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Direct mass measurement of >*Pd and implications for the isomer structures in **Ag:
Tracing the two-proton decay branch
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The first direct mass measurement of **Pd, the one-proton-decay daughter of the (21+) isomer in **Ag, has
been performed, resulting in a mass excess value of —59 127(35) keV and reducing the mass uncertainty by an
order of magnitude. As a consequence, the excitation energies of the presumed parent states of the one-proton
(1p) decay and two-proton (2p) decay in **Ag are found to differ from each other by ten standard deviations.
This shows that there is an incompatibility in the previously reported decay scheme of the 1p and 2p branches.
Three scenarios are discussed, which could resolve this apparent contradiction, and elucidated by performing
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state-of-the-art shell-model and mean-field calculations. The latter confirm that, based on the reported decay
information, the 2p emission cannot be fed from the same (217) isomer as the 1p emission, but indicate that it
could originate from a second, structurally different, high-spin state.

DOI: 10.1103/mhhn-kmgx

The silver isotope **Ag, containing 47 protons and 47
neutrons and located next to the proton dripline [1], has been
reported to have a metastable state, a spin-trap isomer with
spin and parity (21%), which possesses properties that are
unique throughout the entire Chart of the Nuclides: It has the
highest spin observed so far for nuclei that live long enough
to undergo B decay and a very high excitation energy of
more than 6 MeV [2]. Even more intriguingly, it has been
found to have multiple decay channels, such as 8 decay [3,4],
B-delayed proton emission [5], direct one-proton (1p) decay
[6,7], and even direct two-proton (2p) decay [8]. Correla-
tions between the two emitted protons have been reported,
which indicate that the 2p decay occurs via simultaneous
2p emission (true 2p decay), rather than via sequential 2p
emission, although the latter should be energetically possible
and would be expected to have a much larger branching ratio
than the simultaneous 2p emission [8]. **Ag is thus the only
known nucleus that has been reported to decay by both 1p
and simultaneous 2p emission, and the only known nucleus
with an odd number of protons to decay by simultaneous 2p
emission [9,10]. The observation of 2p decay has been found
exceedingly puzzling and has been questioned [7,11-13],
giving rise to extended debate [14-19]. An experiment has
been performed to verify the observation of 2p decay, but
could reproduce only one of the two observed lp decay
branches, i.e., the one with the lower proton energy, denoted
here as 1p(I) branch, and it did not see the 2p decay [7].
Despite further intense efforts [10,20-25], experimental as
well as theoretical in nature, all attempts have failed so far to
either consistently reconcile the observations with our under-
standing of nuclear structure or disprove them beyond doubt.
Conversely, a successful explanation of the observed effects
may reveal insights essential to the deeper understanding of
the underlying quantum background driving these unique phe-
nomena.

One method of validating the correctness of the reported
decay scheme is to compare the energies of the 1p and 2p de-
cay branches and thus to verify whether they indeed originate
from the same parent state. Such a study has been performed
previously, and a possible disagreement was pointed out [12].
However, at that time, the ground-state mass of the 1p decay
daughter, >*Pd, could be obtained only by a phenomenolog-
ical extrapolation, thus preventing a final conclusion. In this
Letter, the first direct mass measurement of the 1p decay
daughter, *Pd, and a mass measurement of the 2p decay
daughter, **Rh, are reported, and their impact on the 1p and
2p decay branches together with a detailed theoretical inter-
pretation is discussed.

Neutron-deficient nuclides in the vicinity of **Ag were pro-
duced via projectile fragmentation at the fragment separator
FRS [26] at GSI by impinging a '2*Xe primary beam with an
energy of 790 MeV/nucleon and an intensity of approximately

1.2 x 10° ions per spill on a beryllium target with an areal
density of 8045 mg/cm>. The fragments were separated in
flight in the FRS and delivered to the FRS Ion Catcher (FRS-
IC) [27]. The FRS was operated in monochromatic mode with
a monoenergetic degrader (735 mg/cm?) at the central focal
plane. In the FRS-IC, the fragments were slowed down in
a second degrader and thermalized in a gas-filled cryogenic
stopping cell (CSC) [28-30], from which they were extracted
as singly charged ions and delivered to a multiple-reflection
time-of-flight mass spectrometer (MR-TOF-MS) [31-33]. In
the MR-TOF-MS, mass measurements were performed by
confining the ions for a duration of 22 ms, and then ejecting
them toward the detector, where the time of flight of the
different ion species was recorded. For the measurements
reported here, a mass resolving power of 700000 (FWHM)
was achieved.

The successful measurement of >Pd and, within the same
setting, ?Rh was only possible, because of two key ap-
proaches that were used for this experiment, but are applicable
broadly at synchrotron facilities for many proton-rich nu-
clides. First, the use of a very thick target, in which multistep
reactions can occur, enabled to significantly increase the pro-
duction yields of the nuclides of interest. Second, to stop
and measure several nuclides within the limited areal density
of the CSC, usually several different degrader settings are
needed, because the stopping range of an ion depends on
its mass, charge state, and kinetic energy. For the region of
the nuclear chart addressed in this experiment, however, the
energy of the primary beam can be tuned such that isotones
have the same range while maintaining the maximum stopping
efficiency using the monochromatic mode of the FRS. The
two N = 47 isotones, *>Pd and **Rh, were stopped simultane-
ously in the CSC, and, because of the broadband capabilities
[32,34] of the MR-TOF-MS, could be measured at the same
time.

The data were analyzed following a proven procedure [34],
which allows accurate determination of masses even in the
case of a few events per ion species only [35,36]. The nuclide
BRu was used as a precision calibrant, with its mass taken
from the AME2020 [37]. The resulting masses of 2Rh and
%Pd are reported in Table I. A detailed description of the
experiment, data analysis, and results is provided in Ref. [38].

For ’Rh, a mass excess of —62989(10) keV was deter-
mined from the 85 detected events [Fig. 1(a)]. This value is
in good agreement with previous Penning trap measurements
[12,40,41]. The mass of the **Pd ground state was measured
directly for the first time. The mass value reported in the
AME2020 is from a $-decay end-point energy measurement
[42]. In the present work, a mass excess of —59 127(35)
keV was obtained from the nine detected events [Fig. 1(b)].
The obtained mass value agrees with the AME2020, but re-
duces the uncertainty by an order of magnitude. Notably, the
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TABLE 1. Measured mass excess (MEggs_ic) values for *Rh and **Pd compared with the literature values MEy;, [37]. AME = MEggs_1c —

ME;;; marks the deviation of the measured values from the literature.

Nuclide Events MEggs_ic (keV/c?) ME}; (keV/c?) AME (keV/c?)
2Rh 85 —62989(10) —62999(4) 10(11)
%pd 9 —59127(35) —58980(370) —147(372)

extrapolated mass value of *Pd used in the previous exami-
nation of the energies of the 1p and 2p decay branches [12]
differs by almost two standard deviations from the present
result.

Combining the newly measured mass excess of the Ip
decay daughter, *Pd, the mass excess of hydrogen, ME('H)
[37], the decay energy corresponding to the 1p(I) branch,
Ep1 =790(20) keV [6,7], and the excitation energy of
the populated (33/2%) state in *Pd, E,(°*Pd,33/2%) =
4995.6(9) keV [43], gives a mass excess of the high-lying
% Ag isomer of ME(**Ag,21%);,1 = —46050(40) keV. On
the other hand, summing up the mass excess of the 2p de-
cay daughter, °Rh, with 2 x ME('H), the 2p decay energy,
E»p = 1900(100) keV [8], and Ex(°**Rh, 11+) = 1548.6(14)
keV [44], the mass excess of the (211) isomer is determined
to be ME(**Ag,217),, = —44960(100) keV. These two al-
ternative mass excess values of the (211) isomer differ by
1090(110) keV, i.e., by ten standard deviations (Fig. 2). This
disagreement calls into question the experimental decay infor-
mation [6,8]. Since the 1p(I) branch was confirmed [7], the 2p
decay becomes the most debatable observation.

Using the new mass value of 93Pd, the mass excess values
of the presumed populated states in the 1p and 2p decay
daughters, ME(**Pd+p, 33/2%) and ME(®’Rh+2p, 117), are
the same within 21(37) keV (Fig. 2). Assuming that all decay
branches originally reported in [6,8] are correct, a sequen-
tial 2p emission involving the (33/27) state of **Pd and the
(11%) state of *’Rh is energetically highly improbable. This
would give an explanation for the observation in Ref. [8§],
where the reported correlations in the two emitted protons
indicate a simultaneous 2p emission. However, this is po-
tentially contradictory with the placement of the 1p and 2p
decay branches suggested below as scenario (3) in this work

Counts per 78 pu/e

0 1 --l-

A 0 LIl )
NIRRT 1T T 1 1l I JHIH

91.9318 91.9325 929353 929360 92.9367
Mass-to-charge ratio / (u/e)

91.9311

FIG. 1. Mass spectrum of (a) *Rh™ ions and (b) **Pd* ions. The
red lines represent the fits to the unbinned data (“rug” graph below
the histogram) with a fixed hyper-EMG [39] peak shape (FWHM =~
120 ke V), which was obtained from the peak of >C; '°FZ ions with
~21 000 events.

(Fig. 2). To obtain the excitation energy from the mass ex-
cess of the (217) isomer, an accurate estimate of the 94Ag
ground-state mass is needed. In the literature, values from
three different sources are available (Table II): first, from a
linear fit to the Coulomb displacement energies (CDEs) for
isobaric analog states (IASs) of odd-odd N = Z nuclides with
isospin 7' = 1 [12]; second, from a measurement of the Qgc
value of **Ag [42], the result of which was, however, listed
as irregular in the AME2020; and third, from an extrapolation
in the AME2020. Because of the large scatter of these three
values, spanning almost 1 MeV, an independent estimate of
the **Ag ground-state mass is called for. In the present work,
it is derived from the global Fr value of the superallowed
0" — O™ transitions [47] and the measured half-life of 27(2)
ms [42,48,49] associated with the 8 decay of the 94Ag ot T
= 1) [50] ground state to the **Pd ground state, assuming a
100% branching ratio [47]. Though the general concept of the
calculations is similar to Ref. [51], the main differences here
are the incorporation of the transition-dependent radiative and
nuclear-structure-related corrections [47] and the usage of the
BetaShape code [52-54] for an accurate calculation of the
statistical rate function. This F7-based approach results in a
QOgc value of 12570(190) keV, which agrees within uncer-
tainties with both Refs. [12,42], but differs by three standard

E(**Ag) I MeV , Mass excess | MeV
452202058 _44.96(10)
o EncTOTOMEN
20" 20" LI0N217) (33/27,35/2° )%=
18 18~ | T4605@)[E “So7e)Mev]  Ex=1.9(1) MeV
2. 19, : BT ™— (11
19t~ 21* a7 ( o—
. 17" —— 64
7 N (29/2") —— E g
] (25/27) 92
49 @12 \— Rh+2p (Exp)
(19/21) 2= -48.411(10)
4] (17/2')~— [This work
. (17727 F— [ ]
(15/2%)
| (13/2") —
2- + .
. B ---(9/2") ——-51.838(35) [This work]
& . | %3pd+p (Exp.)
L 53
Q — ©) -53.53(19) [global F£ calc.] -
JUN45  SDGN | 94/.\9 (Calc.&Exp.)

FIG. 2. Decay scheme according to the interpretation of this
work, showing the discrepancy in the mass excess value of the “*Ag
(217) isomer when calculating it using the 1p- [6,7] and 2p-decay
data [8], respectively. The black scale (left side) shows the **Ag level
energies relative to its (0) ground state obtained by shell-model cal-
culations, employing SDGN [45] and JUN45 [46] interactions, while
the red scale (right side) shows the corresponding mass excess values
resulting from our measurements. The mass of the **Ag ground state
has been determined based on the F7 value.
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TABLE II. Qgc value and ME of the 94Ag (0™) ground state and excitation energy (E,) of the (217) isomer(s) deduced in the present work
via combining the measured masses of **Pd and **Rh, the 1p decay data [6,7], the 2p decay data [8], and either of the **Ag ground-state mass

estimates.

94Ag Ft calculations (this work) CDE systematics [12] Indirect measurements [42] AME2020 extrapolations [37]
properties (keV/c?) (keV/c?) (keV/c?) (keV/c?)
Orc(**Ag,07) 12570(190) 12 760(360) 13350%8% 13700(400)
ME(**Ag,0%) —53530(190) —53340(360) -52 750f2?8 —52400(400)

Independent from **Ag ground-state mass: ME(**Ag, 21%),,; = —46 050(40) keV and ME(**Ag, 21%),, = —44 960(100) keV

Ex (94Ag’ 21 + )lp,I
Ex (94Ag’ 21+ )Zp

7480(190)
8570(220)

7290(360)
8380(370)

6700610
7790755

6350(400)
7440(410)

deviations from the extrapolated value given in AME2020
(Table II). While the Fr-based Qgc estimates, in general,
follow a smooth trend for all odd-odd N = Z nuclides up
to Z = 49, the AME2020 extrapolations suggest a sudden
change in the trend of Qgc values by up to 1 MeV for odd-odd
nuclides with N = Z > 41.

There are, in principle, three scenarios that could reconcile
the observation of both 1p and 2p decays of **Ag as reported
in Refs. [6,8] with the mass measurements reported here:

(1) The mass excess of the (21%) isomer amounts to
ME(94Ag, 21*)113,1 = —46050(40) keV, according to the 1p(I)
decay branch [6,7] and the measured mass of SPd. This
suggests the 2p decay of the (21) isomer to feed a state in
92Rh with the lower excitation energy of 450(110) keV and a
lower spin instead of the previously reported (117) state [8].
However, no such state has been observed experimentally so
far [42,44,55,56]. This makes scenario (1) rather unlikely.

(2) The mass excess of the (217) isomer amounts to
ME(**Ag,217),, = —44960(100) keV, according to the 2p
decay data [8] and the measured mass of *>Rh. This is only
possible if the 1p(I) decay branch feeds a state in **Pd with a
higher excitation energy, 6080(110) keV, compared to the pre-
viously reported (33/27) state [6]. The present experimental
level scheme of %*Pd [42,43,57] does not include a level at
this energy, which makes also scenario (2) rather improbable.
Moreover, the T = 1, (207) IAS in **Ag is expected to lie
at the same excitation energy within ~100keV [58,59] as in
%4Pd, 7.7 MeV [4], the excitation energy of which has been
further supported by the discovery of the (19~) isomer in **Pd
[60]. This is thought to give an upper limit for the excitation
energy of the (21%) spin-trap isomer to be able to explain the
hindrance of the internal decay [4]. Using the Ft-based or
the CDE-based **Ag ground-state mass estimate, the (217)
isomer in scenario (2), however, lies above this level (Fig. 2
and Table II). Thus, scenario (2) becomes even more unlikely.

(3) The 1p(I) and the 2p decay branches are fed from two
separate isomeric states of **Ag with an excitation energy dif-
ference of 1090(110) keV as determined in this work (Fig. 2).
The possibility of this scenario has been proposed in Ref. [19],
but its scientific basis has, so far, not been examined. In this
scenario, the complete experimental 1p and 2p decay informa-
tion is consistent with the mass measurements reported here.

To further elucidate the three scenarios, shell-model and
mean-field calculations have been performed. Large-scale
shell model (LSSM) calculations were done in the wv(gds)

model space, comprising the 1g9/2, 1g7/2, 3512, 2ds,2, and
2d3 > orbitals for protons and neutrons, employing the SDGN
effective interaction defined in Refs. [4,45,61], assuming a
hypothetical 3°Zr core and allowing 14 p14h excitations across
the N = Z = 50 shell gap. The relevant states of **Ag
predicted by the calculations are shown in Fig. 2. A 21"
state is predicted at 6672 keV with a configuration involving
189> orbitals, (nggfzvggfz )21, preceded by a 177 state, thus
successfully reproducing the spin-trap isomerism of the 217"
state. The calculations also predict a 207 state at 7478 keV,
which is the IAS with isospin 7 = 1 of the experimentally
observed (20%) state in **Pd [4]. No second high-spin isomer
candidate is predicted within the v (gds) valence space. For
comparison, shell-model calculations using the JUN45 inter-
action [46] were performed. The JUN45 gives an excellent
agreement in the predicted level energies (Fig. 2), but in this
case the order of the 211-197 states is swapped, showing the
advantage of the SDGN interaction incorporating core exci-
tations. To access the structure of the predicted 211 isomer
and its associated nuclear deformation within the wv(gds)
valence space, the potential energy surface of **Ag 217 state
was obtained using the discrete nonorthogonal shell model
approach [61-63]. The calculations predict a nearly spherical
shape with a slightly positive quadrupole deformation param-
eter of arpg < +0.1 for the 217 state.

The mean-field calculations were performed employing
the phenomenological, deformed Woods-Saxon Hamiltonian
in its so-called universal parametrization [64,65]. The term
“universal” signifies that the parameters are applicable to all
nuclides in the Table of the Nuclides. Within the same the-
oretical framework, proton-emission lifetimes were deduced
using the semiclassical Wentzel-Kramers-Brillouin (WKB)
approximation [66]. Figure 3 shows the calculated proton
single-nucleon energy spectrum for **Ag as a function of
the quadrupole deformation parameter oyo. To enable proton
emission, the emitting orbitals must have positive energies,
and to fulfill the requirement to survive the production and
measurement (>30ms) [8,67], the WKB estimates suggest
that their energy should be below 500 keV. Within this energy
range, the most likely explanation for the angular momentum
transfer of 9/2 7 in the 1p(I) decay branch from the (21%)
isomer in **Ag to the (33/27) state in **Pd, while conserving
the parity, necessarily involves the 1g9/, orbital at apg &~ +0.2
(left yellow region in Fig. 3). However, at this deformation,
there is no second orbital available to explain the total angular
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FIG. 3. Proton single-particle “universal” Woods-Saxon mean-
field energies for **Ag as a function of the quadrupole deformation
parameter apo. The two orbitals playing decisive roles in the dis-
cussion of the proton emission, 1go,, (full lines) and 14/, (dashed
lines), are shown in blue color. The yellow areas mark the corre-
sponding regions of interest with energies between 0 and 500 keV.
The labels give the spherical labeling [N, ¢, j]j, for the dominating
single-particle content.

momentum transfer of 10 7 required for the 2p emission to the
(11%) state in ®’Rh, should it indeed originate from the same
(217) state as the 1p emission. Therefore, a different state is
required as a parent for the 2p emission, in agreement with
scenario (3).

The spin and parity of the 2p-emission candidate are
experimentally not known. Nevertheless, for the angular mo-
mentum transfer required for the 2p emission from a high-spin
state in **Ag to the (117) state in *’Rh, in Fig. 3 one can
identify two orbitals with dominating 14, content or, alter-
natively, one orbital with dominating 1g9,> content and one
orbital with dominating 1k;;/, content as likely candidates.
Both cases are found only at strongly elongated shapes with
ax ~ 0.4 - - - +0.6 (right yellow region in Fig. 3). While the
prior configuration conserves parity under 2p emission, the
latter configuration alters the parity.

The mean-field potential energy surface in Fig. 4 shows
four local minima corresponding to possible axially sym-
metric configurations. The deformation of possible isomeric
states can be obtained by a minimization of the sum of this
potential energy and the particle-hole excitations that define
the isomeric structures. Calculations show that the resulting
quadrupole deformation «y of the 1p(I)-emission candidate
remains close to the valley that extends from about O to 0.2,
in agreement with the LSSM results reported above, while the
2p-emission candidate can be associated with the minimum at
ap9 ~ 40.6. This strong prolate deformation is in agreement
with the deformation used in the model proposed in Ref. [8]
to explain the 2p decay, the origin of which so far could not
be understood [14].

Tilted Fermi surface calculations, similar to those in
Refs. [68-71], predict a normal deformed prolate 217 state,

e
I

e e
= S

Deformation auyg
|
o
[ V)

—0.4

1 0.0
—-0.8 —0.6 —0.4 —0.2 0.0 0.2 04 0.6 0.8
Deformation asg

FIG. 4. Potential energy as a function of axially symmetric (ap-
propriate for the spin isomer description) multipole deformation
parameters (a9, ag9) for °*Pd, the even-even neighbor of **Ag.
Note that in mean-field theory it has become a practical solution to
investigate a nucleus with the help of the (lighter) even-even neighbor
plus the respective single-particle orbitals, often giving close-lying
results concerning the shape predictions.

the parent-state candidate for the 1p(I) branch, as a spin-trap
isomer with (7 g§/32 vggfz )21 configuration at an excitation en-
ergy of 7.77 MeV. The experimentally observed 71 isomer
state [4,42] is also predicted as a spin-trap isomer in the same
theoretical framework. For the 2p-emission candidate, no fur-
ther quantitative results could be obtained. Its electromagnetic
decay hindrance could be due to the fact that there are no
(or very few) lower-energy superdeformed state candidates
for such a decay, whereas the normal deformed states differ
dramatically in terms of both the geometry and the particle-
hole structures.

In Ref. [6], another 1p decay branch was observed with
Eipn = 1010(30) keV decay energy, denoted here as 1p(II)
branch, and assigned to a daughter state with a tentative
spin-parity assignment of (33/27,35/27) and a tentative
placement in the level scheme of 3Pd [42,43,57]. There is
no orbital available in Fig. 3 to explain the presumed parity
change of the 1p(I) branch, should it indeed originate from
the same (21%) isomer as the 1p(I) branch. Consequently, the
two 1p branches should not stem from the same isomer. It is
conceivable that the 1p(I) branch originates from the same
superdeformed prolate isomer as the 2p emission (Fig. 2).
Here, a negative-parity daughter state in °>Pd can be realized
in both possible 2p-emission configurations from a 1k, or
a 1go/, orbital for a positive- or negative-parity parent state,
respectively.

The measured $ half-life of 400(40) ms [3-5] should cor-
respond mostly to the parent-state candidate for the 1p(I)
branch [4], and thus the candidate for the 2p emission and
the 1p(I) branch could have a much shorter lifetime, with
the lower limit of about 30 ms [8,67]. This would explain
the fact that only the 1p(I) decay branch could be experi-
mentally confirmed in Ref. [7], but not the 2p and 1p(Il)
decay branches, since in this latter experiment a longer trans-
port and measurement time of the nuclei (200-300 ms) [72]
was used.

In summary, the first direct mass measurement of 3pd
has been carried out, reducing the mass uncertainty by an
order of magnitude. As a result, it is shown that the excitation
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energies of the presumed parent states of the proposed Ip
decay and 2p decay branches in **Ag disagree by ten stan-
dard deviations, which calls into question the reported decay
scheme and, thus, also the observation of the 2p decay. Three
different scenarios that could reconcile the 2p decay data
with the present measurement are discussed and elucidated
by performing state-of-the-art shell-model and mean-field
calculations. The results of both calculations agree in the
overlapping model spaces; i.e., they both predict a slightly
prolate deformed 217 state as a spin-trap isomer, the 1p(I)-
emission candidate. The mean-field calculations further show
that, based on the reported decay information, the 2p emis-
sion cannot be fed from the same (217) isomer as the 1p(I)
branch, but could stem from a strongly deformed high-spin
isomer in **Ag, the single-particle configuration of which
involves 1k, intruder orbitals. As a consequence, possible
explanations for several puzzles surrounding the 1p/2p decay
branches of **Ag are provided, including the difference in
the parent-state excitation energies, the origin of the strong
prolate deformation of the 2p-emission candidate [8], and
the nonobservation of the 1p(II) and 2p branches in a later
experiment [7]. More experimental as well as theoretical evi-
dence is needed for a final resolution, e.g., including the 14y,
orbitals in the shell-model valence space to examine whether
the existence of a second high-spin isomer is supported in this
framework, and mass measurements, decay and laser spec-
troscopy studies of the high-spin isomer(s) and their 1p/2p
daughters [24,73].
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