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Abstract. Gamma-rays from the alpha- and proton-unstable nuclide "' Au have been observed for the first
time. The gamma-rays were correlated with both a proton- and an alpha-particle decay branch, confirming
that the nucleus decays by alpha and proton emission from a single (11/27) state. The measurement
confirms the previously determined half-lives for these particle decays but the present values are of higher
precision. In addition, a longer half-life than determined in previous work was measured for the proton-
unstable tentative ground state. The results are discussed in relation to structures in neighbouring nuclei
and compared with a Strutinsky-type TRS calculation.

PACS. 23.50.4z Decay by proton emission — 23.60.4+e Alpha decay — 23.20.Lv  Gamma transitions and

level energies — 21.10.Tg Lifetimes

1 Introduction

The experimental frontier for neutron-deficient nuclides
in the mass region around A = 170 has been significantly
advanced in recent years [1-11]. The fusion-evaporation
cross-sections for the production of these nuclei are typ-
ically very small, and the experiments therefore require
both effective and very selective means of detection. A
majority of the nuclides in this region decay by alpha emis-
sion. The recoil-alpha tagging technique [12,13] has been
of vital importance for revealing various interesting phe-
nomena in the internal structure of these nuclei. A number
of nuclides in the region have shown shape polarisation
effects. These are generally associated with 2p-2h excita-
tions (oblate shapes) or 4p-4h or higher excitations (pro-
late shapes) and /or the occupation of shape-driving high-j
intruder orbitals. The signature of such effects has been
low-lying quadrupole phonon excitations of the spherical
core, or shape coexistence features, where a number of
low-lying bands in the same nuclide correspond to differ-
ent shapes. Such phenomena are well established near the
Z = 82 shell closure in this mass region [1,4,7,14-17].
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One important question yet to be answered is how the
structure of nuclides in this region develops as we go well
beyond the proton drip line, to the point where proton
decay starts to compete with alpha decay. For nuclei that
decay with proton emission, the same recoil-decay tagging
technique as with alpha emitters can be used, but with a
gate on the proton energy instead of on the alpha energy.
However, due to the lower decay energies, the experimen-
tal conditions are more demanding.

The case of 1" Au is especially interesting due to its
unusual particle decay characteristics. This very neutron-
deficient nuclide lies 7 neutrons outside of the proton drip
line [18]. In the heavier proton-unbound gold isotopes,
proton decay rates are slow to compete with alpha emis-
sion due to the difference in decay Q-values. In the case
of 1" Au however, the alpha and proton decay channels
are of about equal strength. In earlier work [19,20] it
was inferred from the similar measured half-lives due to
alpha and proton emission, respectively, that these pro-
ceed from the same (assigned 11/27) state. By comparing
gamma-ray spectra gated on alpha and proton energies,
respectively, the decay-tagging technique can in this case
be used to confirm the origin of the proton and alpha
decay branches. It also gives us the rare opportunity to
study the internal structure of a nucleus that emits alpha
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particles and protons with about the same probability.
Proton emission from a state in 1" Au at lower energy than
the assigned 11/2~ state has also been observed [20]. From
half-life considerations this state has been interpreted as
being built on the 7s; /, orbital.

Recently, Kondev et al. [8] studied excited states in
three odd-mass gold isotopes. Evidence for deformed nu-
clear shapes in '"®Au and 7" Au was found, corresponding
to the occupation of the 7i;3/5 high-j intruder orbital. The
nuclide " Au revealed shape coexistence features, typi-
cal for the region, with band structures seemingly corre-
sponding to three different deformations. Interestingly, the
lighter '"3Au isotope showed no signs of collectivity.

The present data complement this picture, extend-
ing the odd-mass gold systematics of gamma-spectroscopy
data to A = 171. The aim of the experiment was to inves-
tigate whether the protons and alpha particles in fact do
originate from the same state, and to study the nuclear
structure by observing gamma-ray emission from excited
states above that state.

2 Experimental details

The experimental set-up consisted of the RITU [21,22] re-
coil separator in conjunction with the JUROSPHERE [23]
germanium detector array. A beam of enriched "®Kr was
extracted from the 14.5 GHz ECR ion source and acceler-
ated to 370 MeV using the K130 cyclotron at the JYFL
facility in Jyvéskyld, Finland. The target bombarded by
the krypton ions was an isotope enriched (96.52%) “Ru

foil with a thickness of 500 ,ug/cm2. The centre-of-target
beam energy was approximately 363 MeV.

The JUROSPHERE detectors were arranged around
the target and consisted of fifteen EUROGAM-I-type [24]
detectors, five TESSA-type [25] detectors, and five
NORDBALL-type [26] detectors. The total photo-peak ef-
ficiency of the array was about 1.5% at 1.3 MeV. The
charge and velocity focusing recoil separator RITU was
filled with helium gas at a pressure of 0.6 mbar. RITU was
used to separate the reaction products (with an efficiency
of about 40%) from the beam particles and from the fission
background. The recoils were implanted in a focal plane
detector consisting of 16 silicon strips with a total area
of 80 x 35 mm?. Each strip is position sensitive, so that
the whole array has a large number of effective “pixels”.
Therefore, recoil signals can be correlated with the subse-
quent alpha or proton decay as long as the total count rate
is low in comparison to the half-life in question. The re-
coil signals are in turn correlated with the JUROSPHERE
events, so that the prompt gamma-rays belonging to a
nucleus with known particle decay energies can be ex-
tracted. This method is known as the recoil-decay tagging
(RDT) [12,13] technique. Two sets of amplifiers with dif-
ferent gains were connected to the silicon strip array. The
high-gain amplifiers produced the alpha and proton energy
spectrum. The low-gain amplifiers produced a spectrum
where an energy gate could be set to discriminate the re-
coils from the particle decay, and from the scattered beam
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hitting the focal plane detector. In order to be able to cor-
relate the recoil events with the particle decay events, a
microsecond clock was used to time stamp every event.

In order to clean the data further, we used two an-
cillary detector systems. First, a multi-wire proportional
avalanche counter (MWPAC) in front of the silicon strip
detector was used to discriminate recoils and scattered
beam from the particle decay in the strip detector. In ad-
dition, the decay particles leaving only a part of their en-
ergy in the silicon detector and hitting the MWPAC could
be rejected. Furthermore, a second silicon detector, behind
the strip detector, was used to veto out the energetic pro-
tons and alpha particles flying through the recoil separator
and punching through the strip detector. This system has
been described in detail by Kettunen et al. [27]. These
two background reduction systems are especially impor-
tant when detecting protons, due to the high background
level at their relatively low energy. Finally, a single ger-
manium detector was placed behind the focal plane in
order to enable detection of gamma-rays and X-rays from
daughter products.

Data were collected on magnetic tapes and sorted off-
line.

3 Results

The "' Au recoils were detected at the RITU focal plane
at a rate of approximately 1 nucleus per minute. With a
beam intensity of 7 pnA and a RITU efficiency of 40%,
this corresponds to a cross-section close to 0.6 ub for the
p2n channel in the fusion-evaporation reaction.

The recoil-correlated alpha and proton energy spec-
tra from the high-gain amplifiers are shown in fig. la.
The search time following a recoil implant was limited
to 8 ms. Due to the relatively short half-life of '"!Au,
the peaks corresponding to the charged-particle decay of
171 Ay are enhanced relative to a large number of much
stronger channels. The peaks are also well separated from
other nuclei in energy, as can be seen in the figure. At an
even shorter search time of 100 us, the fast proton decay
from the 1/2% state of "' Au is clearly visible, fig. 1b.

Using the microsecond clock written to every event,
the half-lives of the three charged-particle decays could
be extracted. For the 6996 keV alpha decay and the
1692 keV protons we obtained half-lives of 1013(25) us
and 1015(28) us, respectively. For the 1444 keV protons
we measured a half-life of 37fg us. The events used to de-
termine the 1444 keV proton half-life were correlated with
the subsequent 6.55 MeV alpha decay of 7Pt in order to
suppress background noise. While the first two T} /p-values

are in agreement with earlier data (Tf‘/2:1.02(13) ms,

Ty /2:1.03(15) ms), the fast proton half-life is somewhat
longer than previously observed (T}, = 1773 us) [19,20].
The present values have smaller uncertainties due to bet-
ter statistics.

The proton decay of '"'Au is being studied in further
detail and more information on the proton energies is soon
to be published by Kettunen et al. [28]. The energy values
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Fig. 1. The energy spectrum from the high-gain amplifiers
connected to the focal plane silicon strips of RITU. The peaks
belonging to "' Au are indicated by their respective energies.
The peaks between 5 and 7 MeV correspond to the alpha decay
from a large number of nuclides produced in the compound-
nucleus reaction. The spectrum in (a) is generated using a
search time of 8 ms following the recoil implants, suitable for
extracting the information for the 1 ms proton and alpha de-
cays of the 11/27 state. Panel (b) shows the same spectrum,
but with a 100 us search time. The 1444 keV peak from the
fast proton decay from the 1/2" state is clearly visible. Gates
on the 1692 keV and 6996 keV peaks were used to extract the
energies of gamma-rays depopulating states above the 11/27
state. Particle energies are from Poli et al. [20].

for the charged particle decay of "' Au used in this article
are all from Poli et al. [20].

By gating on the alpha and proton energy peaks of
"I Ay and correlating these decays to implanted recoils,
and to gamma-rays detected at the target position, we
could extract data on excited states in 1" Au de-excited
by gamma-ray transitions. The 1.5% photo-peak efficiency
of JUROSPHERE enabled detection of 30 counts in the
strongest gamma-ray peak of "' Au. The gamma-ray en-
ergy spectra tagged by the 6996 keV alpha line and the
1692 keV proton line are displayed in fig. 2, panels (a) and
(b), respectively.

The fact that the strongest peaks are visible in both (a)
and (b) indicates that both the proton and the alpha de-
cays proceed from a single state. This confirms the earlier
assumption of decay from a single (11/27) state [19,20].
Combining the measured half-lives of the proton and al-
pha branches, we obtained a half-life of 1014(19) us for
this level. Panel (c) shows the sum of the alpha and pro-
ton gates, giving us the full information of the present
data on the states above the 11/27 state. The fast 1444
keV proton line was unfortunately too weak to produce a
useful gamma-ray spectrum.
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Fig. 2. Gamma-ray spectra from the decay of excited states in
171 Au. The spectrum in (a) shows gamma-rays correlated with
the 6996 keV alpha decay of 1" Au. A gate on the 1692 keV pro-
ton decay line in *"* Au generated the spectrum in (b). Adding
the 6996 keV and 1692 keV events gave the spectrum in (c).
All spectra are produced using a recoil/decay search time of
8 ms. The most intense peaks found in both the alpha-gated
spectrum and the proton-gated spectrum are indicated with
their respective energies. A peak at 352 keV (filled diamond)
is seen only in the alpha-gated spectrum. The assignment of
this peak to "' Au is therefore somewhat uncertain.

Table 1. Observed gamma-rays, in order of intensity in the
a + p spectrum, from "'Au in coincidence with the proton
and alpha decays, respectively.

Energy (keV) Relative intensities

a p a+p
611(3) 15(6) 15(5) 30(7)
954(5) 7(3) 7(3) 15(5)
827(5) 6(3) 7(3) 12(4)
706(5) 6(3) 2(3) 9(4)
626(6) 4(3) 5(3) 9(4)
691(8) 3(3) 4(3) 7(3)

No analysis using y+-coincidences was possible, due to
the low statistics. This made the construction of a level
scheme above the 11/27 state rather ambiguous, even
though some conclusions could be drawn from the relative
intensities. The observed gamma-rays are listed in table 1.
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Fig. 3. The tentative level scheme of 1"'Au. All gamma-rays
given in table 1 are seen in both the 1692 keV proton gate
and the 6996 keV alpha gate, confirming that the two parti-
cle decays in fact occur from the same state. No states above
the 11/27 level were known previous to the present experi-
ment. The order of the gamma-rays feeding the 11/27 state
is unknown but the two most intense gamma-ray transitions
observed (611 keV and 954 keV) are tentatively assigned as a
cascade feeding the 11/27 state.

4 Discussion

The present results complement earlier studies on light
odd-mass gold isotopes with the first information on ex-
cited states in '"*Au. Based on particle decay measure-
ments, Davids et al. [19] and Poli et al. [20] concluded that
among the available proton orbitals, the 7s; /5 and 7whyy /o
are the most likely single-particle configurations to be re-
sponsible for the two particle-emitting states of 71 Au, see
fig. 3. Kondev et al. [8] showed that the isotopes 175177 Au
feature band structures based on the hyy /2, i13/2, and hg /o
orbitals. In the heavier odd-mass gold isotopes (4 = 179
185), the hg/o proton orbital becomes important for de-
scribing the low-lying states [29-31].

It is difficult to make a firm interpretation of the nu-
clear structure of '"' Au based on the rather limited infor-
mation obtained from gamma-ray detection in the present
work. However, the lack of any low-lying rotational struc-
tures is in agreement with the theoretical predictions of a
near-spherical nuclear shape, see below. When comparing
with the heavier odd-mass gold isotopes we see a shift
in deformation from the rotational structures of '77Au
and 75 Au to the irregular level pattern of 17> Au [8]. The
present data of "' Au complement this picture. The two
most intense gamma-rays in "1Au (611 keV, 954 keV)
show a striking resemblance to the structure above the
11/27 state in 1™Au (592 keV, 970 keV) [8]. There is
no sign of any rotational structures like the bands that
dominate the spectra of 17"Au and "> Au. This change in
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Fig. 4. The deformation of the light odd-mass gold isotopes
for two different configurations. The minimum corresponding
to the mi 3,5 orbital is calculated at hw = 0.16 MeV, and the
mhi1/2 minimum at w = 0. The 7hyy deformation decreases
as we go towards the lightest isotopes, reaching a value close
to B2 = 0.1 at *"*Au. The Ti13/2 minimum, on the other hand,
is stabilised at a much larger deformation of 2 ~ 0.25. This
minimum becomes quite energy-unfavoured below A = 175.

structure can be interpreted in terms of the energy dif-
ference between configurations corresponding to the hyy /o
and i;3/5 proton orbitals. The earlier conclusions [19,20]
made about the shape of '"'Au, where a proton in the
hy1/2 orbital is coupled to the near-spherical core of 170py,
therefore seem to be confirmed by the present data.

To illustrate this from a theoretical point of view, we
have used a Strutinsky-type calculation based on a Woods-
Saxon potential. The applied model [32] treats pairing in-
teractions self-consistently, and uses the Lipkin-Nogami
approach [33,34] to project approximate particle numbers.
The energy can be minimised in the rotating frame of
reference with respect to the (2, 84, and vy deformation
parameters. Total Routhian surfaces (TRS) can also be
extracted from the energy mesh in order to visualise en-
ergy minima. In fig. 4 we have plotted the predicted defor-
mation parameters (fz2,7) for a number of gold isotopes.
Energy minima in the TRS corresponding to the hyj/o
and 413/ orbitals are indicated. The hj;/5 minimum ap-
proaches a spherical shape as we enter the proton-unstable
region, reaching a (2 deformation close to 0.1 (y & —25°)
at '™ Au. In contrast, the i13/> minimum stays rather con-
stant at a larger deformation (B2 ~ 0.25) near the pro-
late axis. The positions of both minima are rather insen-
sitive to the rotational frequency. Because of this, the i;3/o
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Fig. 5. A total Routhian surface for '"*Au, calculated for the
negative-parity configuration at zero rotational frequency. The
same nuclear shape generates three energy minima at G2 ~ 0.1
but at different y-values due to the symmetries at w = 0. The
minimum used to make the hi;/2 plot in fig. 4 is indicated by
a filled circle.
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minimum position is plotted at hiw = 0.16 MeV, where the
minimum is deep enough to be traced over a larger number
of nuclei. The TRS for the negative-parity configuration at
zero rotational frequency is plotted in fig. 5. The minima
correspond to the hyy /o proton orbital configuration. Due
to symmetries at w = 0 the minimum is seen in three loca-
tions. The minimum chosen in fig. 4 is marked with a filled
circle. Kondev et al. [8] showed that the excitation energy
of the i13/5 band members increases quickly relative to the
hy1 /2 states as the neutron number decreases for the light-
est gold isotopes. Our calculation gave the same result, ex-
plaining why our data show no indication of a rotational
structure corresponding to a deformed 7,3/ configuration.

The half-lives for the alpha and proton decays from
the assigned 11/2 state are in the present work mea-
sured with higher precision than before. The obtained T} /o
values are in agreement with earlier observations. On the
other hand, the measured half-life for the fast proton de-
cay is somewhat longer than previously observed. As dis-
cussed by Poli et al. [20], this value determines the choice
between a sy /o and a mdg /o configuration for the ground
state of ' Au. The proton emission half-life for the 7s; /2
configuration was predicted by Poli et al. to 20 us, using
a spectroscopic factor of 0.22. The present half-life value
of 37fg us may suggest a different interpretation, possibly
involving a mdsz/, admixture. When calculating the occu-
pation factors of protons in the two lowest states above the
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Fermi level of 17°Pt we obtained a value of v = 0.50 (0.16)
for the state dominated by ds;5 (s1/2). Note that, accord-
ing to our calculations, these states were rather mixed.

5 Summary

In summary, we have for the first time identified gamma-
rays emitted from the very neutron-deficient nucleus
171 Ay, The data confirms the assignment of proton and
alpha decays from a single (11/27) state. The lack of any
rotational structure in the gamma spectrum is in agree-
ment with the previous assumption of a near spherically
shaped nucleus. The half-lives of the alpha and proton de-
cays from the 11/2~ state, as well as the proton decay
half-life for the 1/2* state have also been measured with
higher precision than before.
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