emission from levels above the neutron separation

energy. This was attributed to the very small spectroscopic

overlap between populated states in 70Ni and low-lying states

in the 1n daughter 69Ni. Future work will investigate the pres-

ence of such γ-n competition in other nuclei and the possible

impact on r-process nucleosynthesis calculations.
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Figures

FIG. 1: (Color online) Experimental spectra for the decay of 70Co

(red - solid line) together with the best fit of the χ2 minimization

analysis procedure (black - dashed line). The top panel shows the

TAS spectrum, the middle panel shows the segment spectrum and

the bottom panel shows the segment multiplicity in the SuN detector.

All experimental spectra are gated on implanted 70Co ions and the

random correlation background was subtracted.

FIG. 2: (Color online) Cumulative β -decay intensity of 70Co versus

excitation energy of the final states in 70Ni. The black line and green-

shaded area are the experimental results with uncertainties. The red

dashed line is a shell model calculation (see text for details). The

blue/thick dotted line is a QRPA calculation under the assumption of

spherical shape. The inset shows QRPA calculations under different

deformation assumptions.

FIG. 3: (Color online) Cumulative B(GT ) of 70Co versus excitation

energy of the final states in 70Ni. The black line and green/shaded

area are the experimental results with uncertainties. The blue dotted

line is a QRPA calculation under the assumption of spherical shape.

The red dashed line is a shell-model calculations (see text for details).

The inset presents the full spectrum of the shell-model calculation,

including a quenching factor of 0.55, where the giant Gamow-Teller

resonance can be observed around 23 MeV.
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