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Excited states in the proton drip line nucleus 61Ga were populated via the fusion-evaporation reaction
24Mgð40Ca; p2nÞ61Ga. The experimental setup at Argonne National Laboratory comprised a novel
combination of the Gammasphere array with two CD-shaped double-sided Si-strip detectors inside the
Microball CsI(Tl) charged-particle detection array, as well as the Neutron-Shell liquid scintillators and the
Fragment Mass Analyzer. Owing to the setup’s unprecedented in-beam proton spectroscopy and tracking
capabilities, a coincidence between a 957.6(5)-keV γ ray and a 1.876(24)-MeV proton line was observed,
which identifies the quasibound proton πg9=2 single-particle state in 61Ga at Ex ¼ 2150ð34Þ keV. This
probes isospin symmetry at the limit of nuclear binding by providing a unique challenge for the shell-model
interpretation of mirror nuclei beyond doubly magic 56Ni.

DOI: 10.1103/kwm2-9bmd

A central topic in contemporary nuclear-structure phys-
ics is the investigation of exotic atomic nuclei far from the
line of β stability. Experimentally, one way of addressing
fundamental questions in the field is to study the outskirts

of the nuclear landscape by performing detailed spectros-
copy of ground or low-lying excited states in nuclei at or
beyond the drip lines. One region of interest on the nuclide
chart is N ≈ Z nuclei just above the self-conjugate, doubly
magic nucleus 56Ni. Notably, odd-Z, N < Z nuclei with
mass A≳ 60 are weakly if at all bound against proton
emission. Therefore, exploring the laboratory of their
excited states, and comparing the results with isobaric
analog states of their well-bound even-Z “mirror partners,”
provides information on isospin symmetry breaking at or
beyond the proton drip line. The underlying nuclear-
structure question concerns the continued applicability of
shell-model-based prescriptions of subtle isospin-breaking
phenomena [1,2] in case quasibound states are involved.
Such knowledge is also crucial for elucidating the rapid-
proton capture process in nuclear astrophysics (see, e.g.,
Refs. [3,4]), because the nuclear properties of these exotic
nuclei impact modeling rapid-proton capture pathways,
thereby influencing the synthesis of heavier elements in
stellar environments.
The study of excited-state energy differences of analog

states in mirror nuclei has been extremely successful over
the years, in particular, in the lower fp-shell region
between 40Ca and 56Ni [1,2]. Only a few low-lying excited
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states in 57Cu had been known [5], while an increasing
amount of information has been collected over the past few
years for heavier N < Z nuclei in the upper fp shell. This
concerns isotope-selective γ-ray spectroscopy following
either fusion-evaporation reactions (see, e.g., 59Zn, 61Ga,
62Ge, or 67Se [6–9]) or, more recently, by means of high-
energy nucleon-removal reactions (see, e.g., 56;58Zn, 62Ge,
or 79Zr [3,9–11]).
However, besides the identification of a few states in

57Cu [5] and a single state in 65As [12], the early study on
61Ga [7] remained the only one for an odd-Z N < Z isotope
in the region. An explanation for the lack of experimental
information on those nuclei lies in their intertwined
challenge and interest: Weak nuclear binding requires
comprehensive experiments including dedicated detection
systems to be sensitive to fast proton emission in direct
competition to γ-ray emission.
This Letter reports on the identification of a proton-

emitting state at Ex ¼ 2150ð34Þ keV in the weakly bound
N < Z, Tz ¼ −1=2 nucleus 61Ga; Tz is the isospin-projec-
tion quantum number. This state is interpreted as the proton
πg9=2 single-particle state according to the decay schemes
of the A ¼ 61, Tz ¼ �1=2mirror nuclei 61Ga and 61Zn [13–
15] shown in Fig. 1. The observation of this state opens up
the crucial questions of how well isospin symmetry holds at
the very limit of weak nuclear binding (see, e.g., Ref. [16])
and how well the best nuclear models can reproduce the
observed deviations under those conditions. Moreover, in
this Letter, we present the first observation, in a mirror pair,
of a sequence of isobaric analog states built upon a single-
particle state which, in one of the two nuclei, is a proton
emitter.
The experiment was conducted at the ATLAS facility at

Argonne National Laboratory (ANL), USA. Excited states

in 61Ga were populated by the fusion-evaporation reaction
40Caþ 24Mg →64Ge�, following the evaporation of one
proton and two neutrons (p2n channel). The 40Ca19þ ion
beam was accelerated to 106 MeV with an average
intensity of about 60 enA. The self-supporting 24Mg target
foil had a thickness of 0.43 mg=cm2 and 99.92% isotopic
enrichment.
The focus of the experiment was state-of-the-art in-beam

proton-γ coincidence spectroscopy based on an advanced
approach for charged-particle detection. Two CD-shaped
double-sided Si-strip detectors (DSSDs) [21–23] and the
Microball CsI(Tl) array [24] were placed inside a target
chamber, surrounded by Gammasphere [25] and Neutron-
Shell [26] arrays. Gammasphere comprised 71 Ge-detector
modules for high-resolution γ-ray detection. The heavymet
collimators of the Compton suppressors of the
Gammasphere array were removed to measure γ-ray
multiplicity (k) and sum energy (H) of all γ rays detected
in Gammasphere, its suppressors, and the neutron detectors
[23]. This option is known to allow for improved reaction-
channel selection [27]. The neutron detectors replaced the
32 most forward Ge-detector modules in the beam direc-
tion. For neutron-γ separation in these detectors and proton-
α separation in Microball CsI(Tl) elements, standard pulse-
shape discrimination was used. This was combined with
time-of-flight information with respect to the pulsed beam
from ATLAS. After particle evaporation and prompt γ-ray
emission, reaction products recoiling from the target could
enter the Fragment Mass Analyzer (FMA) [28]. Data from
the FMAwere utilized for the determination of the recoil’s
mass-over-charge ratio A=q. An ionization chamber (IC)
located at the FMA’s focal plane collected information on
the recoil’s atomic number. For further details, see
Supplemental Material [21] and Refs. [22,23].

FIG. 1. Proposed level scheme for 61Ga (right) [7] and relevant parts of the level schemes of the mirror nucleus 61Zn (left) [15] and of
60Zn (rightmost) [17]. The newly identified proton emission [Ep ¼ 1.876ð24Þ MeV,Qp ¼ 1.907ð24Þ MeV] from the 2150-keV ð9=2þÞ
state in 61Ga is marked in red. The coincident 958-keV γ ray feeding the 2150-keV state is marked magenta. Energy labels are in keVand
relative to the ground state of 61Ga [18–20]. Tentative transitions and levels are dashed. The widths of the arrows correspond to relative
intensities of the transitions.
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The novel combination of DSSDs and Microball [21–
23], acting as a highly pixelated ΔE-ðΔE-ÞE telescope
system, enabled unprecedented proton tracking, light
charged-particle identification, and optimized energy res-
olution, all while maintaining high detection efficiency
[29]. The tracking capabilities of the DSSD system were
exploited to determine the original beam-spot position on
the target foil as a function of experiment time (beam tune)
[30]. As the beam-spot displacement from the centered
position was similar in size to a single DSSD pixel, it was
included in the reconstruction of the recoil vector and final
center-of-mass proton energies [21].
Data analysis involved energy calibration and time

alignment for all channels across all detector systems,
followed by particle identification in each detector system
[22,23,31,32]. In addition to γ rays detected in the Ge
detectors, the following information became available for
each event: number of detected protons, deuterons, α
particles, and neutrons, total γ multiplicity k, total γ energy
H, total particle energy P, and, if detected, mass number A
and energy loss in the IC of the recoil. For each particle,
energies as well as θ and ϕ angles in the laboratory frame
were used to reconstruct event-specific recoil vectors that
accounted for particle evaporation. Doppler corrections
were applied to obtain γ-ray and proton energies in the
center-of-mass frame. Prompt proton energies from 61Ga
candidates were corrected for energy loss in the Ta absorber
foils [33]. The entire procedure was validated with Geant4

simulations [34–36] to account for detector geometry and
recoil kinematics, minimizing systematic uncertainties, as
detailed in Refs. [21–23]. These parameters were combined
in various ways to analyze specific reaction channels, in
particular, prompt proton emission from excited states in
61Ga (p2n channel) into the ground state of 60Zn
(see Fig. 1).
The vast majority of protons observed during the experi-

ment originated from evaporation of the main reaction
channels 58Ni (α2p) [37], 61Cu (3p) [38], or 61Zn (2pn)
[14,15]. Therefore, in order to improve the signal-to-
background ratio, very strict selection conditions had to
be applied to identify proton-line candidates from 61Ga.
Technical difficulties during data recording [39] caused
reduced statistics in detected neutrons and Z separation for
the nuclei of interest in the IC [23]. Nevertheless, owing
redundancies in the detection scheme, the following con-
ditions were imposed to search for proton-γ coincidences
stemming from 61Ga: (i) mass A ¼ 60 recoils in the FMA,
(ii) total γ-ray multiplicity k > 3, (iii) coincidence time
Δt < 200 ns between a proton candidate and a γ ray,
(iv) total number of protons detected Np ¼ 1 or 2, and
(v) at least one of the protons had to be identified solely in
the first DSSD. With an expected Qp ≈ 2.0–2.5 MeV,
laboratory-frame proton energies after the Ta absorbers
are Ep;lab < 5 MeV; i.e., such protons deposit all remaining
energy in that DSSD [21].

Under those conditions, an Ep-Eγ correlation matrix was
searched for γ-ray coincidences with Qp ≈ 2.0-MeV pro-
tons [7]. The result is shown in Fig. 2. The γ-ray spectrum
(dark blue) reveals a peak at 957.6(5) keV. This is a
previously unknown γ ray and close in energy to the
937-keV mirror transition in 61Zn [14]. The statistical
significance of counts above background of the peak is
4.3σ according to the standard Poisson-statistics particle-
physics test for the discovery probability value.
Furthermore, the peak has a width and shape compliant
with its energy.
Followed by the discovery of the 958-keV γ-ray tran-

sition, a coincidence with this transition in the Ep-Eγ

correlation matrix gives rise to the proton energy spectrum
in Fig. 3 (dark blue). The spectrum shows a 1.876(24)-MeV
proton line in the Ep range of interest on top of the
normalized background spectrum (black and gray), which
is in coincidence with any Eγ ¼ ½900; 1100� keV. The full
width at half maximum of the peak is 0.19(5) MeV and in
line with expectations [21,29], in contrast to other (sta-
tistically nonsignificant) peaklike structures at higher pro-
ton energies in Fig. 3. Notably, the observed proton line
disappears when changing the conditionNp ¼ 1, 2 toNp ≥
3 (corresponding to final residues 60Cu or 60Ni) [21], and
the production cross section of 61Ge (3n channel) is
essentially zero at the beam energy used (residue 60Ga).
It is also worth stressing that the peak structure improves
using the tracking corrections of varying beam-spot posi-
tions [21–23].
Since a coincidence relationship with the yrast

ground-state transition in 60Zn is absent, the proton line
at Ep ¼ 1.876ð24Þ MeV [Qp ¼ 1.907ð24Þ MeV] is asso-
ciated with the decay of the proton πg9=2 single-particle
state in 61Ga into the ground state of 60Zn. The similarity in
γ-ray energy with 61Zn of the γ ray feeding the proton-
emitting state (cf. Fig. 1) clearly supports this assignment.
The ground state of 61Ga is bound by 243(23) keV [18–20];
i.e., the proton-emitting ð9=2þÞ state is found at

FIG. 2. Measured γ-ray energy spectrum (dark blue) in coinci-
dence with Ep ¼ ½1.75; 2.05� MeV. The background is depicted
in gray. The 958-keV transition of interest is labeled in dark red
with its energy in keV. The binning is 2 keV per channel. See the
text for details on reaction-selection criteria.
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Exð61GaÞ ¼ 2150ð34Þ keV. On top of that state, the 958-
keV γ ray as well as tentative 1039- and 1697-keV γ-ray
transitions (see Supplemental Material [21]) are proposed
to form the positive-parity ð13=2þÞ, ð17=2þÞ, and ð21=2þÞ
yrast sequence, to be compared with the 937-, 1079-, and
1675-keV cascade known to feed the neutron νg9=2 9=2þ

state at Exð61ZnÞ ¼ 2399 keV [14,15].
Finally, a γγ matrix selected by mass A ¼ 61was studied

to possibly extend the known negative-parity decay scheme
of 61Ga [7]. Only the previously reported γ rays and
coincidences could be confirmed. The results are summa-
rized in the decay scheme of 61Ga in Fig. 1 together with
the relevant part of the decay scheme of the mirror
nucleus 61Zn.
The mirror energy difference (MED) of the Tz ¼ �1=2,

A ¼ 61 9=2þ states is MED ¼ −249ð34Þ keV, based on
the weighted mean of evaluated mass and recent mass
measurements of 61Ga [18–20]. The A ¼ 61 MED is even
larger in size than MED ¼ −191ð25Þ keV for the corre-
sponding 9=2þ states in the Tz ¼ �1=2, A ¼ 57mirror pair
[5,40]. Notably, the 9=2þ states in both 57Cu and 61Ga are
proton unbound.
Experimental and predicted MED for the A ¼ 57 and 61

mirror nuclei are presented in Fig. 4. For the predictions,
given the proximity to doubly magic 56Ni, shell-model
calculations were performed with the code Antoine [41,42].
Two common interactions were explored. First, for the
negative-parity states, GXPF1A [43] covering the full fp
space was used. It was modified to include isospin-break-
ing terms according to [2,44,45], i.e., Coulomb multipole
matrix elements, VCM, of proton-proton two-body matrix-
elements (TBME), VB∶2 ¼ þ100 keV to the f7=2 proton-
proton J ¼ 2 TBME [45], and modifications of single-
particle energies (SPE) due to electromagnetic spin-orbit
contributions, VCls, as well as radial effects, VCr. The latter
relates to differences in proton minus neutron occupation
numbers between the excited and ground states [2]. The

calculations were limited to t ¼ 6 (A ¼ 57) and t ¼ 5

(A ¼ 61) excitations across the shell gaps at 56Ni, respec-
tively. Second, JUN45 [46] was used to allow for the
description of positive- and negative-parity states in unre-
stricted calculations in the f5=2pg9=2 space [47].
Furthermore, for JUN45 an isospin-breaking interaction
file had to be developed [48], using calculated contributions
for VCM and VCls [21]. From the calculated VCls and MED
of observed SPE states in A ¼ 41 and A ¼ 57 mirror
nuclei, VCrðp3=2Þ ¼ −300 keV, VCrðp1=2Þ ¼ −410 keV,
VCrðf5=2Þ ¼ −220 keV, and VCrðg9=2Þ ¼ −380 keV, rela-
tive to the f7=2 proton SPE, were extracted.
With the isospin-breaking JUN45 interaction fixed at

A ¼ 57 (see above and [21]), its prediction for the
61Ga-61Zn pair is trustworthy. As illustrated in Fig. 4, the
calculations reproduce both the large positive values
(MED ≈þ150 keV) of the negative-parity states [7] as
well as the large negative values (MED ≈ −250 keV) of the
positive-parity states. The latter is ≈ − 60 keV different
from the corresponding A ¼ 57 πg9=2 single-particle value.
About half of the large negative MED stems from the
electromagnetic spin-orbit effect [1,2,49]: Assuming pure
single-particle p3=2 ground states and g9=2 excited states,
MED ¼ −110 keV follows. Furthermore, for the negative-
parity states, the level of agreement is similar for the
interactions GXPF1A and JUN45.
Although there is very good agreement between

observed and predicted MED (cf. Fig. 4), a few words
of context are in order. Unlike N ≈ Z nuclei between 40Ca
and 56Ni, for which shell-model parametrizations allow for
detailed comparisons with experiment [1,2,50], predictions
for near-spherical N ≈ Z, A ≈ 60 nuclei appear overall less
reliable (see, e.g., the assessment of low-spin negative-
parity states in 63Ga [51]). While the former descriptions are

FIG. 3. Center-of-mass proton energy spectrum in coincidence
with a 958-keV γ ray associated with 61Ga according to selection
criteria specified in the text. The spectrum is shown in dark blue
together with statistical uncertainties (shaded light blue) plotted
on top of a normalized background spectrum (black and gray).
The binning is 50 keV per channel.

(a) (b)

FIG. 4. Experimental and calculated MED for the Tz � 1=2,
A ¼ 57 nuclei 57Cu and 57Ni [4,5,40] [(a)] and the A ¼ 61 mirror
pair 61Ga and 61Zn [7,13–15] [(b)]. Experimental data are shown
as filled turquoise (π ¼ −) and magenta (π ¼ þ) circles, re-
spectively. Calculations for negative-parity states are represented
by (long-)dashed lines (GXPF1A, green; and JUN45, blue),
while solid lines correspond to the prediction for MED values of
positive-parity states (JUN45, maroon).
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dominated by rather well-isolated and well-understood f7=2
TBME, similar in all commonly used shell-model inter-
actions in the respective mass region, the latter are subject
to (varying) details of SPE and TBME related to the close-
lying upper-fp shell orbitals p3=2, f5=2, and p1=2. In
combination with the VCls term, quite different for protons
and neutrons occupying p3=2 (j ¼ lþ s) or f5=2
(j ¼ l − s) orbitals, this can lead to variations in observed,
and predicted, MED in the mass region of the current study.
Given these issues, the agreement between the experimen-
tal and calculated MED is excellent, for states of both
parities in the A ¼ 61 pair. This is especially remarkable for
the MED for the two 9=2þ states, given that, in 57Cu and
61Ga, they are proton unbound, which one would expect to
have consequences on the radial contributions VCr. For the
newly observed sequence of states built upon the unbound
9=2þ proton emitter, the near-constant MED (and near-zero
MED relative to the 9=2þ band-head state) suggests a stable
configuration with increasing J, characteristic of a
sequence of rotational states built upon a deformed intruder
state.
The πg9=2 (νg9=2) single-particle character of the 9=2þ

state in 61Ga (61Zn) is substantiated by predicted partitions
of ≈45% πðg9=2Þ × πðfpÞ20 × νðfpÞ20 configurations and an
occupation number nπg9=2 ≈ 1.0. Furthermore, the γ-ray
sequences on top of the 9=2þ states (61Ga: 958-1039–
1697 keV; 61Zn: 937-1079–1675 keV) are very similar to
the 6þ → 4þ → 2þ → 0þ ground-state cascade in the 60Zn
even-even “core” (1004-1189–1615 keV; see Fig. 1). Thus,
it is not surprising that spectroscopic factors, C2S, for g9=2
proton emission from the corresponding excited states are
calculated to be close to 1.0, e.g., C2Sð9=2þ → 0þÞ ¼
0.80. Using the code Wspot [52] with standard parameters to
estimate the single-particle decay width, Γsp, yields
τð9=2þÞ ¼ ðΓspC2SÞ−1 ≈ 1 fs. This is faster than any
anticipated E1 or M2 electromagnetic decay of the 9=2þ

state in 61Ga (cf. Fig. 1).
In conclusion, a prompt 1.876(24)-MeV-proton-957.6

(5)-keV-γ coincidence was detected in a unique multi-
detector γ-ray spectroscopy experiment conducted at ANL.
The discrimination of the proton-energy peak was made
possible by implementing a novel particle-tracking DSSD
system near the target position. The observed coincidence
is associated with the γ-ray feeding of and proton emission
from the proton πg9=2 single-particle state at 2150(34) keV
in the N ¼ Z − 1 nucleus 61Ga, populating the ground state
of N ¼ Z 60Zn. It is shown that shell-model calculations
can reproduce the properties of quasibound states in 61Ga
and remain capable of describing MED even when states
beyond the proton drip line are involved. Expanding the
JUN45 shell-model interaction (f5=2pg9=2 space) with
isospin-breaking terms provides a very good description
of the measured MED in the Tz ¼ �1=2, A ¼ 61 mirror
pair. Future spectroscopy experiments beyond the proton

drip line will help to consolidate the efforts for an improved
theoretical description of N ≲ Z nuclei just above doubly
magic 56Ni, a region on the nuclear chart with considerable
interest for nuclear astrophysics.
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