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PROTON RADIOACTIVITY � SPHERICALAND DEFORMED� ��C.N. Davidsa, P.J. Woodsb, D. Seweryniaka;
, A.A. Sonzognia,J.C. Bat
helderd, C.R. Binghame, T. Davinsonb,D.J. Hendersona, R.J. Irvineb, G.L. Polif , J. Uusitaloaand W.B. Walters
a Physi
s Division, Argonne National Laboratory, Argonne, IL 60439, USAb University of Edinburgh, Edinburgh, EH9 3JZ, United Kingdom
 Dept. of Chemistry, Univ. of Maryland, College Park. MD 20742, USAd UNIRIB, Oak Ridge Asso
iated Universities, Oak Ridge, TN 37831, USAe Dept. of Phys. and Astron., Univ. of Tennessee, Knoxville, TN 37996, USAf Istituto Fisi
a Generale Appli
ata, University of Milano, I-20133 Milano, Italy(Re
eived January 13, 1999)The proton drip line de�nes one of the fundamental limits to nu
lear sta-bility. Nu
lei lying beyond this line are energeti
ally unbound to the emis-sion of a 
onstituent proton from their ground states. This phenomenonis known as proton radioa
tivity. For near-spheri
al nu
lei in the regionof the drip line between Z = 69 (Tm) and Z = 81 (Tl), proton de
aytransition rates have been shown to be well reprodu
ed by WKB 
al
ula-tions using spe
tros
opi
 fa
tors derived from a low-seniority shell model
al
ulation. Another approa
h using spe
tros
opi
 fa
tors obtained fromthe independent quasiparti
le approximation has also proved su

essful inthis region. These interpretations have allowed the extra
tion of nu
learstru
ture information from nu
lei well beyond the proton drip line. Therare-earth proton emitters 141Ho and 131Eu have re
ently been observed,and their de
ay rates 
an only be explained by assuming large deformationfor these nu
lei. In addition to providing information on the wavefun
-tions and deformations of these nu
lei, these results o�er the opportunityto study the phenomenon of quantum me
hani
al tunneling through a de-formed potential barrier.PACS numbers: 23.50.+z, 21.10.Re, 21.10.Tg, 27.60.+j� Presented at the XXXIII Zakopane S
hool of Physi
s, Zakopane, Poland, September1�9, 1998.�� Work supported by the U.S. Department of Energy, Nu
lear Physi
s Division, underContra
t No. W-31-109-ENG-38. (555)



556 C.N. Davids et al.1. Introdu
tionThe proton drip-line de�nes one of the fundamental limits to nu
learstability. Nu
lei lying beyond this lo
us are energeti
ally unbound to theemission of a 
onstituent proton from their ground states [1℄. For heavynu
lei (Z > 50) the presen
e of a large Coulomb barrier redu
es the protonbarrier penetration probability to the extent that proton de
ays of nu
leifrom their ground states have measurably long half-lives. Figure 1 shows
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Fig. 1. Potential between the proton and the daughter nu
leus 
al
ulated for theproton de
ay of 167Ir.the potential between the proton and the daughter nu
leus 
al
ulated for theproton de
ay of 167Ir using the real part of the Be

hetti-Greenlees opti
alpotential [2℄. Figure 2 shows the 
al
ulated half-lives for 167Ir de
ay protonsemitted from the 0h11=2, 1d3=2, and 2s1=2 orbitals, 
arrying o� 5, 2, and 0
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Fig. 2. Cal
ulated half-lives for 167Ir de
ay protons emitted from the 0h11=2, 1d3=2,and 2s1=2 orbitals.
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558 C.N. Davids et al.units of angular momentum, respe
tively. The �gure 
learly demonstratesthe high degree of sensitivity of the partial half-life t1=2;p to the orbitalangular momentum `p of the emitted proton. This is due to the relativelylow mass of the proton 
ompared to that for an alpha parti
le.Figure 3 shows the lands
ape of known proton emitters for Z > 50. Fornear-spheri
al nu
lei in the region of the drip-line between Z = 69 (Tm)and Z = 81 (Tl), proton de
ay transition rates have been shown to be wellreprodu
ed by WKB 
al
ulations using spe
tros
opi
 fa
tors derived froma low-seniority spheri
al shell-model 
al
ulation [3℄. This model 
onsidersthe proton 
on�guration to have a 
losed 
ore at Z = 64, with degenerate0h11=2, 1d3=2, and 2s1=2 Fermi levels �lling up to Z = 82, and the neutronsbehaving as spe
tator parti
les. More sophisti
ated theoreti
al approa
hesusing spe
tros
opi
 fa
tors based on the independent quasiparti
le approxi-mation have also obtained similarly good agreement for this region, providedspheri
al 
on�gurations are assumed [4℄.In the region of the proton drip-line below Z = 69, the ma
ros
opi
-mi
ros
opi
 mass model of Möller et al. [5℄ predi
ts the onset of large prolatedeformations (�2 � 0.3). It is of great theoreti
al interest to investigate pro-ton de
ay transition rates in this region. For deformed nu
lei `p is no longer agood quantum number in the parent nu
leus, and signi�
ant departures fromspheri
al de
ay rate 
al
ulations would provide a signature for the onset ofdeformation. Anomalous proton de
ay rates measured for the isotopes 109Iand 113Cs [6℄ have been shown to be 
onsistent with 
al
ulations assumingrelatively small deformations (�2 � 0.1) [7℄. Proton de
ay rates from highlydeformed nu
lei will provide a 
hallenging test for theoreti
al des
riptionsof this pro
ess. Working toward that end, we have re
ently observed therare-earth proton emitters 141Ho and 131Eu [8℄. The de
ay rates for thesenu
lei have been reprodu
ed by assuming large deformation for these nu
lei.2. Experimental methodThe proton emitters des
ribed in this paper were observed at the ATLASheavy ion a

elerator fa
ility at Argonne National Laboratory. Heavy ionbeams with typi
al intensities of a few parti
le nanoamperes were used tobombard targets of thi
kness 0.5-1.0 mg/
m2. Rea
tion produ
ts enteredthe Fragment Mass Analyzer (FMA) [9℄ where they are separated from theprimary beam and dispersed in mass/
harge (M=Q) at the fo
al plane. Aposition-sensitive parallel grid avalan
he 
ounter (PGAC) lo
ated at thefo
al plane provided M=Q, time of arrival, and energy-loss signals of there
oiling nu
lei. After traversing this dete
tor the ions traveled a further 47
m before being implanted into a double-sided sili
on strip dete
tor (DSSD)of thi
kness 65 �m, area 16 x 16 mm2, and having 48 orthogonal strips onthe front and rear respe
tively [10℄.



Proton Radioa
tivity � Spheri
al and Deformed 559
90

70

50

30

10

18

14

10

6

2

(a) M = 141,  1ms < T < 100ms

(b) M = 141,  T < 40µsC
ou

nt
s 

/ 1
0 

ke
V

600 800 1000 1200 1400
Energy  (keV)

Mo(    Fe,  p4n)      Ho92 54 141

12

4

950 1150

ANL-P-22,459

Fig. 4. Energy spe
trum of protons from the de
ay of 141Ho.
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560 C.N. Davids et al.As an example, �gure 4 shows the energy spe
trum of de
ay events o
-
urring within 25 ms of an A = 141 re
oil implanted in the same DSSD pixel.The rea
tion used was 285 MeV 54Fe on 92Mo. A peak is 
learly visible atan energy of 1169(8) keV. The low de
ay energy rules out � radioa
tivity,and this peak is assigned to proton radioa
tivity from 141Ho, produ
ed witha 
ross se
tion � � 250 nb. The known ground-state proton de
ay line of147Tm (Ep = 1051(4) keV) was used to 
alibrate the energy of this line. Themeasured Q-value of 1177(8) keV for 141Ho is in ex
ellent agreement withthe 1.15 MeV predi
tion of the Liran�Zeldes shell-model based mass for-mula [11℄, whi
h is known to reprodu
e proton de
ay Q-values in this regionvery well. The half-life of the proton transition was determined to be 4.2(4)ms, whi
h is 
onsiderably shorter than the predi
ted �+-de
ay half-life of271 ms [12℄. Therefore, we assume that the proton de
ay bran
h bp � 100%.
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Fig. 6. (a) � Cal
ulated proton de
ay half-life for 141Ho based on the 7/2�[523℄Nilsson orbital. The observed half-life lies in the band between the dashed lines.(b) � Cal
ulated proton de
ay half-life for 131Eu based on the 3/2+[411℄ and5/2+[413℄ Nilsson orbitals. The observed half-life lies in the band between thedashed lines. Pairing has been negle
ted in both (a) and (b).



Proton Radioa
tivity � Spheri
al and Deformed 561A beam of 40Ca ions was used to bombard a 96Ru target in order toprodu
e 131Eu nu
lei. Figure 5 shows the energy spe
trum of de
ays o
-
urring within 150 ms of an A = 131 re
oil implanted into the same DSSDpixel. The peak at an energy of 950(8) keV is assigned to the proton de
ayof 131Eu, produ
ed with a 
ross se
tion � � 90 nb. This 
orresponds toa proton de
ay Q-value of 957(8) keV, whi
h 
ompares well with the pre-di
ted value of 1.08 MeV from the Liran�Zeldes mass formula [11℄. The ob-served half-life of 131Eu is 26(6) ms whi
h, when 
ombined with the predi
ted�+-de
ay half-life of 147 ms [12℄, yields a derived partial proton half-life of32(9) ms. 3. ResultsSpheri
al WKB 
al
ulations for 141Ho using the Be

hetti-Greenlees op-ti
al potential [2℄ and a spe
tros
opi
 fa
tor of 0.89 derived from the low-seniority spheri
al shell-model 
al
ulations of ref. [3℄ predi
t half-lives of 1�s, 10 �s, and 37 ms for the 2s1=2, 1d3=2 and 0h11=2 proton orbitals, respe
-tively. It is 
lear that none of these orbitals 
an explain the observed 4.2(4)ms half-life of 141Ho. Sin
e the major assumption in these 
al
ulations isthat the nu
leus is spheri
al or nearly spheri
al, this strongly suggests that141Ho is highly deformed. A number of 
al
ulations point to the presen
eof deformation in this region. The ma
ros
opi
�mi
ros
opi
 mass model [5℄predi
ts that a rapid transition between near spheri
al and highly deformedshapes takes pla
e between Tm and Ho isotopes in this region of the protondrip-line. A ground-state prolate deformation of �2 = 0:29 is 
al
ulatedfor 141Ho. Re
ent deformed Hartree-Fo
k 
al
ulations for proton-ri
h nu-
lei also predi
t a high deformation �2 = +0:33 for the neighboring even-Znu
leus 138Dy [13℄. In addition, 
�p , the angular momentum proje
tion onthe nu
lear symmetry axis for the odd proton, is predi
ted by Möller et al.to be 7/2� [12℄, 
orresponding to the 7/2�[523℄ Nilsson 
on�guration. Thissame 
on�guration is observed for the deformed ground states of odd-A Hoisotopes with N > 88 [14℄. Another possibility for the odd proton in 141Hois the nearby 1/2+[411℄ orbital.The predi
tions of Möller et al. pla
e 131Eu in the middle of the regionof high prolate deformation with �2 = 0.33 and an 
�p value of 3/2+, 
orre-sponding to a 3/2+[411℄ 
on�guration for the ground state [5,12℄. However,the nearby 5/2+[413℄ and 5/2�[532℄ Nilsson levels are also possibilities. Infa
t, the 5/2+[413℄ 
on�guration has been assigned to the ground states ofall of the deformed odd-A Eu isotopes with N > 88 where known [14℄. If131Eu had a spheri
al ground-state 
on�guration the odd proton would o
-
upy either a 1d5=2 or 0g7=2 state lying immediately below the Z = 64 shell
losure. A low-seniority shell model 
al
ulation of the type su

essfully ap-



562 C.N. Davids et al.plied to the nu
lei above the Z = 64 shell 
losure would imply spe
tros
opi
fa
tors of 1/3 or 1/7 for the 1d5=2 state, and 1/4 or 1/7 for the 0g7=2 state,depending on whether a subshell or supershell model spa
e is assumed. Thiswould give WKB half-life predi
tions �1 ms for the 1d5=2 state and a fewhundred ms for the 0g7=2 state, neither of whi
h is 
onsistent with the mea-sured value. Again the failure of these 
al
ulations 
an be attributed to theexpe
ted strong deformation of 131Eu.We have 
al
ulated the partial proton de
ay rates of 141Ho and 131Euusing the formalism for the proton de
ay of deformed nu
lei developed byBugrov and Kadmenskii [7,15,16℄. This model was �rst developed to a

ountfor the anomalous proton de
ay rates of 109I and 113Cs, whi
h were thoughtto be due to the in�uen
e of small deformations (�2 � 0.1) in that region[6, 7℄. Their model treats the axially-symmetri
 deformed odd-A de
ayparent as an inert 
ore plus an odd proton in a quasi-bound state. It 
an beshown that their approa
h is equivalent to the DWBA method of Ref. [4℄,adapted to deformed nu
lei.Proton partial half-lives have been 
al
ulated for the de
ays of 141Hoand 131Eu, for �2-values between 0.25 and 0.35. Half-lives have been 
al
u-lated for 141Ho assuming that the odd proton o

upies the 7/2�[523℄ and1/2+[411℄ Nilsson orbitals, and for 131Eu assuming the 3/2+[411℄, 5/2+[413℄,and 5/2�[532℄ orbitals. For 141Ho, the 1/2+[411℄ 
ase is ruled out be
ausethe 
al
ulated half-lives are in the vi
inity of 15 �s, and for 131Eu the5/2�[532℄ 
ase is ruled out be
ause the 
al
ulated half-lives are greater than0.5 s. In these 
al
ulations, we have negle
ted both the e�e
ts of pairingin the daughter wavefun
tion, and possible small shape di�eren
es betweenparent and daughter nu
lei. In
orporating pairing in
reases the 
al
ulatedhalf-lives by roughly a fa
tor of two.Figures 6(a) and (b) show the 
al
ulated proton partial half-lives for141Ho and 131Eu as a fun
tion of deformation. The 7/2�[523℄ 
al
ulationsfor 141Ho are 
onsistent with the observed half-life over a wide range ofhigh �2 values. In the 
ase of 131Eu, good agreement is obtained using the3/2+[411℄ 
on�guration with a deformation �2 � 0.3. This is 
onsistent withthe predi
tions of Möller et al. [5, 12℄, whi
h indi
ate a 3/2+[411℄ ground-state 
on�guration with a 
orresponding deformation �2 = +0:33. However,it 
an be seen from �gure 6 that the 5/2+[413℄ 
on�guration also givesreasonable agreement for high deformations, and 
annot be ruled out as apossibility.A 
lose look at �gure 5 indi
ates the presen
e of a small proton groupabout 120 keV lower in energy than the main group. We interpret this asa proton transition from the ground state of 131Eu to the �rst ex
ited 2+state in the daughter nu
leus 130Sm. Cal
ulations of the de
ay rate of thistransition are 
urrently in progress [17℄.
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