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Jyvaskyld. The proton-decay energy and half-life of this isomer were measured to be 1295(5) keV and
15.4(8) ps, respectively, in agreement with another recent study. These new experimental data can resolve
the discrepancy in the spectroscopic factor calculated using the spherical WKB approximation. Using the
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1. Introduction

Proton emission is a quantum tunneling process in which the
escaping proton penetrates through a potential barrier consisting
of Coulomb and centrifugal potentials. The study of proton decay
provides critical spectroscopic information on the proton emitters
and the ordering of quantum states of nuclei lying beyond the
proton drip line [1-4]. The spectroscopic factor is conventionally
employed as a measure of the purity of the single-particle config-
uration of the initial wave function.

The experimental spectroscopic factor (S,”") is usually defined
as the ratio between the experimental half-life and the calculated
one based on single-particle models. It provides a measure of the
amplitude of the single particle (n, I, j) component in the proton-
emitting nucleus. The calculated proton half-life tf 2 (calc) can
be obtained using the WKB approximation and has a very strong
dependence on the proton-decay energy, the orbital angular mo-
mentum carried by the emitting proton as well as the effective
single-particle potential and the corresponding initial single-proton
wave function used in the calculation. One can assert that the
way one extracts the experimental spectroscopic factor is an ef-
fective theory since one has to introduce an effective single-proton
potential to mimic the motion of the decaying proton inside the
nucleus. The calculated penetration probability and the extracted
experimental spectroscopic factor are sensitive to that potential, as
already indicated in various calculations [5-14].

The experimental spectroscopic factor (S, ) may be compared

with the theoretical one S;h. The latter is model dependent and
very sensitive to the nuclear structure involved, including the
single-particle energies, which are much affected by the nuclear
potential used and the excitation modes. Within the BCS the-
ory the spectroscopic factor is given by Sg’ = u?, where the va-

cancy factor u? is the probability that the spherical shell-model
orbital with (n,l, j) quantum numbers is empty in the daugh-
ter nucleus. The agreement between experimental and theoretical
spectroscopic factors can be a good indication that a reasonable
and consistent initial wave function for the outgoing proton has
been taken. Considering the large uncertainties mentioned above,
however, one may not be able to draw a firm conclusion.

Proton emitters in the region with A ~ 150-170, 69 <Z <79
are spherical or nearly spherical. They are of particular interest
as the sy, d3s2, and hi1/; proton orbitals are almost degener-
ate. This leads to the presence of low-spin and high-spin states in
close proximity. Systematic analysis of the experimental data [5-8],
shows good agreement of the theoretical spectroscopic factors with
the experimental ones for hqq/2 and s1/, emitters. In contrast, for
d3, states the observed spectroscopic factors are systematically
lower than those predicted by, e.g., a low-seniority spherical shell
model calculation [5] or BCS calculations [6].

In order to address the discrepancies between experimental and
theoretical spectroscopic factors, sophisticated models have been
developed to evaluate the role of dynamical particle-vibration cou-
pling [15,16], or the effect of non-negligible deformation.

More recent calculations of the spectroscopic factors, e.g.,
within a generalized liquid drop model [9], using the covari-
ant density functional theory [10-13] or a deformed density-
dependent model [14], do not show the apparent systematic trends
as predicted by the low-seniority shell model [5] or BCS calcula-
tions [6].

An alternative description of the proton-decay process is given
by the R-matrix approach [4]. It provides a microscopic scheme to
extract the experimental proton formation amplitude at the nu-
clear surface in a model independent way [17]. In this scheme,
as will be illustrated in the Discussion Section, the proton decay

process can be evaluated in two steps: the inner process which de-
scribes the dynamic motion of the proton inside the nucleus and
the possibility for it to be emitted, and the outer process which de-
scribes the penetration of the proton through the barrier. The latter
part of the inner process corresponds to the proton formation am-
plitude that reflects the overlap between the parent and daughter
wave functions, from which one can distinguish the role played by
deformation and pairing on the decay process. This scheme avoids
the ambiguities of the deduced spectroscopic factor in relation to
the surface effects and quantifies in a more precise manner the
nuclear many-body structure effects. It is also valid for all charged
particle decays. It is worth noting that, if a smooth effective single-
proton potential is used in calculating the spectroscopic factor, the
proton formation amplitude and the effective spectroscopic factor
may show a similar systematic pattern.

An important case is ®1™Lu [18], the heaviest odd-A nuclide
for which proton emission has been observed from a d3/, isomeric
state. However, the observed half-life was much longer than that
predicted by spherical WKB calculations and the extracted S;? of

0.26f8:é§ using the WKB approximation [18] is lower than the pre-

dicted values of S;,h of 0.73 [19] or 0.67 [5]. However, a recent
study by Taylor et al. [20] reported a lower value for the proton-
decay energy, which could potentially resolve the discrepancy. In
that work, nonadiabatic quasiparticle calculations were also per-
formed, which were able to reproduce the improved experimental
data, provided that ™'™Lu has a deformation of 8, ~ —0.12. This
value is comparable to the corresponding B, value deduced for
the ground state (g.s.) of >'Lu using the same formalism [21]. In
addition, these calculations were able to reproduce properties of
excited levels built upon the proton-emitting states.

Here we report on a reinvestigation of >!™Lu in an indepen-
dent recoil-decay tagging (RDT) experiment performed at the Uni-
versity of Jyvdskyld. Our new results are consistent with those of
Ref. [20] and we discuss the experimental and theoretical spectro-
scopic factor for 1°1™Lu assuming a spherical shape with the WKB
approximation [8]. Considering that nuclear structure effects are
not included in the WKB barrier transmission approximation and
the model dependence of theoretical spectroscopic factors, we in-
troduce the proton formation probability as a more proper descrip-
tion of the proton-decay process [17], which defines the possibility
of finding the decaying proton at the nuclear surface. The proton
formation probability extracted from the present results indicates
no significant hindrance for the proton decay of >1™Lu.

2. Experimental details and results

The experimental setup consisted of the JUROGAM Ge-detector
array [22] at the target position, the gas-filled recoil separator
RITU [23,24] and the GREAT spectrometer at the focal plane of
RITU. In this experiment, excited states of '>!Lu were populated
by bombarding a self-supporting 500 pgjcm? isotopically enriched
9Ru target with a *®Ni beam at 266 MeV and 274 MeV delivered
by the K130 cyclotron. A 50 pg/cm? C charge reset foil was placed
behind the target. The average beam current on the target was 3
particle nA for 110 hours. After a time of flight of about 0.6 ps in
RITU, the evaporation residues passed through a gas-filled multi-
wire proportional chamber (MWPC), and then were implanted into
a pair of 300 um thick double-sided silicon strip detectors (DSSDs)
of the GREAT spectrometer. This spectrometer registers the recoil-
ing evaporation residues, proton and « decays, B rays, conversion
electrons as well as X and y rays. Each DSSD is segmented into
40 horizontal strips in the front and 60 vertical strips at the back,
providing a total of 4800 pixels. To minimize the interference from
scattered electrons and light ions in the DSSDs, a PIN-diode detec-
tor array surrounding the DSSDs in GREAT can be used as a veto.
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The decay of the d3;; proton emitters was also discussed in terms
of the proton formation probability, a more proper and micro-
scopic quantity to describe the proton-decay process. The extracted
proton formation probability for '>'Lu is compared to those in
neighboring nuclei, and is found to follow well the general trend
of spherical proton emitters.
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