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Abstract A recoil-beta-tagging experiment has been per-
formed to study the excited 7T = 0 and T = 1 states
in the odd—odd N = Z nucleus **Ag, populated via the
40Ca(®®Ni,1p3n)**Ag reaction. The experiment was con-
ducted using the MARA recoil separator and JUROGAM3
array at the Accelerator Laboratory of the University of
Jyviskyld. Through correlating fast, high-energy beta decays
at the MARA focal plane with prompt y rays emitted at
the reaction target, a number of transitions between excited
states in **Ag have been identified. The timing characteris-
tics of these transitions confirm that they fall within decay
sequences that feed the short-lived 7 = 1 ground state of
9 Ag. The transitions are proposed to proceed within and
between the sets of states with 7 = 0 and 7 = 1. Possi-
ble correspondence between some of these transitions from
analog states in 94Pd has been discussed, and shell-model cal-
culations including multipole and monopole electromagnetic
effects have been presented, in order to enable predictions of
the decay patterns between the 7 = 0 and 7 = 1 states and
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to allow a theoretical set of Coulomb energy differences to
be calculated for the A = 94 T = 1 analog states.

1 Introduction

The nuclei along the N = Z line provide a unique opportu-
nity to investigate one of the key underpinning concepts in
nuclear physics: the exchange symmetry between neutrons
and protons (isospin symmetry). In N = Z systems protons
and neutrons occupy the same orbitals, allowing for phe-
nomena that are strongly influenced by the various types of
neutron-proton interaction. In order to classify the different
neutron-proton interactions, and different types of nuclear
pairing correlations, we use the formal concept of isospin,
originally introduced by Heisenberg [1] to account for the
apparent charge independence of the nucleon-nucleon inter-
action. Like-nucleon pairing (neutron-neutron and proton-
proton pairing), considered to be the dominant pairing cor-
relation in nuclear structure, has isospin 7 = 1 and coupled
angular momentum J = 0. However, in N ~ Z systems
two additional pairing types are possible. The first is the
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T = 1 neutron-proton pairing — analogous to the 7 = 1
like-nucleon pairing — and 7 = 0, J > 0 pairing. The for-
mer type of np-pairing is common, and appears on an equal
footing with the 7 = 1 nn- and pp-pairing. This type of pair-
ing is especially obvious in odd—odd N = Z systems (such as
the **Ag case being studied here) where a sequence of states
with T = 1 is usually observed at, or near, the ground state,
which has properties of a fully paired structure. These are the
isobaric analog states of the 7 = 1 ground-state sequences
of the neighbouring even—even isobars. The evidence for the
second type of np-pairing (T = 0, J > 0) is, to date, much
more elusive. This type of pairing is forbidden by the Pauli
principle for like-nucleon pairs, and hence is expected to be
significant only for nuclei on, or close to, the N = Z line.

The heaviest accessible nuclei along the N = Z line pro-
vide the optimal location for the existence of structures based
on T = 0 np pairs, and these have been the focus of a num-
ber of different experimental studies (e.g. [2-4]). Despite
the experimental efforts, convincing evidence for the T = 0
pairing mode still evades observation and hence it remains
an open question whether the 7 = 0 pairs have significant
relevance in the nuclear structure of these nuclei. Recently,
however, properties of the rotational alignment of nucleons
in the N = Z nucleus %Ru [3] have been interpreted in
the context of the T = 0 np pairing. Of particular interest
in these studies is the suggestion that spin-aligned np pairs
dominate the wave function of the yrast sequence in °>Pd [2].
Subsequent theoretical studies [5—7] were devoted to prob-
ing the contribution of np pairs in other N = Z, A > 90
nuclei, such as **Ag and *°Cd. These studies also indicate
the potential for significant contributions from spin-aligned
np pairs in the wave functions of the 7 = 1 states in odd—odd
N = Z nuclei, such as 94Ag.

The motivation for the current study was twofold. Firstly,
the experiment sought to establishboththe 7 = land 7 = 0
excited states of the odd—odd N = Z nucleus **Ag. Sev-
eral experimental studies have been focused on 94Ag [8-23].
However, current knowledge is limited to the 0" ground state,
with a half-life of 27(2) ms (weighted average of the results
from [19] and [15]) and two isomeric states with tentative
spin-parity assignments (7%) and (217) [10], whose half-
lives have been measured to be 0.50(1) s (weighted average
from [19] and [16]) and 0.39(4) s [16], respectively. The 0
state is assumed to be the 7" = 1 ground state — the analog
of the T = 1 ground-states of even—even **Pd and °**Cd.
The short half-life of the 07 ground-state in °*Ag indicates
a superallowed S decay between these T = 1 analog states.
The isomers are 7 = O states, with the high-spin isomer
located at ~ 6.7 MeV [17] which was observed to decay
through 8, proton and S-delayed proton emission channels.
It is interesting to note that the absolute separation in energy
between the T = 1 and T = 0 structures in **Ag has been
predicted [6] to be dependent on the strength of the maximally
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Table1 Beam energy, current and irradiation time for each of the beam
settings. The same natural calcium target was used during the whole
experiment

Beam energy (MeV) Beam current (pnA) Irradiation time (h)

157 2-4 20
167 2.5 116
177 12 44
183 1-3 63

aligned (J = 9) neutron-proton g9,» matrix element. Thus,
the relative positions of these states may shed light on the
importance of the spin-aligned np-pairing phenomenon [2]
in this nucleus.

The second motivation comes from examining the dif-
ferences in excitation energy between the 7 = 1 states, if
they can be established in **Ag, and their analog states in
even—even **Pd. In the absence of isospin-breaking effects,
the two sets of analog T = 1 states would be structurally
identical. Naturally, the Coulomb force will break the degen-
eracy, although the underlying wave functions are expected
to retain their isospin symmetry. A significant body of work
has built up in recent years examining the difference in exci-
tation energies between mirror pairs and complete 7 = 1
isobaric triplets — see, for example, references [12,24-38].
These studies, which have involved a shell-model interpreta-
tion, have shown that the electromagnetic effects within the
shell-model cannot account alone for the energy differences,
suggesting that other effective isospin-symmetry-breaking
interactions are missing from the models — see [39-42]. An
odd-odd N = Z nucleus is the central (7, = 0) member of
a T = 1 isobaric triplet and, where excited states in all three
members of the triplet have been established, Triplet Energy
Differences (TED) are usually analysed [42] using all three
sets of states. However, for nuclei above A = 74, the proton-
rich members of the triplet are unknown, and the comparisons
are restricted to differences between the odd—odd and even—
even members with 7, = 0, 1 — called Coulomb energy dif-
ferences (CED). CED are more complicated to model since
they have contributions from both isovector and isotensor
interactions (e.g. [12]) and, unlike TED, are sensitive to the
details of the underlying configurations. These configura-
tions are expected to be complex in the deformed A ~ 70
region and may not be well reproduced by the shell-model.
No CED have been established to date in the A = 90 region,
where the structure is better reproduced by accessible shell-
model calculations.

In the present work, we have performed a recoil-5-tagging
study of the odd—odd N = Z nucleus **Ag, located at the
limits of nuclear binding for the N = 47 and Z = 47 iso-
tonic and isotopic chains. We report here the first observed
y ray transitions from states in **Ag. The identified transi-
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Fig. 1 Doppler-corrected spectra for prompt y rays associated with
A = 94 recoils observed in the focal plane decaying within a 60 ms
or b between 120 and 180 ms from implantation in coincidence with a
high-energy f-particle. Events in which two or more charged-particles
were detected in the JYtube have been rejected. Panel ¢ shows the same
spectrum as a but where two or more charged-particles were detected in
the JYTube. Panel d presents the prompt y rays measured with implan-
tation of any A = 94 recoil. Highlighted in red dashed lines are shown
the 94Ag transitions identified in a in this work. In d, symbols indicate
observed known transitions of **Ru (red circles), **Rh (green squares),
94Tc (blue triangles), 94Mo (pink diamonds) and OMo (orange crosses)
— see text for details

tions have been shown to be within decay paths that feed into
the T = 1 ground-state, and some of the transitions may be
associated with analog transitions between the 7 = 1 states
in **Pd. Shell-model calculations based on the JUN45 inter-
action [43] have been performed to extract CEDs. These are
discussed with reference to some of the newly identified y
ray transitions in **Ag.

2 Experimental details
Exploring the nuclear structure of the heaviest N = Z nuclei

is a challenging job owing to the extremely low produc-
tion cross-sections of these weakly-bound systems in fusion-

evaporation reactions, which is the usual reaction mecha-
nism employed for in-beam spectroscopy in this mass region.
In order to overcome these difficulties, the recoil-B-tagging
technique (RBT) [44] is employed, combining in-beam and
decay spectroscopy methods, through requiring correlations
with B-particles detected at the focal plane of a mass sep-
arator and using the fast decay characteristics of the super-
allowed f-decay of the nucleus of interest to “tag” the in-
beam y rays.

The experiment was performed at the Accelerator Labo-
ratory of the University of Jyviskyld, where excited states
in %*Ag were populated through the 1p3n fusion-evaporation
channel induced by a **Ni beam bombarding a 0.75 mg/cm?
natural calcium target. The ¥Ni beam was delivered by
the K-130 cyclotron at four different beam energies ranging
from 157 MeV to 183 MeV and intensities between 1 and
4 pnA (see Table 1). Prompt y rays were detected using the
JUROGAMS3 high purity germanium detector array, compris-
ing 15 single-crystal detectors and 24 clover detectors hous-
ing 4 crystals each, all 39 detectors having BGO Compton-
suppression shields [45]. The JYTube (Jyvaskyli-York Tube)
charged-particle detector, consisting of 96 plastic scintillator
elements forming an hexagonal barrel, was placed surround-
ing the target to detect charged-particles evaporated from the
fusion-evaporation products [46,47]. The MARA mass spec-
trometer was used to perform A/q identification of the recoils
[46,48], positioning the mass slits and choosing the electric
and magnetic field settings to maximise the transmission of
A=94 fusion evaporation products to the focal plane detection
system. At this point they were implanted in a double-sided
silicon strip detector (DSSSD) after passing through a mul-
tiwire proportional chamber (MWPC). The DSSSD used in
this work had a thickness of 300 wm and was segmented in
192 vertical and 72 horizontal strips on its front and back
side, respectively. The MWPC provided position and energy
loss information for the recoils thanks to a grid of 20 um
diameter gold-coated tungsten wires with 1 mm spacing in
3.5 mbar isobutane gas. A planar germanium detector was
mounted immediately after the DSSSD to enable the detec-
tion of high-energy g-particles from subsequent radioactive
decays after implantation. Events presenting signals in both
the DSSSD and the MWPC in coincidence are assumed to
be recoils while signals observed in the DSSSD alone come
from decays.

All detector signals were time stamped by a global
100 MHz clock to allow temporal correlations to be made
between y rays, charged-particles, recoils and subsequent
radioactive decays. The data were analyzed with the GRAIN
software package [49].

@ Springer
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Fig. 2 Background-subtracted, Doppler-corrected spectra for prompt
y rays associated with A = 94 recoils observed in the focal plane decay-
ing a within 60 ms or b between 120 and 180 ms from recoil implanta-
tion in coincidence with a high-energy $. Events in which two or more

3 Method and analysis

In order to maximize the statistics for the channel of interest,
the excitation function was scanned by running at several
beam energies (see Table 1). Following analysis of the data
at the different beam energies, 167 MeV was selected as the
optimum beam energy since y rays associated with fast -
decays with a lifetime similar to that of the known ground-
state decay in **Ag were observed to be strongest at this
energy.

As expected, the analysis showed that the 1p3n fusion-
evaporation channel, populating states in **Ag, was very
weak with multiple-charged-particle emission channels dom-
inating the total fusion cross-section. As a result of the
MARA spectrometer’s ability to perform A/q selection, the
strong competing reaction channels were predominantly con-
strained to A = 94 products: **Pd, ®*Rh and especially the
4p channel leading to **Ru. Since they are all longer-lived
nuclei than **Ag (their half-lives are 9s, 71s and 51 min,
respectively), requesting a high-energy g associated with a
fast decay, characteristic of the superallowed B-decay of the
T = 1 ground-state of **Ag), is expected to significantly
suppress these competing channels.

Prompt, in-beam, y ray transitions in **Ag were selected
by requiring that they were recorded in coincidence with
one or zero charged-particles detected in the JYTube and
correlated with short-lived A = 94 recoils observed in the
focal plane decaying through high-energy 87 (>1.8 MeV,

@ Springer
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charged-particles were detected in the JYTube have been rejected. The
background that has been subtracted is a total A =94 spectrum (Fig. 1d),
which represents a background due to false correlations between recoil
and decay

Q ~13 MeV) particles. The resulting spectrum is shown in
Fig. 1a, where we request a subsequent decay within 60ms,
which corresponds to approximately two half-lives of the
known lifetime of the 7 = 1 07 state, which is assumed
to be the **Ag ground-state. Comparison with y ray spec-
tra recorded in combination with recoils with longer decay
times, 120 to 180 ms (Fig. 1b), higher charged-particle multi-
plicity (Fig. 1c) and any A =94 recoil (Fig. 1d) show that spe-
cific y rays, of energy 274(1),463(1),637(1),791(1), 874(1),
1121(1) and 1148(1) keV, appear to grow with respect other
A = 94 contaminants — see the marked transitions in Fig. 1a.
A further two y rays are observed to be enhanced in Fig. 1a
at 581(2) and 648(2) keV, however, these can only be given a
very tentative assignment to °*Ag due to overlap with y rays
with similar energies in >*Rh and **Ru (a 582 keV transition
from 15~ at 8854 keV in *Ru, a 584 keV transitions from
a second 157 at 8737 keV in **Ru and a 650 keV transition
from 13T at X+2547 keV in **Rh).

The non->*Ag y ray peaks (i.e. background contaminants)
in Fig. 1a, have two principal origins. One source is false cor-
relations between recoil and decay events, which will yield
a background characteristic of the full, prompt, A = 94 y
ray spectrum. The second source of background comes from
true correlations where B-decays from longer-lived A = 94
recoils fall in the short (60 ms) time window and where some
of the protons emitted in those reactions are missed by the
JYTube. This is due to its imperfect detection efficiency, mea-
sured here to be 67% for the detection of a single proton,



Eur. Phys. J. A (2023) 59:44

Page50f 8 44

which hampers the ability to reject the reaction channels with
multiple protons emitted.

Most of the contaminating y ray peaks are identified as
94Ru transitions, corresponding to the 4p reaction channel,
while evidence of y rays belonging to **Rh, **Tc and **Mo
(present due to the presence of an A/q ambiguity at the
MARA focal plane) was also observed, as shown in Fig. 1d.
Since false correlations appear to be a major source of back-
ground, it is possible to create background subtracted spectra
by subtracting a background based on a total A = 94 gated
spectrum. The background-subtracted spectrum for decays
occurring within 60 ms of implantation, i.e. the background-
subtracted version of Fig. la, is shown in Fig. 2a, where
the same y ray transitions at 274(1), 463(1), 637(1), 791(1),
874(1), 1121(1), 1148(1) keV, along with the tentatively
assigned 581(2) and 648(2) keV lines, are observed. The
background-subtracted version of Fig. 1b, i.e. a spectrum
gated between 120 and 180 ms, is shown in Fig. 2b, where
the y rays in question appear to be very strongly suppressed.
Thus, we conclude that the y rays listed above are associated
with a A = 94 recoils decaying on the timescale of 10’s of
ms, which is consistent with the currently accepted value for
the “*Ag T = 1 0" ground-state B-decay value (i.e., 27(2)
ms [15,19]).

These y rays can therefore be associated with decays from,
and between, states whose decay paths end at the short-lived
T = 1 ground-state, and are not trapped by the low-lying
T =0 (71) isomer.

4 Discussion

The statistics were not sufficient to allow a y-y coincidence
analysis and hence it is not possible to determine the sequenc-
ing of the observed y rays. Based on a comparison with the
T = 1 analog states in the even—even member of the T = 1
triplet, °*Pd, a possible scenario is that the 791, 874 and 637
keV y ray transitions may be very tentatively assigned as
the analogs of the cascade of the 814, 905 and 659 keV E2
transitions de-exciting the T = 1 67 to the ground state in
94pd. However, the possibility must also be considered that,
in **Ag, some of the even-J T = 1 states do not decay by
AT = 0 stretched E2 transitions but instead through isovec-
tor AT = 1 Ml transitions to low-lying T = 0 states. Such a
pattern has been frequently observed in a number of odd—odd
N = Z cases [50-52].

In order to help understand what decay paths might be
likely, we have performed shell-model calculations using
the JUN45 interaction [43] in the fpg model space. The
Coulomb interaction has been added into the proton matrix
elements, and single-particle energy levels were modified to
account for Coulomb and magnetic monopole effects, follow-
ing the prescription of reference [53]. The resulting wave-

functions have been analysed to examine electromagnetic
transitions from the T = 1 states up to 6™ and all the T = 0
states that could potentially receive y ray feeding from those
T = 1 states. In these calculations we have used effective
chargesof €, = 1.5and €, = 0.5 and bare nucleon g-factors.
Using the calculated level energies, we have then determined
the relevant transition strengths, and produced a theoretical
decay scheme based on the assumption that the first three
J > 0T =1 states, and no others, are populated with equal
intensity. In this way, we seek to predict the decay patterns
of the T = 1 states, on the assumption that they are popu-
lated directly, as might be expected in a fusion evaporation
reaction. The results are shown in Fig. 3a.

To test the appropriateness of this model for the 7' = 1
states in **Ag, we have used the same model to predict the
excitation energies of their 7 = 1 analog states in the even—
even member of the triplet **Pd. The predicted energies of
the J¥ = 21,41, 67 states are 943, 1858 and 2500 keV,
respectively. These compare favorably with the experimen-
tal values of 814, 1719 and 2378 keV [21,54], which gives
confidence to the shell-model basis on which our predictions
are made.

The predicted decay patterns of the populated T = 1
states, see Fig. 3a, suggest that the only E2 transition that
might be observed is the 2 — 0% (T = 1) transition, with
the other T = 1 states decaying by strong isovector M1
transitions to nearby T = O states. The 6% — 4 and 47
— 2% E2 transitions are highly suppressed. However, the
veracity of these calculations relies on the assumption that
the shell-model reproduces correctly the difference in abso-
lute binding energies (and hence excitation energy) between
the 7' = O states the 7 = 1 states. Our calculations show that
if the T = O states are artificially raised by 500 keV, the E2
decay from the T = 1, J® = 4% state begins to dominate
over the isovector M1, and if they are instead raised by 750
keV, then the E2 decays will be the dominant paths from all
three T = 1 states up to 6. This latter scenario is demon-
strated in Fig. 3b). However, it is important to stress that we
do not have any experimental evidence for the separation of
the T = 0 and T = 1 states, and so this is an illustrative
exercise only. It is interesting to note that Xu et al. [6] have
already demonstrated that the location of the 7" = 0 states,
relative to the T = 1 states, is strongly dependent on the
np spin-aligned 89 matrix element. Clearly, further work is
required to determine the exact location of the 7 = 0 and
T = 1 states in **Ag.

From the predicted excitation energies of **Ag in Fig. 3
and of 2*Pd (see above) we can establish theoretical Coulomb
energy differences (defined as Ey (94Ag)—E ®*Pd). These
are shown in Fig. 4. Most experimental, and theoreti-
cal, CEDs have a positive trend (e.g. [12,36], commonly
explained in terms of the prevalence of T = 1 np pairs in
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Fig. 3 (Left) A theoretical **Ag decay scheme, predicted by shell-
model calculations assuming direct population of only the 2¥, 4 and
61 T = 1 states. (Right) The predicted decay pattern when the 7 = 0

the odd—odd N = Z system, compared with 7 = 1 nn and
pp pairs in the even—even neighbour — see e.g. [36] and ref-
erences therein. Indeed, a negative CED trend has only been
observed before for the mass 70 system "°Br-"0Se [24,51].
The green curve (triangles) in Fig. 4 shows the predicted
shell-model calculation of the CED for **Ag/**Pd result-
ing only from the inclusion of the two-body Coulomb (mul-
tipole) interaction added into the proton matrix elements.
This curve demonstrates the usual positive trend associated
with angular-momentum re-coupling of the different types of
T = 1 pairs among the triplet [36]. However, the red curve
(circles) shows the effect of including in these CED calcu-
lation the single-particle monopole effects due to Coulomb
and magnetic shifts in single-particle levels (labelled “lls”,
as is customary with this prescription [40]). In this case, the
contribution of the single-particle shifts are dramatic, driving
the predicted CED towards negative values for J* = 41, 6.

Although we highlighted the possibility above that the
791, 874 and 637 keV transitions in **Ag could be the analog
transitions of the 814, 905 and 659 E2 transitions from the 6
to the ground-state in 94Pd, we do not have sufficient evidence
to make these assignments, and so the resulting experimental
CED is not plotted in Fig. 4. However, our above shell-model
analysis does indicate that we would expect to see the 27 —
0% transition among the 7 = 1 states of **Ag. Since the
typical magnitude of the CED for the T = 1,27 state is a
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states are shifted upwards in energy by 750 keV. In both cases, only
transitions with intensities higher than 4% are shown and states not
involved in the de-excitation pattern are not depicted
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Fig. 4 Theoretical Coulomb energy differences (CED) as function of
J between T = 1 levels in **Ag and analog levels in **Pd. Predictions
with and without single-particle monopole effects are depicted in red
circles and green triangles respectively

few 10’s of keV, isospin symmetry arguments would suggest
that the most likely candidate for the transition from this state
is the 791-keV transition. This would yield a negative CED
of -22 keV. This negative trend would be continued smoothly
if the 874 and 637 keV transitions in **Ag were assigned as
the E2 decays of the T = 1,4 and 67 states, respectively.
However, the shell-model analysis presented above suggests
that it is not safe to give these assignments any confidence.
We therefore present the current calculations as a prompt for
future experimental work.
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5 Summary

Nine prompt ( including two tentative) y ray transitions have
been observed in this work that are associated with a short-
lived B-decaying A = 94 nucleus produced via the 1p3n
charged-particle evaporation channel and whose half-life is
consistent with the currently accepted value for the **Ag
ground-state S-decay. Whilst spin and parity assignments
of the decaying states have not been possible, the identified
transitions can be assigned to **Ag with a high level of con-
fidence and are confirmed to be emitted in decay paths that
lead to the T = 1, J® = 0% ground-state. They represent
the first observation of y rays from excited states in **Ag.
Possible correspondence between some of these transitions
and the ones from analog states in >*Pd has been discussed.
Shell-model calculations including multipole and monopole
electromagnetic effects have been presented, and the results
show that both intra-band transitions between the 7 = 1
states and isovector transitions between 7 = 1 and T = 0
states are possible, with intensities that strongly depend on
the separation of the 7 = 0 and 7 = 1 states. Determin-
ing the relative position of the 7 = 1 states and the T = 0
states in this nucleus may provide insight into the strength
of the g9 np spin-aligned matrix element and hence further

work is required to determine the detailed low-energy level
scheme involving these observed transitions. A theoretical
CED prediction up to J* = 6T has been presented.
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