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Abstract. The new proton radioactivities 165,16637Ir, 171Au, and 1SBi have been observed, 
extending our knowledge of proton radioactivity up to and beyond the 2=82 closed shell. For 
Z=77 and 79, the transitions can be explained using simple shell-model arguments. The case of 
185Bi represents the first example of proton radioactivity from an intruder state. 

1. Introduction 
The phenomenon of proton radioactivity presents a unique opportunity to obtain 
spectroscopic information from a decaying state in a nucleus situated beyond the proton drip 
line. This relatively rare decay mode is essentially a quantum tunneling phenomenon, with the 
decay rate being determined by a delicate interplay between the Coulomb and centrifugal 
terns of the external nuclear potential. Two regions of proton radioactivity have been 
discovered, one near the N=82 shell closure [l-41, the other just above Z=50 15-81. 

Calculations of the proton decay half-lives have been made using simple WKB barrier 
transmission and the assumption that the decaying states have spherical single-particle shell 
model character. In the N=82 shell closure region, the decay rates of proton states having 
hll /2 character are well reproduced (146,146mTm, 147gTm, 1501151Lu, 156mTa), while those 
identified as having d3/2 character (147mTm, 156gTa, 16oRe) are hindered by factors of 2-4. 
This simple approach is unable to account for the half-lives of the proton transitions from the 
nuclei in the Z=53-55 region, with the suggested reason for failure [6,9] being the fact that these 
nuclei are expected to be slightly prolate deformed ( ~ = O . l - O ~ ~ ~ $ ~ ~ h g f L e ~ g ~ ~ f 7 ~  bpLc; ' L,, L :... 
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footing, it is of interest to extend the region of known proton emitters to higher 2, where the 
candidates for proton emission lie in a region that is predicted to be spherical [lo]. 

Above the 5 8 2  closed shell, a strong feature of the structure of the neutron-deficient 
odd-Z nuclei is the existence of low-lying intruder states. In the odd Bi isotopes the 1/2+ 
intruder with configuration n(hg/&c(s1/2)-1 appears as an isomeric state above the 9/2- 
ground state [ll]. Although the proton decays of both of these states are predicted to be 
energetically allowed for neutron number N -e 108, they are not likely to be competitive with 
alpha decay for nuclei heavier than 185Bi. Since the proton decay of the intruder will proceed 
via the emission of an 1=0 proton, it is expected to be quite fast, and closely coupled to the Iow- 
lying O+ intruder state x(hg/2)%(sl/2)-2 in the corresponding Pb daughter- The study of the 
proton decay of the odd-Z Z > 82 nuclei is likely to be a very productive way of obtaining 
spectroscopic information in this very interesting part of the nuclide chart. 

2. Experimental Method 
The nuclei of interest were produced via fusion-evaporation reactions, using heavy-ion beams 
from the ATLAS accelerator to bombard targets of 92,95Mo and 96Ru. The reaction products 
entered the Fragment Mass Analyzer (FMA) [12] where they were separated on a microsecond 
time scale from the primary beam and dispersed in M/q (mass/charge) at the focal plane. A 
thin position-sensitive multi-wire proportional counter (MWPC) at this location provided 
M/q, time of arrival, and energy loss signals for the recoils. After passing through the MWPC, 
the ions traveled 40 cm further and were implanted into a double-sided silicon strip detector 
(DSSD) of thickness 65p, area 16x16 mm*/ and having 48 vertical strips on the front and 48 
horizontal strips on the rear. The ion optics of the FMA allowed up to three charge states of the 
same mass to be implanted into the DSSD, with essentially uniform illumination. Thus the 
2304 individual x,y quasi-pixel locations in the DSSD served as memory cells, allowing the 
observation of the time- and position-correlations between the implantation of an individual 
ion and its subsequent decay products. 

compete with the predominant decay mode of alpha emission, having half-lives in the 0.1-200 
ms range. Although at first this may seem to be a disadvantage, the capability of obsening the 
subsequent alpha-decay of the proton emitter's daughter makes possible the clean 
identification of even extremely weak proton decay branches. 

In this region of the chart of the nuclides under investigation, proton emission must 

3. Identification of New Heavy Proton Radioactivities 
At the beginning of these studies, the heaviest known proton emitter was 16oRe [I]. Searches 
were carried out for Ir and Au proton emitters using 7%- beams on 92Mo and 96Ru targets, 
and for l85Bi using a 92Mo beam on a 95Mo target. For the Ir and Au emitters, the excitation 
energy of the compound nucleus in the center of the target was chosen to optimize the 
production via the lpxn evaporation channel, where x = 2,3, or 4. In the case of Bit the 



evaporation channel was lpn. In all cases the beam intensity was about 2 pnA and runs were 1 
or 2 days in duration. Proton energies were calibrated directly against the well-known protons 
from 147Tm and 151Lu measured during the same experiments. All data are preliminary. 

3.(a) 165,166,1671, 
Figure l(a) shows the energy spectrum of all decay events in the DSSD from the 357 MeV 
78Kr + g2Mo reaction. The peaks above -5 MeV represent alpha decays, and the broad 
structure extending down to -1 MeV is due to alphas emitted in the backward direction and 
only depositing part of their energy before escaping from the DSSD. Figure l(b) shows the 
same data after requiring that a mass 167 implant was the decay parent and that the decay 
event occurred in the same DSSD pixel within 100 ms of the implantation. 

subsequent decay event o c a  in the same pixel within 1 second, with an energy around 
5974 keV, corresponding to the known alpha-decay of 1660s. The two peaks just above 1 MeV 
must be protons because of energy considerations, and are therefore identified as being from 
the proton decay of two states in 1% This identification has been further verified by 
observing correlated alpha decays from subsequent generations. From the time intervals 
between implantation and decay, the half-lives of the two 167Ir proton groups have been 
obtained. Both groups have half-lives near 33 ms. 

observed, with energies of 6339 +_ 10 keV and 6394 k 10 keV, and half-lives of 33.5 & 2.4 ms and 
29.5 k 0.4 ms. They were identified by four generations of decay correlations through IGRe, 
159Ta, and two known alpha groups from the decay of 155Lu. The 155Lu alphas have 
previously been identified as decays from h11/2 and s1/2 or d3/2 states. Combining the 
proton and alpha data, the higher energy proton group, associated with the strong 6.4 MeV 
alphas, is consistent only with 1=5 emission, while the low-energy proton decay is consistent 
only with 1=0 emission. Therefore 16% has a ground state spin of 1/2+, and a low-lying 11/2- 
isomer. This marks the first time that proton decay has been observed from the s1/2 orbital, 
and suggests that for nuclei in this region having odd Z above Z = 75, the s1/2 orbital has 
replaced the d3/2 orbital as the lowest state. 

Using the 78Kr + 92Mo reaction at 384 MeV, the proton emitters I66Ir and 1651r were 
identified. They were produced via the lp3n and lp4n evaporation channels respectively. Two 
proton groups and two alpha groups were observed for 1%i, each having half-lives around 
10 ms. One proton group and one alpha group were observed for 165Ir, with a half-life around 
0.4 ms. Its decay is consistent with hi  112 proton emission. Proton emission from an  SI /2 state 
is likely to be too fast to be observed. It is the first proton emitter produced using the l p h  
evaporation channel. 

Figure l(c) shows the data from fig. l(b) subjected to the additional requirement that a 

In addition to the protons, two alpha groups associated with the decay of 1671r were 
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Figure  1. Decay energy s p e c t r a  from t h e  357 M e V  78Kr + 92Mo r e a c t i o n .  
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Figure 2 .  Decay energy spectra from the 389 MeV 92Mo + 95Mo reaction. 



The 78Kr + 96Ru reaction at 410 MeV was used to search for 171Au. A proton group cokelated 
with known 170 t  alphas was observed, with a half-life near 2 ms. In addition, a I7lAu alpha 
line with energy 7015d20 keV was found to be correlated with the known alpha line from 
1%. The decay of 171Au is also consistent with h11/2 proton emission. 

3.k) 1*5Bi 
The 92Mo + 95Mo reaction at 389 MeV was used to search for 185Bi. Figure 2 shows the energy 
spectra for this case. A proton group correlated with known 1MPb alphas was observed, 
having a half-life around 50 p. We interpret the observed proton group as originating from 
the s1/2 intruder state in 185Bi, and proceeding to the 1MPb ground state. At this time, no 
candidates can be definitively assigned to the alpha decay of the 1 s B i  ground state. 

4. Discussion 
The measurements reported above show that there is a change in the ordering of the n3/2 and 
s1/2 orbitals at the proton drip line, beginning at about 2=77. Here the h11/2 shell is filled, 
and the s1/2 orbital has dropped below the d3/2 orbital to become the ground state. 

of this state suggests that it should preferentially proton decay to the 2p-2h intruder state in 
184Pb. However, because of the reduced energy available for such a transition, this decay 
cannot compete with decay to the spherical 1MPb ground state. The decay will proceed 
through an admixture of the 1MPb intruder state in the ground state, and should provide a 
way to measure the mixing amplitude. 

the lp4n channel in the region of the light rare earths. 

Proton emission from an intruder state in 185Bi has been observed. The 2p-lh structure 

Future plans include extending the measurements to higher Z and to explore the use of 
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