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Abstract Excited states above the 9+ isomer in the odd-
odd N = Z nucleus 66As were studied by employing the
40Ca(28Si, pn) fusion-evaporation reaction at the Acceler-
ator Laboratory of the University of Jyväskylä, Finland. A
key method in this study was the use of conversion electrons
emitted in the de-excitation of the isomeric state in 66As as a
tag for prompt γ rays. Several new states have been added to
the 66As level scheme, which was extended up to a tentative
spin of 23h̄. The previously reported even-spin yrast band
has been reassigned to have odd spin values. The odd-spin
states above the 9+ isomer are compared with shell-model
calculations using the jj44b and JUN45 interactions. Addi-
tionally, the recoil-β tagging efficiency of the recently devel-
oped scintillator detector named Tuike has been determined
experimentally for the first time.

1 Introduction

The neutron-neutron and proton-proton pairing correlations
are known to be the dominant mode in nearly all atomic
nuclei. However, in N = Z nuclei, the proton-neutron (pn)
pairing correlations are expected to be enhanced due to neu-
trons and protons occupying the same single-particle orbitals.
Therefore, these nuclei provide the best testing ground to
investigate the relative strengths of the pn pairing interaction
in the isoscalar (T = 0) and isovector (T = 1) channels.
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This topic has been intensively studied both theoretically and
experimentally over the past few decades. A rather compre-
hensive review on the proton-neutron pairing is provided in
Ref. [1]. In particular, the role of the isoscalar T = 0, pn
pairing is still somewhat ambiguous since it is not clear how
this pairing mode exhibits itself in observations. One of the
fingerprints for the enhanced isoscalar correlations has been
thought to be the delayed (or missing) rotational alignments
observed in many N = Z systems (see e.g., Ref. [2]). Another
example of enhanced T = 0, isoscalar pn correlations was
proposed by Cederwall et al., in Ref. [3], where the experi-
mentally observed yrast cascade in 92Pd was interpreted to
result from a spin-aligned phase of isoscalar pairs of 1g9/2

proton and neutron holes. While the observed delayed rota-
tional alignments in N = Z nuclei and the spin-aligned cou-
pling scheme suggested for 92Pd have also been explained
without incorporating a strong isoscalar pn pairing interac-
tion (see Ref. [1] and references therein), the isoscalar pn
pairing can still be viewed to coexist with isovector pair-
ing correlations in N = Z nuclei. An example of this can
be found from 62Ga, where the 9+–17+ cascade has been
interpreted to result from a coupling of the 60Zn ground-
state band to an isoscalar proton-neutron pair in the 1g9/2

orbital [4–6]. Indeed, the 0+–8+ ground-state band in 60Zn
shows marked similarity with the 9+–17+ cascade in 62Ga in
terms of the transition energies, in addition to the observed
backbending and band termination. In analogy to this inter-
pretation, the band based on the 9+ isomer in 66As can be
viewed to result from a coupling of the spin-aligned 1g9/2

proton-neutron pair to the ground-state band of the triax-
ial nucleus 64Ge. It has been actually predicted in Ref. [7]
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that such a coupling introduces a sudden change in the tri-
axial rotation axis evidenced by (yet to be measured) small
spectroscopic quadrupole moments in 64Ge and large spec-
troscopic quadrupole moments in 66As. In the present work,
we guide the way to investigate this scenario in future studies
by reporting results on the structure above the high-spin 9+
isomer in the odd-odd, N = Z nucleus 66As.

The experimental studies of N = Z nuclei between the
doubly-magic 56Ni and 100Sn are extremely challenging.
This is reflected in the often sparse amount of available
experimental data. As A increases, the N = Z line deviates
rapidly from the valley of stability and approaches the proton-
drip line, which signifies the limit where the nuclei become
unbound. Spectroscopic studies of nuclei located close to this
region are challenging due to the modest production cross
sections compared to other open reaction channels. For the
last few decades, the Recoil-Decay Tagging (RDT) technique
has served as the method of choice for in-beam studies of
nuclei near the proton-drip line (see, e.g., Refs. [8–14]). In
RDT, a characteristic decay mode of a nucleus is used as a
means to separate and identify the reaction products of inter-
est among the plethora of data. Traditionally, a decay with
a characteristic decay energy, i.e., an α or proton decay, or
an isomeric γ -ray transition, has been utilised as a tag. More
recently, β decay, regardless of its continuous energy spec-
trum, has been shown to be usable in cases where the β-decay
end-point energies are sufficiently high (up to ∼10 MeV) and
lifetimes short (t1/2 < 100 ms) [15–18].

In this study, we have adopted a method even more rarely
used in this mass region and correlated reaction products
with internal conversion electrons resulting from decays of
an isomeric state, which in turn enabled an unambiguous
identification of excited states above the isomer. Such corre-
lations are not trivial for two reasons: firstly, the conversion
electron energy is typically 2–3 orders of magnitude lower
in comparison to the recoil energy, and secondly, the time
difference between the recoil implantation and conversion
electron can be extremely short. These factors impose cer-
tain requirements for the data acquisition system, i.e., the
capability to trigger on small amplitude signals and separate
signals occurring closely in time.

The focus of this study is the odd-odd N = Z nucleus 66As,
where two isomeric states have been observed, reported first
by Grzywacz et al. [19]. A few years later, the existence of
both isomers was confirmed in a separate experiment [20],
where corrected half-lives were reported and spin-parities
were assigned, resulting in 1.1(1) µs and 5+ for the iso-
mer lying at 1356.7 keV and 8.2(5) µs and 9+ for the one
lying higher at 3023.9 keV. Additionally, six new states were
added to the level scheme in Ref. [20], all placed above the
9+ isomer. The most recent experimental study on 66As by
Ruotsalainen et al. [21] again confirms the existence of the
two isomeric states and their characteristics from the earlier

Table 1 The different beam-energy Ebeam and target-thickness d com-
binations used in the experiment along with the calculated compound
nucleus excitation energy ECN. The last two columns show the sim-
ulated MARA transmission efficiency εt and calculated experimental
production cross sections for the 9+ isomeric state σ9+

Ebeam d ECN εt σ9+
[MeV] [mg/cm2] [MeV] [%] [mb]

75 0.76 39 4.9(8) 1.5(6)

75 0.45 41 6.3(10) 2.4(9)

80 0.91 42 4.1(7) 1.9(9)

80 0.45 43 6.7(11) 8(3)

87 0.45 48 7.5(12) 7(3)

works, measuring 1.15(4) and 7.9(3) µs for the half-lives of
the 5+ and 9+ states, respectively. They also observed all the
same transitions above the 9+ state as in Ref. [20], except
the 1998-keV one.

The excited states of 66As have been studied extensively
with various theoretical models using the complex excited
Vampir model [22,23], the interacting boson model [24–26],
the deformed shell model [27] and the shell model with an
extended P+QQ interaction with monopole corrections [28],
the JUN45 interaction [29], and the jj44b interaction [7,30].
In the shell-model picture, the ground state of 66As is com-
posed of a coupling of a single neutron and a proton in
their respective 1 f5/2 single-particle orbitals. The 9+ iso-
meric state has been interpreted to result from a fully aligned
T = 0 proton-neutron pair in the 1g9/2 orbital, and that the
isomerism arises from the breaking of this pair to form the
7+ state to which the 9+ state decays [28–30].

In this article, we report newly observed γ -ray transitions
above the 9+ isomer in 66As, and we extend the two bands
known from earlier measurements and add several other new
states to the level scheme. Most of the previously observed
but unassigned transitions are placed in the level scheme in
the current work. The results are compared with shell-model
calculations using the JUN45 [29] and jj44b [31,32] inter-
actions. We also report the absolute recoil-β tagging (RBT)
efficiency of the Tuike detector [33] for the first time, as the
current data is uniquely suited for this determination.

2 Experimental methods

The experiment was performed by impinging a 28Si beam
on a self-supporting natCa target using the K130 cyclotron at
the Accelerator Laboratory of the University of Jyväskylä,
Finland. Beam energies of 75, 80, and 87 MeV and targets
with thicknesses of 0.45, 0.76, and 0.91 mg/cm2 were used.
The different beam-target combinations are listed in Table 1.
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The vacuum-mode separator MARA [34] was used to
separate the recoiling fusion-evaporation reaction products
(recoils) from the primary beam particles and to distinguish
the recoils by their mass-per-charge (m/q) values. Physi-
cal slits were used in the experiment to suppress the yield
of neighbouring masses from arriving at the focal-plane
detectors. After MARA, the recoils first passed through
a Multi-Wire Proportional Counter (MWPC) and were
then implanted into a Double-Sided Silicon strip Detector
(DSSD). The DSSD was a Micron BB20 type with a thick-
ness of 300 µm. During the analysis process, the recoils were
identified by the energy deposited into the DSSD and their
time of flight between the MWPC and the DSSD. The DSSD
events without coincidence with the MWPC detector events
were defined as decays. The additional ancillary detectors
at the focal plane were Tuike [33], a position-sensitive plas-
tic scintillator detector used for detection of β particles, and
three broad-energy germanium detectors for γ -ray detection.
More detailed descriptions of the focal-plane detectors can
be found in Refs. [33,35].

The germanium-detector array JUROGAM 3 [36] at the
target area was used to detect promptly emitted γ rays.
The full JUROGAM 3 comprises 15 tapered and 24 Clover
detectors, and each detector has an individual BGO shield
for Compton suppression. In this experiment, one Clover
detector was not usable. The detectors in JUROGAM 3 are
arranged in four rings at the angles of 75.5◦, 104.5◦, 133.6◦,
and 157.6◦ with respect to the beam direction. Generally,
the first two rings are composed of twelve Clover detectors
each, while ten and five tapered detectors are in the rings at
the angles of 133.6◦ and 157.6◦, respectively. The charged-
particle veto detector JYUTube (Jyväskylä-York University
Tube), consisting of 120 plastic-scintillator elements, was
installed inside the target chamber surrounding the target.
JYUTube can be used to aid in selecting the evaporation
channel, though it was not utilised in the current analysis.

All detector signals were fed into 100-MHz digitisers and
recorded in a triggerless mode. During the analysis, logical
events and histograms were formed using a C++ sort code
and the spectra were analysed using dedicated Python scripts.

3 Results

3.1 Isomer-decay tagging assisted γ -ray spectroscopy of
66As

Correlating with the electrons emitted within 100 µs after
recoil implantation observed at the focal plane proved to
be a powerful tool to identify the prompt 66As γ -ray lines
from the intensive background caused by more abundantly
produced nuclei. The observed conversion electrons show
up as a concentration of events with short decay times in

Fig. 1 Decay time as a function of the decay energy measured in the
DSSD. Conversion electron events with short times and low energies
are at the bottom left. Most of the spectrum is composed of events from
β particles

Fig. 1. However, only the decay of the 7.9-µs 9+ isomer
could produce a signal that could be separated from the recoil
signal. The decay of the 1.15-µs 5+ isomer and recoil sig-
nals could not, on average, be separated from each other
due to the dead time of about 6 µs for processing of the
signal of a given DSSD strip. Occasionally, when both iso-
meric decays occurred through internal conversion, the sig-
nals piled up and resulted in a faint but recognisable accu-
mulation of events at an energy around 200 keV as shown in
Fig. 1. The calculated K-conversion electron energies for the
124- and 114-keV E2 transitions from the 5+ and 9+ states
are 112.5 and 102.5 keV, respectively. The corresponding
K-conversion coefficients are αK = 0.42 and 0.31 [21]. A
recoil-gated prompt JUROGAM 3 γ -ray spectrum is shown
in Fig. 2a, where the most significant peak at 191 keV origi-
nates from the 5/2−

1 → 3/2−
g.s. transition in 65Ga. By setting

an upper limit of 0.1 ms on the observed recoil-decay time
differences, in panel (b) of the same figure, all the visible
γ -ray peaks from strong fusion channels shown in panel (a)
have disappeared from the prompt γ -ray spectrum, includ-
ing the aforementioned 191-keV transition. For both spectra,
the randomly correlated background was removed by using
a temporal recoil-JUROGAM 3 correlation window, which
was placed outside the real recoil-γ correlation time distri-
bution. In fact, it will be later shown in Sect. 3.3 that all peaks
left in Fig. 2b originate from the de-excitation of the excited
states above the 7.9-µs, 9+ isomer in 66As. In the follow-
ing, a “conversion-electron tag” refers to the applied 0.1-ms
recoil-decay correlation time gate.

The proposed level scheme of 66As above the 9+ state
is shown in Fig. 3. The assignments of the newly observed
states and transitions are based on γ -γ coincidences, energy
sums of the observed transitions, and relative γ -ray intensi-
ties. Details of all the γ -ray transitions observed in Fig. 2b are
listed in Table 2, where the quoted intensities are relative to
the intensity of the 841-keV transition that feeds the isomeric
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Fig. 2 Prompt JUROGAM 3 γ -ray spectrum requiring detection of
a a recoil and b a recoil and a conversion electron. The random back-
ground in the recoil-γ time gate has been removed from both spectra. To
enhance the legibility of the spectra, the y axes have been scaled down
in the regions marked with grey dashed lines by the factors of four and

three in panels a and b, respectively. Transitions labelled in blue have
been placed in the level scheme of 66As, while the orange labels indi-
cate transitions originating from 66As, but which are not placed in the
level scheme. The peak-like structures without labels in panel (b) are
considered to be random single-bin statistical fluctuations

state. The spins and parities for the isomer and the two states
placed directly above it have been adopted from the works
presented in Refs. [20,21]. Other spin values included in
Fig. 3 have been determined using angular distribution ratios,
which are discussed in detail later in this section. While the
current experimental data does not allow to deduce the pari-
ties of the excited states, based on the discussion presented in
Sect. 4, parities have been suggested for specific states. The
excitation energy of the isomeric 9+ state was determined to
be 3022.77(10) keV based on the measured energies of the
delayed γ rays observed at the MARA focal plane.

The structure built above the 9+ isomer in 66As is investi-
gated using γ -γ coincidence analysis. Conversion-electron
tagged coincidence spectra with coincidence gates on the
722- and 1460-keV lines are shown in Fig. 4a and b, respec-
tively. These lines are not in mutual coincidence, but their
respective coincident spectra show many of the same lines,
indicating two cascades of transitions with energies of 722–
841–894–1263–1946 and 841–894–1208–1263–1460 keV.
The 894-keV transition is a new addition, and the details
will be discussed in the next paragraph. Furthermore, con-
currently gating on the 722-, 894-, and 1263-keV lines, see
Fig. 4c, reveals an additional line at 1996 keV, originally
observed by Grzywacz et al. [20]. A statistically significant
line with an energy of 1639 keV is also observed in the same

spectrum, and due to its small intensity the corresponding
transition is placed to feed the state de-excited by the 1996-
keV transition.

Figure 5 shows a γ -ray spectrum with the conversion-
electron tag and a coincidence gate on the 894-keV tran-
sition. All the abovementioned transitions with energies of
722, 841, 1208, 1263, 1460, and tentatively 1996 keV are
seen in the spectrum. It is important to note that the line at
894 keV is in coincidence with both the 722-1946 and 1208-
1460 keV pairs, indicating that it must be located either above
or below the parallel-running structures in the level scheme.
Because the 894-keV transition has a higher intensity than
the 1263-keV one, it is placed to feed the state at 6531 keV.
This changes the structure previously proposed by Grzywacz
et al. [20] and Ruotsalainen et al. [21], where the state at 6531
keV was assigned to be fed directly by the 1263-keV tran-
sition. Interestingly, the 894-keV line was observed in both
studies but could not be placed in the level scheme. Contrary
to the previous observations made in Ref. [20], the present
data clearly shows a coincidence between the 1208- and 894-
keV transitions, which further supports the current placement
of the latter one.

Figure 6a shows conversion-electron tagged γ rays coin-
cident with the new line at 1795.4(13) keV demonstrating
coincidences with the 841- and 1460-keV transitions. There-
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Fig. 3 Proposed level structure above the 9+ isomeric state in 66As.
The newly observed transitions and levels are coloured in red. Tenta-
tive transitions and levels are dashed. The widths of the arrows indicate
intensities relative to the 841-keV transition. The lifetime of the 9+,
3023-keV isomeric state was taken from Ref. [21], and its energy is

determined using the energies of the delayed γ rays observed by the
focal plane germanium detectors. The spins and parities of the iso-
mer and the two states directly above it have been taken from earlier
works [20,21]

fore, the 1795-keV transition is placed to populate the known
13+ state at 5324 keV. Figure 6b and c show the transitions in
coincidence with the 1201- and 2054-keV lines, respectively.
It should be noted that the 1201-keV line forms a doublet
with the 1208-keV line, the latter of which has already been
placed in the level scheme, though the line was reported to
be unusually wide in Ref. [20]. From the coincidence spec-
tra, one observes that both 1201- and 2054-keV lines are
coincident with the 841-keV transition as well as with each
other. The transitions at 1201 and 2054 keV are, therefore,
deduced to form a cascade feeding the known 11+ state at
3863 keV and their order is decided based on their intensities.
The energy sum of the 1460-1795-keV and 1201-2054-keV
cascades is the same, which suggests that the cascades run
parallel starting from the same state at 7118 keV. Both 1201-
and 2054-keV transitions show a coincidence with a line at
1460-keV, which is placed to feed the state at 7118 keV. The

panel b in Fig. 6, i.e., the γ -ray spectrum in coincidence with
the 1201-keV transition, shows additional lines at 515 and
1484 and one count at 2252 keV. Figure 6d shows further
support for the 2252-keV transition being coincident with
the 1201-keV transition. No mutual coincidence is observed
between the 515-, 1484-, and 2252-keV transitions nor with
the 2054- or 1460-keV transitions, so these three transitions
are tentatively placed to parallelly precede the 1201-keV tran-
sition and feed a newly discovered state at 5064 keV.

A transition with an energy of 1133 keV, while relatively
intense in the conversion-electron tagged singles spectrum
of Fig. 2, does not show particularly strong coincidences
with other transitions. However, a tentative coincidence with
a less-intense 908-keV line is observed. Because the two
sum up to the new 5064-keV state, they are added to the
level scheme to run parallel with the 1201- and 841-keV
transitions, with the 1133-keV transition directly populating
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Table 2 List of the all γ -ray transitions associated with 66As above the
9+ isomer in Fig. 2b using the conversion-electron tag. Eγ denotes the
transition energy, Irel the relative intensity of the transition, and Ei and

E f are the energies of the initial and final state, respectively. R is the
intensity ratio of γ -rays as explained in the text

Eγ [keV] Irel [%] Ei [keV] E f [keV] R

365.7(10) < 21 5548.2(15) 5182.5(12)

514.5(8) 2.6(4) 5578.8(11) 5064.2(7)

721.9(7) 12.6(9) 6531.3(9) 5809.4(12) 1.07(12)

840.5(7) 100(4) 3863.3(7) 3022.77(10) 1.14(6)

882.7(12) 2.4(4) 3905.5(12) 3022.77(10)

894.3(7) 25.2(14) 7425.6(11) 6531.3(9) 1.44(15)

908.4(8) 8.3(8) 5064.2(7) 4155.9(7) 1.2(2)

1133.1(7) 27(2) 4155.9(7) 3022.77(10) 0.97(12)

1200.8(8) 24.6(15) 5064.2(7) 3863.3(7) 0.76(9)

1207.7(8) 17.9(13) 6531.3(9) 5323.5(10) 1.34(15)

1233.3(11) 4.2(6)

1262.6(7) 18.2(13) 8688.2(13) 7425.6(11) 1.12(15)

1319.2(9) 7.1(8) 5182.5(12) 3863.3(7)

1460.3(14) < 21 8578(3) 7118.4(11)

1460.3(7) 44(3) 5323.5(10) 3863.3(7) 1.30(13)

1473(3) 4.3(7)

1480(3) 4.0(7)

1484(3) < 21 6549(3) 5064.2(7)

1491.0(10) 9.5(10) 5646.9(12) 4155.9(7)

1531(3) 2.1(5)

1589.3(15) 4.1(7)

1639(3) 2.7(6) 12323(3) 10684(2)

1795.4(13) 5.6(8) 7118.4(11) 5323.5(10)

1946.2(10) 12.8(13) 5809.4(12) 3863.3(7) 1.6(3)

1996.2(13) 7.5(10) 10684(2) 8688.2(13) 1.4(5)

2012.9(11) 11.4(13) 1.1(4)

2053.6(14) 9.9(12) 7118.4(11) 5064.2(7) 1.0(4)

2064.4(13) 11.6(13) 0.5(3)

2213.5(11) 11.5(13) 6076.8(12) 3863.3(7)

2252(2) 4.1(8) 7316(2) 5064.2(7)

1Transition was observed only in coincidences and therefore only an upper limit is given

the 9+ isomeric state. Additionally, a line with an energy of
1491 keV is observed to be tentatively in coincidence with the
1133-keV transition but not with the 908-keV one. Therefore,
the 1491-keV transition is assigned to run parallel with the
908-keV transition. The 908- and 1133-keV lines were also
observed in Refs. [20,21] but were not placed in the level
scheme.

The transition at 883 keV is observed to have no clear coin-
cident transitions so it is placed to feed directly the isomeric
state, parallel to 1133- and 841-keV transitions. Transitions
of 1319 and 366 keV are observed in coincidence with the
841-keV transition, and therefore they are set to form a cas-
cade feeding the 3863-keV 11+ state. Another transition at

2214 keV is confirmed to be in coincidence only with the
841-keV transition due to low statistics.

Finally, γ -ray transitions with the energies of 1531, 1589,
2013, 2064, 1233, 1473, and 1480 keV, observed in the
conversion-electron tagged singles spectrum of Fig. 2, are
not placed in the level scheme due to low statistics. The first
five appear to be in coincidence with the 841-keV transition.
The last two lines are located in an energy range where there
are several transitions with similar energies, and as such, no
clean gates could be made, nor did they appear in coincidence
with the other transitions. The 2013-keV transition was also
observed in the earlier work by Grzywacz et al. [20].

In order to obtain some confidence for the spin assign-
ments for the excited states above the 9+ isomer in 66As, the
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Fig. 4 Conversion-electron tagged prompt γ -γ projection spectra in coincidence with the a 722-keV, b 1460-keV, and c concurrently on the 722-,
894-, and 1263-keV transitions

Fig. 5 Conversion-electron tagged prompt γ -ray spectrum in coincidence with the 894-keV γ -ray transition

angular distribution ratios (the R values) have been inves-
tigated in the present work. The R values, defined here as
R = 2Iγ (157.6◦ + 133.6◦)/[Iγ (104.5◦)+Iγ (75.5◦)], can be
used to deduce theγ -ray transition multipole orders. This was
done so that the intensity of the investigated γ -ray line was
determined in the recoil-electron-tagged spectra divided into
three different JUROGAM 3 rings as shown by the equation
and then corrected for detection efficiencies before the angu-
lar distribution ratio R was calculated. The data from rings
at angles 157.6◦ and 133.6◦ were combined and treated as
a single ring. Reference values for a stretched quadrupole
(�J = 2) and a stretched dipole (�J = 1) transitions
were determined to be 1.22(1) and 0.82(2), respectively, from
known E2 and M1 transitions in 65Ga. The angular distribu-
tion ratios and transition multipole orders have been deter-
mined for those transitions in 66As with sufficient statistics
and the former are listed in Table 2.

The transitions with energies of 841 and 1460 keV have
angular distribution ratios of R = 1.14(6) and 1.30(13),
respectively, which suggests they both have a quadrupole
character. This is in agreement with the earlier observations
made in Refs. [20,21]. In contrast, the 1208-keV transition
is determined to have a stretched quadrupole character in the
present work. This observation is significant as it will alter
the spins of the yrast band, which were previously assigned
in Refs. [20,21] to have even values. The significance of this
change will be discussed further in Sec. 4. Additionally, we
have an indication that the 1133-keV transition has a dipole
character, and so the state at 4156 keV has been assigned as
J = 10. The 908-keV transition connecting the 5064- and
4156-keV states has a quadrupole character, and as the 1201-
keV transition connecting the 5064-keV state to the known
11+ state has a dipole character, the state at 5064 keV has
been assigned a spin of 12.
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Fig. 6 Conversion-electron tagged prompt γ -ray spectra in coincidence with transitions with energies of a 1795, b 1201, c 2054, and d 2252 keV

3.2 Transmission of MARA and the production cross
section of the 9+ state in 66As

Transmission values of MARA for the 66As The word runs
outside the column. Latex struggles with this word often.
Hyphenation is evap-o-ra-tion residues were estimated with
a Monte-Carlo approach, which consisted of the follow-
ing steps: (1) energy loss and scattering simulation of pri-
mary beam particles to random depths into the target with
TRIM [37,38], (2) fusion-evaporation reactions with an
isotropic emission of protons and neutrons in the center-
of-mass system, (3) energy loss and scattering simulations
of the recoils exiting the target with TRIM, (4) sampling of
the atomic charge states for the recoils, and 5) third-order
transfer-matrix based ion-optical simulation of the prod-
ucts travelling through the MARA separator to the focal-
plane setup, including the realistic physical dimensions of
the MARA vacuum chambers and the DSSD. In steps 2, 4,
and 5 a purpose-made Python code was used. The production
cross section of 66As was assumed to be constant over the
target. However, this assumption does not hold very well for
the thickest target used in the experiment. Hence, the valid-

ity of this transmission value contains some imprecision. The
obtained transmission values are listed in Table 1.

The production cross sections for the 9+ state in 66As
for each beam-target combination were determined using the
numbers of conversion electrons observed in the DSSD, cor-
rected for their detection efficiency, the numbers of beam
particles that hit the target and consequently caused a reac-
tion, the MARA transmission values, conversion coefficient,
and target thicknesses. The numbers of particles hitting the
target were estimated from the measured recoil rates, which
were normalised with respect to the occasionally measured
beam intensities. For the conversion-electron detection effi-
ciencies, the geometrical efficiency, the effect of the dead
time of the DSSD, and the flight times through MARA
were taken into account. The geometrical DSSD detection
efficiency was assumed to be 50%, since the recoils are
expected to have shallow implantation depths due to their
fairly low kinetic energies and, hence, the electrons emit-
ted into backward angles will escape the DSSD. Due to the
limitation imposed by the data acquisition dead time for a
DSSD strip, the number of observed electrons needs to be
corrected according to the measured recoil-electron time dis-
tribution, which yielded the shortest detectable time differ-
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Fig. 7 Measured production cross section of the 9+ isomeric state in
66As as a function of the compound nucleus excitation energy

ence between the recoil implant and the conversion electron.
For this correction, the half-life of 7.9(3) µs of the 9+ state
obtained in Ref. [21] and the exponential decay law were
used. This correction was further investigated and confirmed
with a Monte-Carlo simulation, which used the literature life-
time and an estimate of the DSSD time resolution of 1 µs for
low-energy events. The observed recoil-electron and recoil-
γ time distributions measured at the focal plane support the
earlier measurements of the 9+ isomeric state half-life. The
fraction of conversion electrons not observed due to the 9+
isomeric state de-exciting during in-flight within the MARA
separator was evaluated using the calculated flight times and
the exponential decay law. Finally, the total conversion coef-
ficient of 0.41(13) from [21] was used to take into account
that only a part of the decays happened via internal con-
version. The cross-section results are listed in Table 1, and
the corresponding cross-section plot is shown in Fig. 7. An
abrupt increase in the population of the 9+ isomeric state is
evident at around an excitation energy between 42 and 43
MeV.

3.3 β-tagging efficiency of Tuike and purity of the
conversion-electron tag

The ground state of 66As has a half-life of T1/2 = 96 ms
[39], and it decays via β decay with an end-point energy of
Qβ = 9582 keV [40]. These properties enable the recoil-β
tagging (RBT) method to be employed to study this nucleus,
and this has indeed been done before in the most recent exper-
imental study of 66As [21]. However, the efficiency of β

tagging has been difficult to determine as γ -ray transitions
from the exotic nucleus cannot typically be observed from
the background without applying the recoil-β tagging con-
ditions. For example, in Refs. [15,33], the only way to find
a hint of the nucleus of interest in the prompt γ -ray spectra

was to require a decay within a suitable correlation time in
the DSSD.

In the present study, it is finally possible to determine
the β-tagging efficiency because of the unique situation with
66As: this nucleus can be identified from the data using only
conversion-electron correlations or recoil-electron-β corre-
lations. By using the numbers of recoil-electron and recoil-
electron-β chains in the DSSD, requiring also an event in the
Tuike detector [33] for the β particle, a ratio of the latter to
the former gives a value of R = 0.155(2), which translates to
a β-tagging efficiency of εtag,max = 15.5 % with no further
conditions on the detected β-particle energy. Therefore, this
value should be taken as the highest possible tagging effi-
ciency when incorporating Tuike. However, recoil-β tagging
analyses typically require the use of stricter β-particle energy
conditions (with a lower limit of 2–5 MeV and an upper limit
of 10 MeV) to reach sufficient cleanliness in the tagged γ -
ray spectra. Consequently, the practical tagging efficiency is
further reduced from the quoted value of εtag,max, depending
on the shape of the β-particle energy distribution and which
portion of the distribution is covered by the set gate.

In addition, the cleanliness of the conversion-electron tag-
ging, meaning that the observed conversion electrons are
originating from 66As only, was verified with the following
method. At first, a ratio for the number of correlated con-
version electrons in the recoil-electron-β and recoil-electron
correlations was found to be 0.227(3). Here, the correlation
required a conversion electron within 0.1 ms after the recoil,
and a β decay in the DSSD within 300 ms after the conver-
sion electron, but the β particle did not need to be observed in
Tuike. Then, the intensity ratio for the prompt 841-keV γ -ray
transitions feeding the 9+ isomer was extracted from two γ -
ray energy spectra employing the same recoil-electron-β and
recoil-electron correlations. The obtained ratio is 0.215(13),
which agrees within uncertainty with the ratio calculated
from the number of correlated conversion electrons. This
result implies that essentially all observed conversion elec-
trons must originate from the decay of the 9+ isomer in 66As.
Therefore, the observed conversion-electron tagged γ -ray
transitions can be unambiguously associated with 66As.

4 Discussion

In Ref. [20] the yrast sequence containing the 722-, 1262-,
and 1998-keV transitions was assigned to have an even spin.
The reason for this was the assumed stretched dipole (E1
or M1) character for the 1208-keV transition. It was noted
in Ref. [20] that the line at 1208 keV “is broader than the
neighboring lines at 1131 and 1262 keV” and “such an angu-
lar dependence effect can be produced e.g. if there is a closely
spaced doublet of E2 and E1/M1 lines near 1208 keV”. Even
if the potential doublet nature of the 1208-keV transition was
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recognized in Ref. [20], only the 1208-keV transition with
assumed dipole character was placed in the level scheme fix-
ing the spins of the higher lying levels to even spin. The work
presented in Ref. [21] focused on the spectroscopy of the
low-lying states in 66As, but employing the isomer-tagging
method, the strongest transitions above the 9+ isomer were
also observed in that work. Based on the extracted angu-
lar distribution ratios (the R values) in Ref. [21], quadrupole
character was deduced for the 841-, 1460-, and 722-keV tran-
sitions and dipole character for the 1208-keV transition. It
should be noted that the 1208-keV transition in Ref. [21]
was not considered to be a doublet.

The doublet nature of the 1208-keV and 1201-keV transi-
tions has been confirmed in the present work and both tran-
sitions have been placed in the level scheme. In contrast to
the earlier publications of Refs. [20,21], the 1208-keV tran-
sition is determined to have a stretched quadrupole character
in the present work. Conversely, the newly placed 1201-keV
transition appears to be a dipole. It is likely that the even-spin
assignment of the highest-energy levels in the earlier works is
due to the doublet nature of the 1201/1208-keV transitions.
As observed in the present work, the 1208-keV transition
appears more strongly in coincidence with the other transi-
tions, while the 1201-keV transition dominates the singles
γ -ray spectrum. Therefore, the multipolarity estimations in
the previous works might have been dominated by the 1201-
keV line leading to a wrong conclusion. Moreover, consid-
ering that the 1946-keV transition also shows a quadrupole
character, these observations reveal that the left-most band
in Fig. 3 is an odd-spin sequence instead of the even spin
as previously assigned in Refs. [20,21]. Therefore, we have
assigned J = 13 for the state at 5809 keV, J = 15 for the
state at 6531 keV, and so on.

In the level scheme, the states above the 9+ isomer in 66As
can be divided into two groups: the bands with a rotation-like
structure (left in Fig. 3) and the scattered states typical for an
odd-odd nucleus. While the bands are relatively easy to com-
pare with the theoretical models, the scattered states are more
difficult to connect to any specific calculated states. This is
further complicated by the fact that the multipolarities could
not be extracted for the transitions connecting the scattered
states due to low statistics.

As the excitation energy is increased, the gain in angular
momentum splits at J = 13 (on the left in the level scheme of
Fig. 3). The simple assumption is that the yrast 11+ and 13+
states have the same structure, namely that of the isomeric 9+
state. Additionally, it can be supposed that the J = 15 and
J = 13 states, connected by the 722-keV E2 transition, have
the same or similar structures since the competing 1208-keV
higher-energy transition from the J = 15 state to the yrast
Jπ = 13+ state does not capture all of the decay intensity.
Correspondingly, there may be additional J = 11 and J = 9
states below the J = 13, 5809-keV state belonging to the

same cascade, but as the associated γ -ray transitions have
probably lower energies than the observed 1946-keV transi-
tion, this higher-energy transition to the yrast Jπ = 11+ state
dominates and leaves the non-yrast J = 11 and J = 9 states
unobserved. Other 9+ states have been observed in Ref. [21],
and potential feeding to these states, for example from the
5809-keV J = 13 state, must bypass the isomeric the 9+
state. However, in the current work, no such transitions to
the non-isomeric 9+ states were observed when using the
recoil-β or recoil-isomeric-γ tagging methods.

It should be noted that there is no definite experimental
information on the parities of the states above the 9+ iso-
mer. The positive parity for the isomer itself stems from the
assumed π(1g9/2)

1 ⊗ ν(1g9/2)
1 configuration [19,29]. On

this basis, the states at 3863 keV and 5324 keV, likely belong-
ing to the same multiplet as the 9+ isomer, have also been
assigned positive parities. Moreover, the neighboring odd-
odd N = Z nuclei, such as 58Cu [41], 62Ga [4] and 70Br [42],
all show that the yrast bands at high excitation energy are odd
spin and positive parity. A negative parity assignment for the
sequence starting from the 5809-keV state would imply an
M2 character for the 1208- and 1946-keV transitions. How-
ever, this is not very likely as the 722-keV transition with
an assumed E2 character would then dominate over such
a M2, 1208-keV transition, whereas the two transitions are
observed to have similar intensities. Further insight to the
structure of 66As can be obtained from comparisons to the
shell-model calculations using both jj44b and JUN45 inter-
actions.

Large-scale shell-model calculations have been performed
using both the JUN45 [29] and the jj44b [31,32] effective
interactions with a 56Ni core. The model space consists of
1 f5/22p1g9/2 proton and neutron orbitals between shell clo-
sures at 28 and 50. The JUN45 interaction is constructed
by initially utilizing a realistic interaction derived from the
Bonn-C potential, followed by empirical adjustments to the
single-particle energies of the four orbitals and 133 two-body
matrix elements [29]. The JUN45 interaction has previously
been employed to investigate the structures of N = Z nuclei
(see, e.g., Ref. [2]), but it has also been used for the nuclear
moments [43], β-decay [44,45], and double β-decay [46]
studies.

The jj44b Hamiltonian was derived by fitting approxi-
mately 600 binding energies and excitation energies using
a method similar to that employed for the JUN45 Hamilto-
nian [29]. With varying 30 linear combinations of the good
J−T two-body matrix elements, the root-mean-square devi-
ation between experimental and theoretical energies in the
fit was approximately 250 keV [31,32]. The single-particle
energies of the included proton and neutron orbitals are taken
as Esp( f5/2) = −9.2859 MeV, Esp(p3/2) = −9.6566 MeV,
Esp(p1/2) = −8.2695 MeV, and Esp(g9/2) = −5.8944
MeV. The present calculations have been performed in the
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full model space without any truncation. In this study, the
shell-model code KSHELL [47] was employed to diagonal-
ize the shell-model Hamiltonian matrices. The B(E2) values
were calculated using the effective charges ep = 1.5e and en
= 0.5e, and the B(M2) values using the gyromagnetic ratios
gp
s = 5.585 and gns = −3.826.

A comparison between the two leftmost bands in the level
scheme of Fig. 3 and the results of the shell-model calcula-
tions using both the jj44b and JUN45 interactions is presented
in Fig. 8. The calculated states selected for comparison are
based on the largest B(E2) values connecting the levels. The
jj44b interaction underestimates the excitation energy of the
9+ isomer by 1.065 MeV, while the corresponding state in
the JUN45 calculation is 0.517 MeV below the experimen-
tal value. The experimental level spacings between the yrast
11+–9+ and 13+–11+ states are reasonably well reproduced
by both interactions. The experimentally observed sequence
starting from the 5809-keV state is compared to the calcu-
lated odd-spin positive- and negative-parity states. It is appar-
ent that the calculated states have too high excitation energies
with respect to the experimental counterparts. Such overes-
timations, specifically with the JUN45 interaction, were also
noted in Ref. [29], for example, for the prolate deformed band
in 68Se. The insufficiency of the model to correctly describe
the prolate shapes was attributed to the missing 2d5/2 orbit
in the model space. Therefore, the observed J = 13–23 band
in 66As may be prolate deformed explaining the rather poor
agreement with the presented calculations. Interestingly, in
both calculations the odd-spin negative-parity states become
yrast at Jπ = 17−.

The transitions that connect the J = 15 state to the two
J = 13 states, i.e., the observed 722- and 1208-keV tran-
sitions, are crucial in determining the parity of the odd-spin
yrast sequence starting from the 5809 keV state. In the case
of a positive parity, the deduced branching ratios for the 722-
and 1208-keV transitions, based on the calculated B(E2) val-
ues, yield values of 61% (66%) and 39% (34%) for the jj44b
(JUN45) interaction, respectively. Assuming that the 6531-
keV state is a negative-parity J = 15 state, the calculated
B(E2) and B(M2) values of both interactions indicate that
it should be depopulated almost exclusively by the 722-keV
in-band transition, at variance with the experimental obser-
vations. Therefore, the calculated branching ratios without
a parity change are in better agreement with the experimen-
tal intensities, considering that the intensity of the 722-keV
transition can be only partially observed as the potential sub-
sequent transitions may bypass the 9+ isomer. Based on this
discussion, the yrast odd-spin sequence most likely has a
positive parity as indicated in Fig. 3.

The shell-model calculations also support the interpreta-
tion that the observed non-yrast Jπ = 13(+) state has a struc-
ture more closely related to that of the Jπ = 15(+) state: As is
evident from the calculated transition strengths in Fig. 8, the

B(E2; 15+
2 → 13+

2 ) value is considerably larger than that for
the 15+

2 → 13+
1 transition, implying a larger overlap of the

wavefunctions for the first transition than for the second. This
is true for both interactions. It was hypothesised purely from
the experimental data that even if an additional Jπ = 11(+)

state with a similar structure to that of the left-most band in
Fig. 3 exists, the energy of the transitions de-exciting the sec-
ond Jπ = 13(+) state plays an important role in deciding the
de-excitation path. This is also predicted by the calculations:
the 13+

2 → 11+
2 transition may have a significantly larger

B(E2) value than that of the 13+
2 → 11+

1 transition, but the
calculated energy of the latter is approximately three times
higher.

Another interesting experimental observation is the back-
bend between Jπ = 21(+) and Jπ = (23+) in the left-
most band of the level scheme. The backbend at these spin
values is reproduced in both calculations for the positive-
parity states, but it should be noted that there are back-
bends and upbends also at lower spin values in the calcu-
lated level schemes. There is no backbend in either cal-
culated negative-parity band. For the states of both calcu-
lated positive-parity bands, the configuration with the high-
est amplitude is (1 f5/2)

2(2p3/2)
2(2p1/2)

0(1g9/2)
1 for both

protons and neutrons, and its portion of the wave function
increases as the spin increases. The maximum spin this con-
figuration can create is Jmax = 21. To generate more angular
momentum, in both calculations, an additional neutron and
proton have been excited to the 1g9/2 orbital. However, it is
not obvious whether there are now two (isoscalar) neutron-
proton pairs or a neutron-neutron and proton-proton pair.
Nevertheless, the experimentally observed backbend may be
related to the increased occupancy of the 1g9/2 orbital. It
is also noteworthy that the calculated B(E2) values in the
positive-parity bands reduce constantly, which is indicative
of an approaching termination.

Figure 9 shows the systematics of the 9+–23+ states in the
odd-odd N = Z nuclei between 58Cu and 74Rb. For 66As the
experimentally observed states up to Jπ = (23+) have been
included despite the parities for the higher-lying states are
not experimentally fixed. With increasing mass number, ener-
gies of all states decrease as the midshell is approached and
exciting a nucleon to the 1g9/2 orbital requires less energy.
The evolution is smooth especially for the 9+ states, but the
higher-lying states show clear differences. In 62Ga the odd-
spin yrast band terminates at Jπ = 17+, which is reflected by
the increased level spacing between the 17+ and 19+ states.
Such termination effects are not visible in the heavier nuclei.
In 66As, the level sequence from the second Jπ = 13(+)

state onwards shows perhaps a more abrupt drop in terms
of the excitation energies, which may hint towards a struc-
tural change for these states in comparison to neighboring
isotopes. In 70Br the excitation energies increase in compar-
ison to 66As and they reduce when reaching 74Rb. In 70Br
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Fig. 8 Comparison between the experimentally determined level ener-
gies in 66As and those calculated with the shell model using the jj44b
and JUN45 interactions. The widths of the arrows represent the calcu-

lated B(E2) and B(M2) values in the units of W.u. The bands have
been constructed by selecting the largest B(E2) values connecting the
levels

Fig. 9 Systematics of the 9+–23+ states in the odd-odd N = Z nuclei
in the fpg shell. Both J = 13+ states in 66As have been included. Data
on 58Cu [41,49], 62Ga [5], 70Br [42], and 74Rb [48] are from the given
references

and 74Rb, these bands have been interpreted to have prolate
deformations [42,48], and the same may be true for 66As
as discussed above. Therefore, drastic shape changes cannot
explain the observed behaviour. Further theoretical investi-
gations should be pursued to understand this effect better,
for example, on the configurations and reduced transition
strengths for the associated states.

In the neighbouring nucleus 62Ga, the odd-spin yrast
sequence has been observed to terminate at a spin-parity of
17+, and a backbend is observed at the last transition [5].
These states can be envisioned to be built on a 60Zn core
with a fully-aligned proton-neutron pair in the 1g9/2 orbital,
and the backbend before the termination is therefore a reflec-
tion of the behaviour of the ground-state band in 60Zn [6].
However, a similar correspondence cannot be found in any
other odd-odd N = Z nucleus in the region, as is evident
from the comparisons in Fig. 10. In the figure, the bands
built upon the Jπ = 9+ states in the odd-odd N = Z nuclei
with A = 58–74 are compared to the ground-state bands of
their respective core nuclei, which have one proton-neutron
pair less. Yet, similarities between the other bands in the core
nuclei can be found, for example, the similarity between the
56Ni [50,51] and 58Cu [41,49] bands built upon the proton-
decaying states is striking. To investigate the relevance of this
spectator model, which seems to work exceptionally well for
62Ga, requires comprehensive calculations for each relevant
nucleus, but this is out of the scope of the current work.

An intriguing fact is, however, that similarity between the
observed bands in 66As and those in its core 64Ge, with a
proton-neutron pair removed, cannot be established with the
current experimental knowledge. This could argue against
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Fig. 10 De-excitation paths along yrast odd-spin states down to the 9+
state in the odd-odd N = Z nuclei between A = 58–74 and and along the
yrast even-spin states to the 0+ ground state in their core nuclei. Data

on 56Ni [50,51], 58Cu [41,49], 60Zn [6], 62Ga [5], 64Ge [52], 68Se [53],
70Br [42], 72Kr [54], and 74Rb [48] are from the provided references

the picture of coupling an isoscalar np pair in the g9/2 orbital
to the 64Ge core. It has been suggested that the addition of
a fully aligned proton-neutron pair in a high- j shell may
flip the axis of rotation of a triaxial nucleus [55]. Such an
occurrence is predicted also in 66As [7]: the addition of a
fully-aligned T = 0 pn pair in the 1g9/2 orbital to the triaxial
64Ge core switches the axis of rotation from the intermediate
(γ ≈ −30◦) to the shortest (γ ≈ +30◦) axis. To experimen-
tally investigate this scenario, the reduced transition proba-
bilities and spectroscopic quadrupole moments, as calculated
in Ref. [7], can prove to be useful, as they are sensitive to
triaxiality and the rotational axis. The transition strengths
can be accessed through measurement of the lifetimes of the
states in the bands built upon the 9+ isomeric state using the
extremely clean conversion-electron tag utilised in this study.

5 Summary

The structure above the 9+ isomeric state in 66As was stud-
ied in a fusion-evaporation reaction exploiting the conversion
electrons emitted in the decay of the isomer. This conversion-
electron tag eliminated contamination in the prompt γ -ray
spectrum, which allowed us to establish the level ordering
above the isomer using γ –γ coincidences. Several new γ -
ray transitions were observed, including those that have been
identified before [20,21], but which were placed in the level
scheme for the first time in the present work. The yrast band,
which was previously assigned to have spins Jπ = 12+–16+,
has been reassigned to have odd-spin values starting from
J = 13 based on careful determination of angular distribution
ratios, and it has been extended up to spin 23. The new results
establish the spin assignments in 66As on a firmer footing.
A comparison of the experimental states with the results of
shell-model calculations using the jj44b and JUN45 interac-
tions suggest that the highest-energy yrast states are likely
to have a positive parity. The role of the strong isoscalar pn
pairing remains elusive.

The internal-conversion electrons from 66As allowed us to
determine the true recoil-β tagging efficiencies when using
only the DSSD (22.7(3)%) and the DSSD+Tuike [33] detec-
tors (15.5(2)%) for the recoil-decay correlations. The lat-
ter value of 15.5(2)% does not include any specific energy
requirement for the β particle detected in the scintillator, and
the efficiency will reduce as the energy threshold is increased,
as is commonly done when using the RBT method. This effi-
ciency information is much needed when planning future
γ -ray spectroscopy measurements around the N = Z line
employing the β-tagging technique.
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