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Two decay spectroscopy experiments performed with the Recoil Mass Spectrometer at the Ho-
li�eld Radioactive in Beam Facility are described. Utilizing the Moving Tape Collector, the �+

decay half-life of 80Zr has been measured to be 4:1+0:8
�0:6 s. The resulting decrease in mass 80 produc-

tion during the rapid proton capture process, suggests that 80Zr may not be a signi�cant waiting
point and the process may proceed to heavier masses. The observation of proton �ne structure is
reported for the �rst time in spherical nuclei. Three new decay branches, apparently from the two
previously known states in 146Tm, have been observed using double-sided silicon strip detectors.
Arising from the complex con�guration mixing common to odd-odd nuclei, our preliminary results
suggest relative energy di�erences and spins and parities in the 146Tm parent and 145Er daughter
isotopes.
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The study of radioactivity from nuclei far from stability is critical to our understanding of nuclei and the world
around us. These nuclei provide stringent tests of the predictive power of nuclear models developed from data on
nuclei much closer to stability. Lying at the extremes of stability, small changes in energy levels caused by such
phenomena as neutron-proton pairing or coupling to neighboring states including those in the continuum, can lead to
drastic changes in decay branchings, energies, and half-lives. These e�ects can in
uence the rate of nucleosynthesis
[1] and can result in valuable probes into the nuclear wavefunction [2].
The nucleosynthesis process in explosive stellar events is governed by capture and decay rates which are, in many

cases, unknown. We still do not have a good understanding of how the natural abundances of the lightest stable Mo
and Ru are enhanced. These nuclei may be produced through the rapid proton capture process (rp-process) which
can occur in X-ray bursts. X-ray bursts are formed when matter from a nearby star is pulled onto a neighboring
neutron star. The environments in these phenomena have very high temperatures (T � 109 K) and proton densities.
The rp-process [3], governed by the proton capture rates and �+ decay rates, follows the proton drip line from 56Ni
towards 100Sn. The progression toward higher masses can be stopped at critical points or waiting points where nuclei
with long �+ half-lives are immediately below a proton unstable nucleus. The waiting points allow the temperatures
to cool and thus, terminate the process of nucleosynthesis. One possible waiting point is 80Zr and the proton unstable
81Nb [4]. We report on the half-life of 80Zr and its possible implications to the rp-process. This study has also been
reported in ref. [5].
The study of nuclei beyond the proton drip line can test nuclear structure models and perhaps detect the e�ects

of coupling to unbound continuum states which would modify the nuclear wave functions. Proton radioactivity
studies have been shown [6{9] to provide information on the wavefunctions of the parent state through the "simple
WKB" relationship [10] between its angular momentum, decay energy, and half-life. The recent observation [2] in
131Eu of proton radioactivity with a decay branch to an excited state indicates a mixing of the wavefunction through
deformation. We have undertaken a search for multiple proton decay branches in odd-odd, spherical nuclei where
complex wavefunctions should exist through the con�guration mixing of many low-lying states involving both proton
and neutron single-particle states. Such decays populate excited neutron states in the even-Z, odd-N daughter which
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may be di�cult to access in any other way [11]. We report on our preliminary results of multiple proton decay
branches in the odd-odd nucleus 146Tm.
Central to these studies is the Recoil Mass Spectrometer (RMS) [12] at the Holi�eld Radioactive Ion Beam Facil-

ity. Through the fast, in-
ight separation of the heavy-ion fusion-evaporation reaction products, the RMS provides
identi�cation of reaction products through their mass-to-charge (A/Q) ratio. With the addition of a momentum
separator for beam rejection, the mass analyzer uses a Rochester-type electric-magnetic-electric dipole con�guration
[13] to separate masses with a resolution of M/�M = 400 and very little background from primary beam. The RMS
is shown in �g. 1 and is described in more detail in ref. [12].

I. THE
80
ZR RP-PROCESS WAITING POINT

Zirconium-80 was populated through the reaction 24Mg(58Ni,2n) at 195 MeV using a 500 �g/cm2, enriched target.
Mass 80 recoils of charge state 24+ were transmitted on the central axis of the RMS and implanted into a 35-mm
aluminized mylar tape. As part of the Moving Tape Collector [12,14,15], the tape was moved in 30 s intervals (later
optimized to 20 s) to bring the activity to a counting station similar to �g 2. The counting station consists of three
Clover Ge detectors, a large area, planar Ge detector, and three plastic scintillators in front of the Clovers. Prompt
and delayed ��
 coincidence data were written to tape. The success of the experiment depended upon the population
of the recently reported [16] 312 keV, 2+ isomer in 80Y. This state decays with a 4 �s half-life via an 84 keV 
 ray
which can be used as a unique tag of the 80Zr decay. A low-energy level diagram of the 80Zr ! 80Y decay process
is shown in �g. 3a. The resulting delayed-
 coincidence spectrum gated by 84 keV is shown in �g. 3b and clearly
provides a unique identi�cation of the 80Zr decay. The decay rate data, consisting of 87 events of which 11 are taken
as background, are shown in �g. 3c and result in a half-life of 4:1+0:8

�0:6 s [5].

The mass 80 energy and abundance results of a one-mass zone model [3] for an X-ray burst incorporating our 80Zr
decay data are shown in �g. 4. Although the di�erence in energy production is small, the mass 80 isotope abundances
are more tightly constrained. The short half-life of 80Zr and the smaller e�ective 80Y half-life (due to 80Zr feeding the
5 s isomer instead of the 30 s ground state) result in a more rapid transition to heavier masses due to the fast proton
capture on 80Y and 80Sr. Thus, the formation of 80Kr in the neutron star where X-ray bursts are found, should be
reduced nearly an order of magnitude.

II. PROTON FINE STRUCTURE IN
146
TM

Thulium-146 was populated through the reaction 58Ni(92Mo,p3n) at 292 MeV using a 900 �g/cm2 enriched (96%)
target. Mass 146 recoils of charge states 26+ and 27+ were transmitted by the RMS operated in converging mode.
After passing through the focal plane's position sensitive avalanche counter (PSAC), the ions were implanted into a 40
strip by 40 strip (40 mm x 40 mm) double-sided silicon strip detector (DSSD) which e�ectively makes 1600 separate
pixels [12,17{19]. Implantation events are determined by coincidences between the DSSD and the PSAC. Decay events
are DSSD events not in concidence with the PSAC. All events are time stamped with a 48-bit counter running at
10 MHz. A schematic illustration of the experimental setup and decay spectrum within 1 s after implantation is shown
in �g. 5. The large clusters of peaks at high energies correspond to alpha decays from heavier nuclei produced from
the contaminant Mo isotopes in the target and transmitted through the RMS with similar mass-to-charge ratios as the
A=146 products. The low energy peaks correspond to the previously known transitions at 1.12 MeV and 1.19 MeV.
By setting shorter time constraints between implantation and decay, smaller peaks below the two known transitions
can be observed in �g. 6. By setting narrow mass gates on the PSAC spectrum, these transitions can be assigned
to 146Tm and 147Tm since any contaminant reaction is not expected to produce any unknown proton emitters. The
147Tm events arise from an inaccurate setting of the mechanical slits which did not fully block the A=147 products.
To ensure these events are not an artifact from the known proton and alpha decays which escape the detector and
do not deposit all their energy in the detector, we adjusted the implantation depth of the ions by implanting them
at approximately 10 and 60 MeV through the use of energy degraders located immediately before the detector. The
e�ect of implantation depth on the background can be observed in �g. 7. In both cases, the peaks remain and are
unshifted in energy. Therefore, we assign these proton decays to 146Tm. Our preliminary results are summarized in
table 1 along with WKB proton partial half-life estimates for each transition as a function of the angular momentum
barrier.
The active single-particle orbitals in this mass region are s 1
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or �l equals 0, 2, and 5 �h. Our results

agree with previous studies [20] and indicate that the h 11

2

orbital (�l = 5) dominates the decay through the 1.120

and 1.191 MeV transitions. Note that � decay is also expected to compete with proton emission in 146;147Tm. The
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branches in the decay arise from components of di�erent angular momentum within the wavefunction. The discussion
below assumes the following:

1) The states populated in 146Tm are primarily yrast and decay to two low energy states. The state populated the
strongest is the �h 11

2


 �h 11

2

and the other state is of opposite parity.

2) The two observed states in 146Tm are comprised of a proton and a neutron which are coupled to moderately high
spins and contain at least one nucleon in the h 11

2

orbital.

3) The neutron con�guration in 146Tm when proton emission occurs determines which states in the 145Er daughter [21]
are populated.
4) The number of decay branches indicates the minimum number of di�erent proton wavefunctions contributing to
the state.

The state with three decay branches seems most straightforward to understand with three similar half-life values near
the experimental �100 ms for all three di�erent angular momentum values. Assuming near equal contribution from
each orbital, we tentatively assign this state in 146Tm as I� = 5,6� arising from the following components:
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Our assumptions lead us to assume that one state in 145Er is based on the high spin �h 11

2

orbital and should be

populated by both proton emitting states. Thus, this state should be populated by the 0.885 (�l=0) and 1.120 MeV

(�l=5) decay branches and has I� = 9

2
; 11
2

�

. This �xes the relative energy separation of the two parent states to 0.235

MeV with the I� = 5,6� as the ground state of 146Tm. The ground state of the 145Er, populated by the 1.191 MeV

proton, should be I� = 1

2

+
and lies 0.305 MeV lower in energy than the state populated by both proton-emitting states.

The I� = 7

2
; 9
2
; 11
2

�

state, populated by the 0.935 MeV proton, lies 0.265 MeV above the ground state. The 146Tm
state with only two decay branches, 1.120 and 1.032 MeV, cannot be a fully aligned con�guration since assumptions
(3) and (4) would require only one state in the daughter be populated. An assignment of I� = 10+ state would
suggest that both branches decay to the same states as those populated by the 0.885 and 0.935 MeV transitions;
energy summation of the di�erent decay branches rule out this possibility. Thus, the most logical conclusion to draw
is that this state is the I� = 9+ arising from the following components:
[�(h 11

2
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 �(h 11

2

)]9+ + [�(h 11

2
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 �(h 11

2

)]9+.

Thus, the state populated by the 1.035 MeV proton branch has I� = 7

2
, 9
2
; 11
2

�

and lies at 0.393 MeV. This discussion
can be summarized by the decay scheme shown in �g. 8. The spins in bold face indicate those favored by energy level

systematics in the N=77 isotones [11] where the 11

2

�

state is lowest in energy followed by the 9

2

�

and 7

2

�

. This is the

most extensive proton decay scheme observed to date and provides relative energies of the low-lying states in 146Tm
and 145Er.

III. CONCLUSION

We have measured the half-life of 80Zr to be 4.1+0:8
�0:6 s. A one-zone mass restricted rp-process calculation suggests

that the amount of 80Kr produced in X-ray bursts is reduced by roughly one order of magnitude. This allows the
process to proceed to heavier masses. In addition, we have observed proton �ne structure decays in 146Tm and
have identi�ed the most complex proton emitter decay spectrum studied to date. The decay pattern indicates the
wavefunctions of the parent are complex and yet,through a simple WKB analysis, relative energies, spins, and parities
are suggested for states in the parent and the daughter.
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V. TABLES

TABLE I. Summary of the measured proton energy and half-lives in the present experiment and the WKB proton partial
half-life estimates as a function of angular momentum l. All half-lives are given in milliseconds and have large errors.

Ep (MeV) T 1

2

Isotope l=0 l=2 l=5

0.885(15) �100 146Tm 31 263 1.1x106

0.935(10) �100 146Tm 4.7 38 1.6x105

1.032(10) �200 146Tm 0.18 1.5 5.8x103

1.120(5) �200 146Tm 0.014 0.114 421
1.191(7) �100 146Tm 0.002 0.017 62
1.051(7) �500 147Tm 0.099 0.824 3.1x103
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VI. FIGURES

FIG. 1. A schematic view of the RMS. Areas (1) and (3) are the places where the primary beam is usually deposited inside the
RMS. Areas (2) and (3) are places where the beam is deposited in similar mass spectrometers which do not have a momentum
separator. The RMS achieves superior beam rejection by moving the �rst beam dump away from the �nal focal plane.
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FIG. 2. A photograph of a typical experimental setup which uses the Moving Tape Collector (not shown). The close geometry
of the Clover Ge detectors may be observed. Recoils are moved to the center of the setup by the moving tape which is inside
the vacuum system.
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FIG. 3. (a) Partial decay scheme for 80Zr !80Y. The feeding to the 4 �s isomer allows a unique tag of 80Zr with little
background from prompt decay. (b) Spectrum gated by the 84 keV 
 ray which depopulates the isomer. The 311 keV
transition and the 511 keV e+e� annihilation peak are clearly observed. (c) Decay rate data taken in the present work. The
solid line represents the measured 4.1 s half-life. Figure taken from ref. [5].
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FIG. 5. (Top) The schematic view of the experimental setup. (Bottom) The total decay spectrum 1 s after implantation.
The higher energy peaks are due to alpha decays from contaminant reactions due to target impurities.
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FIG. 6. The proton decay spectrum for 147Tm and 146Tm within 200 ms of implantation. The energies are in MeV. The
data are from all runs with and without absorbers. The peak at 1.120 MeV extends beyond the range shown.
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FIG. 7. The decay spectra taken with and without absorbers within 500 ms of implantation. The approximate implantation
energy is given. Note the shift of the background to higher energies in the bottom spectrum. The background is caused by
decays escaping the detector and depositing only a fraction of their energy.
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FIG. 8. The decay level scheme for proton emission from 146Tm. All energies are given in MeV.
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