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Charge-Exchange-Reaction Probes Combined with γ-Ray Coincidences 
Offer Unique Spectroscopic Opportunities
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Accurate Determination of γ-Ray Energies with High Efficiency by GRETINA 
Allowed for Unambiguous Extraction of Spin-non-flip, Isospin-flip Transitions
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Excitation-Energy Spectrum was Decomposed into Different Multipoles;
Monopole & Dipole Strengths were Successfully Identified

Multipole Decomposition Analysis
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γ Coincidences Provide More Detailed Information on Excited Residue 
than is Possible by Charged-Particle Analysis Alone 

Enables precise determination 
of excitation energy & strength
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CCSNe are Attractive Sites for Improving our Understanding of the Universe,  
for which Nuclear-Physics Processes Play a Major Role

Accurate & detailed description of NP processes  
is important for understanding CCSNe 
• Contribute to nucleosynthesis
• Stimulate galactic chemical evolution
• Birthplaces of neutron stars & black holes 
• Predicted emission sites of gravitational waves 

For understanding evolution of CCSNe 
stellar electron captures are a key
• Neutronize stellar core, decrease electron abundance
• Reduce electron degeneracy pressure (which supports stars)
• Lead to supernova explosion

Electron captures are dominated 
by β+  Gamow-Teller transitions
• Accessible via charge-exchange reactions

» Unlike β decays, no Q-value restrictions
• Well-established, empirical proportionality between  

CE cross section & GT transition strengths [B(GT)]
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Electron-Capture Rates are Derived from GT Transition-Strength Distributions
where their Detailed Low-Lying Structures can be Important

Electron-capture rate is the sum of B(GT) 
for all the possible transitions 
weighted by the phase-space factors

• Phase-space factor
» Decreases as Ex becomes higher
» Decreases as temperature (T) & density (ρ) go up

• B(GT) to low-lying states & their sum can become 
important at relevant T & ρ for core collapse

Experiments target crucial nuclei
• Many nuclei contribute, majority are unstable

» Infeasible to measure B(GT) 
for even a sizable fraction of all the cases

• ECs can take place from excited states of mother
» Impossible to measure such a transition in the laboratory

• Provide experimental information on most crucial cases
» Benchmark & constrain theoretical models 

so theory can reproduce/predict experimental B(GT)
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Weak-Rate Library has been compiled
• EC rates from multiple sources (theory & experiment) 

included in a comprehensive library [1]

High-sensitivity region has been located
• ~70 nuclei (out of 8,000+) around N = 50 

play an important role in CCSNe [2,3]
» Supported by recent studies by A. Pascal et al.

Few microscopic calculations had existed 
for high-sensitivity nuclei
• Most relied on a simplistic single-state approximation

» Represented by single transition with common B(GT) (= 4.6) 
at an excitation energy

» Not accounting for Pauli blocking
• Overestimating EC rates by an order of magnitude or more

(t,3He+γ) reaction on 86Kr, 88Sr, 93Nb
• (t,3He) analysis

» B(GT) for wide Ex (≤ 25 MeV) & high energy resolution (≤ 500 keV)
• γ-ray coincidences with HPGe

» More detailed information on transitions to low-lying states
[1] https://groups.nscl.msu.edu/charge_exchange/weakrates.html
[2] C. Sullivan et al., ApJ 816, 44 (2016).
[3] R. Titus et al., J. Phys. G 45, 014044 (2017).

A. Pascal et al., 
arXiv:1906.05114
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(t,3He+γ) Measurements at 115 MeV/u were Performed at NSCL/MSU 
with the S800 Spectrograph & GRETINA

Forward kinematics
• Secondary 3H beam,115 MeV/u  

+ stationary, stable targets, 86Kr, 88Sr, 93Nb
Dispersion-matching beam transport
• ΔEx ~ 500 keV (FWHM)
Missing-mass spectroscopy
• d2σ/dθdEx  

for 0 MeV ≤ Ex ≤ 25 MeV, 0° ≤ θc.m. ≤ 6° 
γ rays from stopped, excited residues 
detected by GRETINA

Cathode Readout Drift Chambers
(CRDCs)plastic

scintillator

3Heejectile

(ΔE, TOF) (x, x′, y, y′)

3Hbeam
115 MeV/u

~107 cps, >99%

γ



GRETINA’s Efficiency & Resolution 
 were Crucial for this Experimental Technique

Eight GRETINA modules were mounted on one hemisphere
• Accommodating the special reaction targets

» 88Sr (highly reactive in air; with a target transfer system; 19.6 mg/cm2)
» 86Kr (gas; gas handing system; 295 K, 1210 Torr; 20 mg/cm2)

• Solid-angle coverage: ~1π sr; photopeak efficiency: ~4% at 2 MeV
• No Doppler reconstruction — measured γ rays from residues at rest

[1] S. Paschalis et al., NIMA 709 (2013) 44.
[2] D. Weisshaar et al., NIMA 847 (2017) 187.

3Hbeam
3Hbeam

3Heejectile

Target transfer 
system for 88Sr

γ



Excitation-Energy Spectrum was Decomposed into Different Multipoles;
GT Strength Obtained from Extracted Monopole Component was Small

Multipole Decomposition Analysis
• Σ B(GT) = 0.10 ± 0.05 for Ex ≤ 10 MeV
• Significantly smaller than 

90Zr → 90Y, for Ex ≤ 10 MeV
» Σ B(GT) = 0.7 ± 0.1 (stat.) ± 0.1 (sys.)

• π0g9/2 occupation: 0.7 for 88Sr; 1.0 for 90Zr
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Analysis of γ Rays Provide Stricter Constraint  
on GT Strength for Low-Lying States in 88Rb

Ex (S800) vs Eγ (GRETINA)
• Distinct Eγ = Ex line → Background nearly non-existent, clean gate based on Ex

• Particle-decay channels open at separation energies (Sn & Sp)
» γ-ray transitions from states in 88Rb, as well as 87Rb and 86Rb observed
» Non observation from 87Kr: Proton-emission probability from 88Rb very small
γ decays from GT states (Ex gated Eγ spectrum)
• No significant signals observed from low-lying 1+ states in 88Rb reachable by GT transitions from 88Sr
• Only one count could be attributed to known 1+ state in 88Rb at 2.231 MeV

» From Bayesian analysis: credible interval 0 ≤ B(GT) ≤ 0.022 with an 86% probability
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Shell model
• 78Ni core 

+ π particles 0f5/2, 1p3/2, 1p1/2, 0g9/2 
+ ν holes 0g7/2, 1d5/2, 1d3/2, 2s1/2, 0h11/2

• NUSHELLX; TBME from jj44pna & CD-Bonn
• Consequences of model-space truncation 

taken into account [1]
QRPA
• Performed using the axially-deformed 

Skyrme Finite Amplitude Method (FAM) [2,3]
• Extended to odd-A, equal-filing approx. [4]
Theory is consistent w/ experiment 
in summed B(GT)

• Single-state approximation [B(GT) = 4.6] 
overestimating by a factor of ~100

• EC rates closer at higher densities, 
(rates are primarily determined by Σ B(GT), 
 & less sensitive to detailed structure)

Σ B(GT) Exp SM QRPA
88Sr 

(Ex ≤ 10 MeV) 0.1±0.05 0.12 0.14

86Kr
(Ex ≤ 5 MeV) 0.108 0.035 0.024

Shell-Model & QRPA Calculations are Consistent with Experiment; 
Single-State Approximation Overestimates Strength by 2 Orders of Magnitude

[1] I. Towner, NPA 444 (1985) 2.
[2] P. Avogadro & T. Nakatsukasa, PRC 84, 014314 (2011).
[3] M. T. Mustonen et al., PRC 90, 024308 (2014).
[4] T. Shafer et al., PRC 94, 055802 (2016).
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EC Rates Based on QRPA are Included in Weak-Rate Library 
for the Use in Astrophysical Simulations

New rate table for astrophysical simulations 
has been developed
• EC rates calculated on the basis of QRPA framework 

are included for nuclei in the high-sensitivity region

CCSN simulations performed with new rates
• Neutrino-transport code NuLib 

+ General-relativistic, spherically-symmetric  
hydrodynamics code GR1D

• Late-stage evolution of the collapsing star
• Significant reduction (~14%) in deleptonization 

with the new rates

Potential multi-messenger signals useful 
for better understanding/modeling CCSNe 
will be affected
• Neutrino emission
• Gravitational-wave emittance

N = 
Z

60

50

40

30

20

10

0
0 10 20 30 40 50 60 70 80 90 100 110

Pr
ot

on
 n

um
be

r Z

Neutron number N

2

2
8

20
28

8

20
28

50

50

Suzuki & Honma

Stable
FFN
Oda et al.
LMP
LMSH

Raduta et al.
No rate
QRPA

Pruet & Fuller

deleptonization

B
eginning of 

core collapse N
eutrino

trapping

C
ore

bounce

86Kr

88Sr
93Nb

N = 50

Z = 28

1010 1011 1012 1013 1014

Central density ρc (g/cm3)

0.30

0.35

0.40

Le
pt

on
 fr

ac
tio

n 
Y ℓ

Original EC rate table
New table with QRPA rates



Summary & Conclusions

Electron captures on nuclei near N = 50  
have a large impact on the behavior of core-collapse supernovæ

Few microscopic calculations had existed for this region  
for astrophysical simulations

Gamow-Teller transition strengths [B(GT)] of 88Sr & 86Kr (also of 93Nb) were extracted  
via (t,3He+γ) measurements

γ-ray coincidences were pivotal  
in determining low-lying strengths

Shell-model & QRPA calculations 
were found capable of reproducing 
experimental B(GT)

Weak-Rate Library now includes 
new EC rates based on QRPA, 
and is ready for the use 
in astrophysical simulations
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The Gamow-Teller strength distribution from 88Sr was extracted from a (t, 3He + γ) experiment
at 115 MeV/u to constrain estimates for the electron-capture rates on nuclei around N = 50,
between and including 78Ni and 88Sr, which are important for the late evolution of core-collapse
supernovae. The observed strength below an excitation energy of 8 MeV was consistent with zero
and below 10 MeV amounted to 0.1 ± 0.05. Except for a very-weak transition that could come
from the 2.231-MeV 1+ state, no γ lines that could be associated with the decay of known 1+

states were identified. The derived electron-capture rate from the measured strength distribution
is more than an order of magnitude smaller than rates based on the single-state approximation
presently used in astrophysical simulations for most nuclei near N = 50. Rates based on shell-model
and quasiparticle random-phase approximation calculations that account for Pauli blocking and
core-polarization effects provide better estimates than the single-state approximation, although a
relatively strong transition to the first 1+ state in 88Rb is not observed in the data. Pauli unblocking
effects due to high stellar temperatures could partially counter the low electron-capture rates. The
new data serves as a zero-temperature benchmark for constraining models used to estimate such
effects.

PACS numbers: 21.60.Cs, 23.40.-s, 25.40.Kv, 26.30.Jk

Introduction- Core-collapse supernovae (CCSNe) are
among the most energetic explosions observed in the
universe. They contribute to nucleosynthesis, stimulate
galactic chemical evolution, and are birth places of neu-
tron stars and black holes [1–4]. A very large fraction
of the energy released in CCSNe is in the form of neu-
trinos, but the small fraction of energy released in the
form of visible light is important for probing the mecha-
nism of the explosion. In addition, CCSNe are predicted
emission sites of gravitational waves [5, 6]. Consequently,
CCSNe are attractive sites for improving our understand-
ing of the universe through multi-messenger studies [7].
The accurate and detailed description of relevant nuclear
physics processes is key to understanding the evolution
of CCSNe and interpreting the multi-messenger signals
[8].

Nuclear-weak interaction processes, in particular elec-
tron captures (EC), are essential ingredients for simulat-
ing and understanding the dynamical evolution of the
CCSNe [9–11]. EC reactions, on nuclei in the upper
pf and pfg/sdg-shells are particularly important dur-
ing the collapse phase [12]. It was recently shown [13–15]
that ECs on a group of about 75 nuclei around neutron

number N = 50 between and including 78Ni and 88Sr
(hereafter referred to as the high-sensitivity region) are
responsible for about 50% of the uncertainties in charac-
teristic parameters such as lepton fraction, entropy, mass
enclosed at core bounce, and in-fall velocity [15]. Also,
the EC rates on nuclei in this mass region could have
a significant impact on the nucleosynthesis of trans-iron
elements produced in thermonuclear supernovae [16].

EC rates are derived from Gamow-Teller (GT)
transition-strength [B(GT)] distributions in the β+ di-
rection. The EC rates presently used for the nuclei in
the high-sensitivity region rely on an approximation that
uses a single GT transition for which the strength and
excitation energy were fitted to best reproduce EC rates
for nuclei in the pf shell near stability [17, 18]. This
single-state approximation does not account for Pauli
blocking and core-polarization effects near N = 50 that
could strongly reduce the EC rates for neutron-rich nu-
clei in the high-sensitive region [13, 15]. It is important
to verify such effects experimentally and provide data
to benchmark and guide theoretical calculations that are
used to estimate the EC rates for the astrophysical sim-
ulations. At high stellar temperatures Pauli unblocking

arXiv:1906.05934 [nucl-ex]
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Electron-capture reactions play important roles in core-collapse supernovae. The electron-capture
rates used in astrophysical simulations rely on theoretical calculations which have to be tested against
experimental data. We report on the measurement of the Gamow-Teller strength distributions of
the odd-mass nucleus 93Nb via the 93Nb(t, 3He + γ) charge-exchange reaction at a beam energy
of 115 MeV/nucleon. The Gamow-Teller strength distributions were extracted up to an excitation
energy of 10 MeV. The results were compared with shell-model and quasiparticle random phase
approximation calculations. The general features of the experimental data agree well with the
calculations, though deviation exists for the detailed distributions. Consequently, the electron-
capture rates based on the calculations agree very well with those based on experimental data at
high densities (ρYe > 1011g/cm3), while larger discrepancies were found at lower densities. The
electron-capture rates calculated using the parameterized approximation, which is widely used in
astrophysical simulations, were also compared with experimental data. The results showed that
the approximation significantly underestimates the electron-capture rates at lower densities while it
slightly overestimates the rates at higher densities.

PACS numbers: 23.40.-s, 25.40.Kv, 26.50.+x, 27.60.+j

I. INTRODUCTION

Core-collapse supernovae (CCSNe) are very important
and interesting topics in the astrophysical studies. The
occurrence rate in the Galaxy was estimated to be about
two per century [1, 2]. Their signatures can be observed
by detecting the neutrino and optical bursts [3, 4]. They
are important sites for the synthesis of heavy elements in
the universe (see e.g. [4]). However, open questions still
remain, e.g. on the driving mechanisms of CCSNe, even
after decades of efforts. Because of the complexity of
CCSNe, a variety of efforts in many different aspects are
essential to improve our understanding of the problem.

Electron-capture (EC) reactions play an important
role in CCSNe [5]. In the late stages of the evolution
of massive stars, the ion core is supported by the de-
generacy pressure of electrons against the gravity force.
When the mass of the core exceeds the Chandrasekhar
limit of about 1.4 M⊙, the electron degeneracy pressure
can no longer support the core against its gravity and the
collapse ensues. However, even before the collapse, the
density can already become high enough such that the
Fermi energy of the degenerate electrons becomes higher
than the Q value needed for the EC reactions to occur.
Consequently, the electron fraction and degeneracy pres-
sure are reduced due to the EC reactions, accelerating

the collapse. In addition, the energy and entropy de-
crease because of the emission of neutrinos in the EC
reactions. This affects many aspects of CCSNe such as
the hydrodynamics of core collapse and bounce, the iron
core mass, nucleosynthesis and explosion mechanisms [4–
8].

Electron-capture rates are dominated by allowed
Gamow-Teller (GT) transitions (in the β+ direction). To
calculate the EC rates, one has to obtain the GT tran-
sition strength [B(GT+)] distributions. Because of the
large number of nuclei (in the sd−pf−sdg shell with mass
number 25 < A < 105 [5, 9]) involved in the EC reactions
in CCSNe, it is impractical to measure the B(GT+) dis-
tributions of all these nuclei. Moreover, due to the high
temperatures in the stellar environments, the mother nu-
clei can be in excited states rather than ground states.
Therefore, one has to rely on theoretical estimations of
the EC rates in astrophysical simulations. On the other
hand, experimental data are necessary to benchmark and
guide the development of theoretical models.

Experimental information on B(GT+) distribution
can be obtained by measuring the comparative half-life
[log(ft)] of the β+/EC-decaying nuclei. However, only
the fraction of the B(GT+) distribution within the Q
value window is accessible via decay measurements. Dur-
ing the CCSNe, the EC reactions proceed via neutron
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In the late stages of stellar core-collapse, prior to core bounce, electron captures on medium-heavy
nuclei drive deleptonization and simulations require the use of accurate reaction rates. Nuclei with
neutron number near N = 50, just above atomic number Z = 28, play an important role, but rates
used in astrophysical simulations rely primarily on a relatively simple single-state approximation.
In order to improve the accuracy of astrophysical simulations, experimental data are needed to test
the electron-capture rates and to guide the development of better theoretical models. This work
presents the results of the 86Kr(t,3He+γ) experiment at the NSCL, from which an upper limit for the
Gamow-Teller strength up to an excitation energy in 86Br of 5 MeV is extracted. The derived upper
limit for the electron-capture rate on 86Kr indicate that the rate estimated through the single-state
approximation are too high and that rates based on Gamow-Teller strengths estimated in shell-
model and QRPA calculations are more accurate. The QRPA calculations tested in this manner
were used for estimating the electron capture rates for 78 isotopes near N = 50 and above Z = 28.
The impact of using these new electron-capture rates in simulations of supernovae instead of the
rates based on the single-state approximation are investigated, indicating a significant reduction in
the deleptonization that affects the multi-messenger signals, such as the emission of neutrinos and
gravitation waves.

PACS numbers: 21.60.Cs, 23.40.-s, 25.40.Kv, 26.30.Jk

I. INTRODUCTION

Reactions mediated by the weak nuclear force, such as
electron captures and β-decays, are known to play im-
portant roles in many stellar phenomena. In particular,
the rates at which nuclei capture electrons at high stel-
lar densities and temperatures affects the evolution of
core-collapse supernovae [1–6]. The late stages of core-
collapse supernovae, immediately before the explosion of
the star, are heavily dependent on electron-capture rates
on medium-heavy, neutron-rich nuclei [3, 7–11]. In recent
sensitivity studies [11–13], the electron captures on nuclei
surrounding the N = 50 shell closure above 78Ni (here
referred to as the “high-sensitivity region”) were shown
to have a significant effect on the change in electron frac-
tion of the star during the period of deleptonization until
core bounce.
Electron-capture rates are sensitive to Gamow-Teller

transitions (∆L = 0, ∆S = 1, ∆J = 1) in the β+ di-

∗ zegers@nscl.msu.edu

rection. Such transitions can be measured directly via
β+-decay experiments but are limited to probing tran-
sitions within a finite Q-value window. For neutron-
rich systems, which are of greatest importance for core-
collapse supernovae, the Q-values of such reactions are
negative. Hence, no direct information can be ob-
tained from β+ decay, although β− decay data from
the electron-capture daughter to the mother can be used
to estimate the ground-state to ground-state transition
strength. Gamow-Teller strengths may also be measured
indirectly via charge-exchange reactions, which are not
limited by a Q-value window, yielding information about
transitions at higher excitation energies. Additionally,
because there is a well-known proportionality between
the charge-exchange cross section and the Gamow-Teller
strength [14–16], the strength distribution, and asso-
ciated electron-capture rates, can be extracted model-
independently.
While it would be preferable to derive electron-capture

rates for astrophysical simulations based on measured
Gamow-Teller strengths, this is not feasible for two rea-
sons. First, there are too many nuclei that participate in
these astrophysical processes to perform charge-exchange
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