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The structure of nuclei situated far from the line of S stability is
presently one of the major thrusts in nuclear physics. The phenomenon
of proton emission offers a unique opportunity to study nuclei beyond the
proton dripline. Within the last decade proton-decay studies have been
transformed from a curiosity into a powerful spectroscopic tool. Experi-
mental effort has resulted in the observation of deformed proton emitters,
the discovery of proton-decay fine structure and the observation of ex-
cited states in several proton emitters. Thank to continuous progress in
experimental techniques the body of data on proton emission is steadily in-
creasing. Several theoretical models have been developed to quantitatively
reproduce proton-decay widths. The role of Coriolis mixing, non-axial de-
grees of freedom, proton-neutron interaction, coupling to core vibrations are
some of the aspects currently under investigation. This paper discusses re-
cent progress on the understanding of proton decay. It will be illustrated by
experimental results obtained at the Argonne National Laboratory within
the last 2 years.
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1. Introduction

Spontaneous proton emission takes place in proton rich nuclei having
a negative proton separation energy. Protons are held inside the nucleus
by the Coulomb and the centrifugal barrier and the decay proceeds via
quantum tunneling. Proton decay is analogous to « decay. However, there
is no pre-formation factor involved which simplifies the process. In addition,
the centrifugal barrier is relatively more important for proton decay. As a
result, proton-decay widths are very sensitive to the angular momentum of
the states involved in the decay, and thus to their structure.

Proton emitters are a laboratory to study quantum tunneling through a
3-dimensional barrier. They provide information on single-particle energies,
j-content of the wave functions, shape of the mean-field potential, and proton
separation energies far from the line of stability.

The first proton emitting isomer 5*™Co was discovered in 1970 at Har-
well [1]. The first ground-state proton emitter 'Lu was discovered at GSI
in 1974 using the velocity filter SHIP [2]. The introduction of recoil mass
separators coupled with Double-Sided Si detectors brought a renaissance
in proton-decay studies in the late 1990s. Presently, 28 proton emitters are
known with atomic numbers between 51 and 81. Most of the proton emitters
are spherical. Anomalous decay rates in "*'Eu and *'Ho were explained by
large deformation [3]. The first case of the proton fine structure was found
in 13'Eu [4]. A weak branch to the 27 excited state in the daughter nucleus
was proposed. The Recoil-Decay Tagging method [5] allowed to observe ex-
cited states in several proton emitters. For example, rotational bands were
identified in *'Ho [6]. Proton emission from excited rotational bands was
also reported in several nuclei in the vicinity of ®°Ni [7]. Recently, the first
2-proton emitter **Fe was observed independently as a product of projectile
fragmentation reactions at GANIL [8] and GSI [9].

2. Models of proton decay

There exist several theoretical models describing proton decay both for
spherical and deformed nuclei [3,10-13]. In one approach the Schrédinger
equation is solved inside the nucleus using the Woods—Saxon mean-field po-
tential with the depth adjusted to reproduce the measured proton-decay
@-value. Subsequently, the resulting wave function is matched outside the
nucleus with an outgoing Coulomb wave. The proton-decay width is ob-
tained by integrating the outgoing particle flux. In order to account for
pairing the so called spectroscopic factor is introduced reflecting the prob-
ability that the proton orbital, which participates in the decay, is empty in
the daughter nucleus.
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In the case of a ground-state to ground-state proton decay in odd-Z,
even-N spherical nuclei the proton occupying a state with angular momen-
tum j, simply falls off the core (see Fig. 1(a)). This approach treats the
initial state as a pure single-particle state. In transitional nuclei, mixing
with the low lying vibrational excitations, especially the 27 state, should
be considered. It opens a decay channel to the 2T vibrational state in the
daughter nucleus. The coupling to the 2% state allows proton single-particle
states with lower j, to contribute to the decay which compensates for the
lower decay energy. A model for calculating branching ratios to 2% vibra-
tional states was proposed recently in Ref. [14].

J=j j 2%
P Az p&x)
Ip 2"
0+

A-1,7-1

(@)

K
p
Kp-1

. Coriolis mixing

Ip&) 2t

A-1.7-1

Fig. 1. Schematic view of proton decay from a (a) spherical and (b) deformed state
with angular momentum J = j, and J = K, respectively, in the fZ‘X nucleus. R
stands for the angular momentum of the core due to (a) vibration and (b) rotation.

In deformed nuclei the wave function of the decaying state is a mixture of
several spherical j, components. In the strong coupling limit only the angu-
lar momentum projection on the symmetry axis, K = K, is a good quantum
number. The decay proceeds from the bottom of a rotational band with spin
I = K, to the 0" ground state of the daughter nucleus (see Fig. 1(b)). Only
the spherical single-particle component with the lowest angular momentum
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contributes to the decay. It is usually a small component. The decay width
is proportional to the square of the amplitude ¢;,;, of this component in
the initial wave function. It turns out that under certain circumstances the
decay to the 27 member of the rotational band can compete with the decay
to the ground state despite the lower decay energy [4,11]. In this case angu-
lar momentum conservation is fulfilled by another, much larger, component
of the wave function. It is worth mentioning that the Coriolis interaction
mixes states with different K values. Coriolis effects are expected to play an
important role at moderate deformations for high-K, low j, Nilsson orbitals.

In odd—odd nuclei the residual interaction between the odd proton and
the odd neutron has to be taken into account. Because of this coupling dif-
ferent proton single-particle components can contribute to the decay. Con-
tribution from different neutron states would lead to different neutron states.
This would manifest itself in the proton-decay fine structure. The proton-
decay rates in odd—odd deformed nuclei were calculated in Ref. [15].

The models developed so far assume axially symmetric states. The im-
portance of more complex shapes has not been explored yet. For example,
triaxiality would introduce AK = 2 mixing adding yet other single-particle
components into the wavefunction.

3. Recent experimental results from the
Argonne National Laboratory

Proton-decay studies require an efficient and very selective detection
method. The experimental method and the setup used at the Argonne
National Laboratory is shown in Fig. 2. Proton emitters are produced us-
ing heavy-ion fusion-evaporation reactions. Reaction products are separated
from beam particles and dispersed according to their mass-to-charge-state
ratio in the Fragment Mass Analyzer (FMA). After passing through a focal
plane detector, where M /(@ is measured, the recoiling nuclei are implanted
into a Double-Sided Si Strip Detector (DSSD) where they subsequently de-
cay. The DSSD is divided into many pixels and both the implantation and
the decay take place in the same pixel. By using spatial and time informa-
tion decay particles and implants are correlated with each other. As a result,
mass number can be assigned to the observed decays and the decay time can
be extracted. In addition, the energy of the emitted protons is measured in
the DSSD. The proton-decay studies at ANL have been focused on complet-
ing experimental information on the proton drip-line in the rare earth region
and in the vicinity of the Z = 82 shell closure. Several new proton emitters
were observed during the last 2 years. Individual cases are discussed in the
following paragraphs.
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Fig. 2. The experimental setup used at ATLAS for studies of decay properties and
excited states in proton emitters.

3.1. The "7 La nucleus

The '"""La nucleus is expected to be situated at the onset of large quadru-

pole deformation. A quadrupole deformation of Sy = 0.29 was calculated for
the '"La ground state [16]. Protons emitted from the '7La ground state
have been observed for the first time at Laboratori Nazionali di Legnaro [17].
A second weak proton line has also been reported and assigned to an isomer
n "7La. In an experiment at ANL the ground state ''"La proton decay was
confirmed [18]. More precise values for the proton energy and half life were
obtained. The measured and calculated decay widths agreed with each other
for the 3/2%[422]g;/, and 3/27[541]hy1 /5 proton Nilsson orbitals. However,
despite more statistics, no evidence for the isomeric proton decay was found.
A search for ''6La proton decay did not give a positive result.

3.2. The 35 Th nucleus

In the quest to complete experimental information on the proton drip-
line in the rare earth region an experiment was carried out to look for proton
emitting Tb isotopes. The ¥5Tb nucleus is situated between the two highly
deformed proton emitters 3'Eu and 'Ho [3]. Mbller and Nix predicted
B2 = 0.33 for the ¥5Tb ground state [16]. The *°Cr+%2Mo reaction was
used to produce '3Tb after evaporating 1 proton and 6 neutrons. The
measured proton spectrum associated with 5Tb is shown in Fig. 3. Three
counts can also be seen around 120 keV below the proton line possibly due
to the decay to the 2%t excited state in '**Gd in analogy with the '3!'Eu
proton decay fine structure [4]. According to calculations the 5/27%[413]ds o
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Fig.3. The proton decay spectrum collected within 3.5 ms of implanting a mass-135
residue detected using the *°Cr-+°2Mo reaction.

Nilsson orbital is the closest to the Fermi surface in °Tb. Comparison
of the measured half life with the proton-decay rate calculations will verify
the ground-state configuration. The data analysis is in progress. The cross
section estimated from the proton yield is about 2 nb. It is the first time
that such a weakly produced proton emitter was observed.

3.3. The 3% By nucleus

In order to learn about the influence of an odd neutron on proton de-
cay from deformed nuclei we studied the decay properties of '3°Eu. The
BOEy odd-odd nucleus is predicted to have a quadrupole deformation of
f2=0.33 [16]. The %8Ni("®Kr, p5n) reaction was used to populate 3°FEu.
The data analysis revealed a group of 5 counts detected within 3 ms of the
implantation of mass-130 residues. Preliminary results were published in
Ref. [19]. In order to interpret the measured decay width the model pre-
sented in Ref. [15] was used to calculate decay widths from different Nilsson
neutron—proton configurations. The 3/2%[411|d; /2 Nilsson configuration,
which constitutes the ground state in '3'Eu, was chosen for the odd pro-
ton. The 7/27[523]hy1 /o and 1/2%[411]s; /5 Nilsson states, corresponding
to the ground state and the isomeric state in "*'Ho were selected for the
odd neutron. The proton number in “'Ho is equal to the neutron num-
ber in 13°Eu. Both parallel and anti-parallel proton-neutron spin couplings
were used in the calculations. The best agreement was obtained for the
(K, =3/2" ® K, =1/2%)Kr = 2% configuration.
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3.4. The ' Ay and 54 Ir nuclei

The proton emitters between Tm (Z = 69) and T1 (Z = 81) are spherical
due to close proximity of the N = 82 and Z = 82 closed shells. Protons
are distributed in these nuclei among three close lying orbitals, namely:
81/2, d3/2 and hyyj9. A search for two spherical odd-odd proton emitters
170Ay and '%41r was performed. Proton lines associated with both nuclei
were found [19]. The '®4Ir nucleus is already the fourth proton emitting
Ir isotope. The discovery of the 6°Ir, 66Ty and '67Ir proton emitters was
reported in Ref. [20]. In Y68Ir two proton lines were observed and interpreted
as the decay of the 27 ground state and the 9 isomer corresponding to the
d3/o and hyy /5 proton states, respectively, coupled to an f7/, neutron. The
measured proton energies and half lives indicate that the observed proton
decaying states in '%4Ir and '"9Au originate from the hy; /2 orbital.

The spectroscopic factors deduced from the data can be calculated using
the low-seniority shell model [20]. The agreement between the theory and
the experiment can be improved significantly by including the coupling to
the core 2% vibrational states [14]. The data on '""Au and '6*Ir agree quite
well with this model.

3.5. The isomer studies of the proton emitter daughter 4° Dy

The deformed proton emitter '*'Ho has two known proton lines corre-
sponding to the ground state [3] and an isomeric state [21]. Excited states
in "*'Ho were observed using the Recoil-Decay Tagging method. Based on
the properties of the ground-state band a deformation of By = 0.25 was
deduced for the ground state. A deformation fy = 0.29 was predicted for
41Ho. It was suggested that the unexpectedly large signature splitting of
the 7/27[523] ground-state band could imply triaxiality. In order to learn
more about %Dy a search for an expected K-isomer was carried out using
an array of Ge detectors placed behind the focal plane of the FMA. A se-
quence of delayed 7-ray transitions was assigned to *°Dy and interpreted
as the 8° — 8" — 67 — 47 — 27 — 07 cascade [22]. Similar results were
obtained in an independent experiment at ORNL [23]. From the 203-keV
energy of the 2t — 07 transition a deformation of 8y = 0.25 was deduced
for 9Dy. This value agrees with the deformation deduced from the ground-
state band in "Ho [6]. Based on these findings the adiabatic calculations
of Ref. [13] suggested a branching ratio of 0.7% for the proton decay to the
27 state, consistent with an upper limit of 1% found in [6].
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4. Upgrades and modifications of the
implantation station at ANL

In order to search for proton emitters which are situated even further
from the line of stability, and to study the known proton emitters with
better accuracy, several modifications of the FMA implantation station were
implemented. The first anode of the FMA was replaced by an electrode split
in the middle to reduce the amount of scattered beam at the focal plane
of the FMA. A new DSSD was installed with 80 horizontal and 80 vertical
strips. All strips of the DSSD were equipped with delay-line amplifiers which
recover faster after the implantation event. Thanks to these improvements
experiments with about 10 times more intense beams are possible and proton
decays as fast as 1 us can be detected.

Because of the long flight path involved, recoil mass separators are not
suitable for studies of proton emitters with half lives much lower than 1 us.
In order to circumvent this difficulty an implantation station situated im-
mediately after the target was built. Reaction products, after leaving the
target, are slowed down in a Au degrader foil and implanted at the surface
of a thin plastic catcher. Their subsequent proton decays are detected in
three Si telescopes surrounding the catcher in close geometry. The spectrum
of protons corresponding to the known fast ''3Cs ground-state proton decay
measured with this setup is shown in Fig. 4.
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Fig.4. The proton spectrum collected using a catcher placed downstream from the
target. The target was irradiated for about 20 us and the activity was measured

for about 40 us. The peak at about 900 keV corresponds to the known proton
emitter ''3Cs.
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5. Outlook

Using the improved FMA implantation station one can search for re-
maining deformed proton emitters in the rare earth region, proton emitters
below the Z = 50 line and above the Z = 82 line, more cases of proton-
decay fine structure, and excited states in the known proton emitters. Data
with better statistics on some of the known proton emitters would also be
beneficial.

To allow more detailed comparison between the growing body of experi-
mental information and the theoretical models a better understanding of the
Coriolis interaction, non-axial degrees of freedom is required. In odd—odd
nuclei the residual interaction between protons and neutrons has to be taken
into account.
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