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PROTON EMITTERS: A LABORATORY FORDETAILED NUCLEAR STRUCTURE STUDIESBEYOND THE DRIP LINE� ��D. Seweryniak, C.N. Davids, A. Heinz, G. MukherjeeArgonne National Laboratory, Argonne, IL 60439, USAP.J. Woods, T. Davinson, H. Mahmud, P. Munro, A. RobinsonUniversity of Edinburgh, Edinburgh, United KingdomJ.J. Ressler, J. Shergur, W.B. Walters, and A. WöhrUniversity of Maryland, College Park, Maryland 20742, USA(Re
eived January 9, 2003)The stru
ture of nu
lei situated far from the line of � stability ispresently one of the major thrusts in nu
lear physi
s. The phenomenonof proton emission o�ers a unique opportunity to study nu
lei beyond theproton dripline. Within the last de
ade proton-de
ay studies have beentransformed from a 
uriosity into a powerful spe
tros
opi
 tool. Experi-mental e�ort has resulted in the observation of deformed proton emitters,the dis
overy of proton-de
ay �ne stru
ture and the observation of ex-
ited states in several proton emitters. Thank to 
ontinuous progress inexperimental te
hniques the body of data on proton emission is steadily in-
reasing. Several theoreti
al models have been developed to quantitativelyreprodu
e proton-de
ay widths. The role of Coriolis mixing, non-axial de-grees of freedom, proton-neutron intera
tion, 
oupling to 
ore vibrations aresome of the aspe
ts 
urrently under investigation. This paper dis
usses re-
ent progress on the understanding of proton de
ay. It will be illustrated byexperimental results obtained at the Argonne National Laboratory withinthe last 2 years.PACS numbers: 23.50.+z� Presented at the XXXVII Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 3�10, 2002.�� Supported by the U.S. Department of Energy, Nu
lear Physi
s Division, under 
on-tra
t No. W-31-109-ENG-38. (2419)
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tionSpontaneous proton emission takes pla
e in proton ri
h nu
lei havinga negative proton separation energy. Protons are held inside the nu
leusby the Coulomb and the 
entrifugal barrier and the de
ay pro
eeds viaquantum tunneling. Proton de
ay is analogous to � de
ay. However, thereis no pre-formation fa
tor involved whi
h simpli�es the pro
ess. In addition,the 
entrifugal barrier is relatively more important for proton de
ay. As aresult, proton-de
ay widths are very sensitive to the angular momentum ofthe states involved in the de
ay, and thus to their stru
ture.Proton emitters are a laboratory to study quantum tunneling through a3-dimensional barrier. They provide information on single-parti
le energies,j-
ontent of the wave fun
tions, shape of the mean-�eld potential, and protonseparation energies far from the line of stability.The �rst proton emitting isomer 53mCo was dis
overed in 1970 at Har-well [1℄. The �rst ground-state proton emitter 151Lu was dis
overed at GSIin 1974 using the velo
ity �lter SHIP [2℄. The introdu
tion of re
oil massseparators 
oupled with Double-Sided Si dete
tors brought a renaissan
ein proton-de
ay studies in the late 1990s. Presently, 28 proton emitters areknown with atomi
 numbers between 51 and 81. Most of the proton emittersare spheri
al. Anomalous de
ay rates in 131Eu and 141Ho were explained bylarge deformation [3℄. The �rst 
ase of the proton �ne stru
ture was foundin 131Eu [4℄. A weak bran
h to the 2+ ex
ited state in the daughter nu
leuswas proposed. The Re
oil-De
ay Tagging method [5℄ allowed to observe ex-
ited states in several proton emitters. For example, rotational bands wereidenti�ed in 141Ho [6℄. Proton emission from ex
ited rotational bands wasalso reported in several nu
lei in the vi
inity of 56Ni [7℄. Re
ently, the �rst2-proton emitter 45Fe was observed independently as a produ
t of proje
tilefragmentation rea
tions at GANIL [8℄ and GSI [9℄.2. Models of proton de
ayThere exist several theoreti
al models des
ribing proton de
ay both forspheri
al and deformed nu
lei [3, 10�13℄. In one approa
h the S
hrödingerequation is solved inside the nu
leus using the Woods�Saxon mean-�eld po-tential with the depth adjusted to reprodu
e the measured proton-de
ayQ-value. Subsequently, the resulting wave fun
tion is mat
hed outside thenu
leus with an outgoing Coulomb wave. The proton-de
ay width is ob-tained by integrating the outgoing parti
le �ux. In order to a

ount forpairing the so 
alled spe
tros
opi
 fa
tor is introdu
ed re�e
ting the prob-ability that the proton orbital, whi
h parti
ipates in the de
ay, is empty inthe daughter nu
leus.
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lear : : : 2421In the 
ase of a ground-state to ground-state proton de
ay in odd-Z,even-N spheri
al nu
lei the proton o

upying a state with angular momen-tum jp simply falls o� the 
ore (see Fig. 1(a)). This approa
h treats theinitial state as a pure single-parti
le state. In transitional nu
lei, mixingwith the low lying vibrational ex
itations, espe
ially the 2+ state, shouldbe 
onsidered. It opens a de
ay 
hannel to the 2+ vibrational state in thedaughter nu
leus. The 
oupling to the 2+ state allows proton single-parti
lestates with lower jp to 
ontribute to the de
ay whi
h 
ompensates for thelower de
ay energy. A model for 
al
ulating bran
hing ratios to 2+ vibra-tional states was proposed re
ently in Ref. [14℄.
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Fig. 1. S
hemati
 view of proton de
ay from a (a) spheri
al and (b) deformed statewith angular momentum J = jp and J = Kp, respe
tively, in the AZX nu
leus. ~Rstands for the angular momentum of the 
ore due to (a) vibration and (b) rotation.In deformed nu
lei the wave fun
tion of the de
aying state is a mixture ofseveral spheri
al jp 
omponents. In the strong 
oupling limit only the angu-lar momentum proje
tion on the symmetry axis,K = Kp, is a good quantumnumber. The de
ay pro
eeds from the bottom of a rotational band with spinI = Kp to the 0+ ground state of the daughter nu
leus (see Fig. 1(b)). Onlythe spheri
al single-parti
le 
omponent with the lowest angular momentum
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ontributes to the de
ay. It is usually a small 
omponent. The de
ay widthis proportional to the square of the amplitude 
jplp of this 
omponent inthe initial wave fun
tion. It turns out that under 
ertain 
ir
umstan
es thede
ay to the 2+ member of the rotational band 
an 
ompete with the de
ayto the ground state despite the lower de
ay energy [4,11℄. In this 
ase angu-lar momentum 
onservation is ful�lled by another, mu
h larger, 
omponentof the wave fun
tion. It is worth mentioning that the Coriolis intera
tionmixes states with di�erent K values. Coriolis e�e
ts are expe
ted to play animportant role at moderate deformations for high-K, low jp Nilsson orbitals.In odd�odd nu
lei the residual intera
tion between the odd proton andthe odd neutron has to be taken into a

ount. Be
ause of this 
oupling dif-ferent proton single-parti
le 
omponents 
an 
ontribute to the de
ay. Con-tribution from di�erent neutron states would lead to di�erent neutron states.This would manifest itself in the proton-de
ay �ne stru
ture. The proton-de
ay rates in odd�odd deformed nu
lei were 
al
ulated in Ref. [15℄.The models developed so far assume axially symmetri
 states. The im-portan
e of more 
omplex shapes has not been explored yet. For example,triaxiality would introdu
e �K = 2 mixing adding yet other single-parti
le
omponents into the wavefun
tion.3. Re
ent experimental results from theArgonne National LaboratoryProton-de
ay studies require an e�
ient and very sele
tive dete
tionmethod. The experimental method and the setup used at the ArgonneNational Laboratory is shown in Fig. 2. Proton emitters are produ
ed us-ing heavy-ion fusion-evaporation rea
tions. Rea
tion produ
ts are separatedfrom beam parti
les and dispersed a

ording to their mass-to-
harge-stateratio in the Fragment Mass Analyzer (FMA). After passing through a fo
alplane dete
tor, where M=Q is measured, the re
oiling nu
lei are implantedinto a Double-Sided Si Strip Dete
tor (DSSD) where they subsequently de-
ay. The DSSD is divided into many pixels and both the implantation andthe de
ay take pla
e in the same pixel. By using spatial and time informa-tion de
ay parti
les and implants are 
orrelated with ea
h other. As a result,mass number 
an be assigned to the observed de
ays and the de
ay time 
anbe extra
ted. In addition, the energy of the emitted protons is measured inthe DSSD. The proton-de
ay studies at ANL have been fo
used on 
omplet-ing experimental information on the proton drip-line in the rare earth regionand in the vi
inity of the Z = 82 shell 
losure. Several new proton emitterswere observed during the last 2 years. Individual 
ases are dis
ussed in thefollowing paragraphs.
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Fig. 2. The experimental setup used at ATLAS for studies of de
ay properties andex
ited states in proton emitters.3.1. The 117La nu
leusThe 117La nu
leus is expe
ted to be situated at the onset of large quadru-pole deformation. A quadrupole deformation of �2 = 0:29 was 
al
ulated forthe 117La ground state [16℄. Protons emitted from the 117La ground statehave been observed for the �rst time at Laboratori Nazionali di Legnaro [17℄.A se
ond weak proton line has also been reported and assigned to an isomerin 117La. In an experiment at ANL the ground state 117La proton de
ay was
on�rmed [18℄. More pre
ise values for the proton energy and half life wereobtained. The measured and 
al
ulated de
ay widths agreed with ea
h otherfor the 3/2+[422℄g7=2 and 3/2�[541℄h11=2 proton Nilsson orbitals. However,despite more statisti
s, no eviden
e for the isomeri
 proton de
ay was found.A sear
h for 116La proton de
ay did not give a positive result.3.2. The 135Tb nu
leusIn the quest to 
omplete experimental information on the proton drip-line in the rare earth region an experiment was 
arried out to look for protonemitting Tb isotopes. The 135Tb nu
leus is situated between the two highlydeformed proton emitters 131Eu and 141Ho [3℄. Möller and Nix predi
ted�2 = 0:33 for the 135Tb ground state [16℄. The 50Cr+92Mo rea
tion wasused to produ
e 135Tb after evaporating 1 proton and 6 neutrons. Themeasured proton spe
trum asso
iated with 135Tb is shown in Fig. 3. Three
ounts 
an also be seen around 120 keV below the proton line possibly dueto the de
ay to the 2+ ex
ited state in 134Gd in analogy with the 131Euproton de
ay �ne stru
ture [4℄. A

ording to 
al
ulations the 5/2+[413℄d5=2
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Fig. 3. The proton de
ay spe
trum 
olle
ted within 3.5 ms of implanting a mass-135residue dete
ted using the 50Cr+92Mo rea
tion.Nilsson orbital is the 
losest to the Fermi surfa
e in 135Tb. Comparisonof the measured half life with the proton-de
ay rate 
al
ulations will verifythe ground-state 
on�guration. The data analysis is in progress. The 
rossse
tion estimated from the proton yield is about 2 nb. It is the �rst timethat su
h a weakly produ
ed proton emitter was observed.3.3. The 130Eu nu
leusIn order to learn about the in�uen
e of an odd neutron on proton de-
ay from deformed nu
lei we studied the de
ay properties of 130Eu. The130Eu odd�odd nu
leus is predi
ted to have a quadrupole deformation of�2=0.33 [16℄. The 58Ni(78Kr, p5n) rea
tion was used to populate 130Eu.The data analysis revealed a group of 5 
ounts dete
ted within 3 ms of theimplantation of mass-130 residues. Preliminary results were published inRef. [19℄. In order to interpret the measured de
ay width the model pre-sented in Ref. [15℄ was used to 
al
ulate de
ay widths from di�erent Nilssonneutron�proton 
on�gurations. The 3/2+[411℄d5=2 Nilsson 
on�guration,whi
h 
onstitutes the ground state in 131Eu, was 
hosen for the odd pro-ton. The 7/2�[523℄h11=2 and 1/2+[411℄s1=2 Nilsson states, 
orrespondingto the ground state and the isomeri
 state in 141Ho were sele
ted for theodd neutron. The proton number in 141Ho is equal to the neutron num-ber in 130Eu. Both parallel and anti-parallel proton�neutron spin 
ouplingswere used in the 
al
ulations. The best agreement was obtained for the(K� = 3=2+ 
K� = 1=2+)KT = 2+ 
on�guration.
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lear : : : 24253.4. The 170Au and 164Ir nu
leiThe proton emitters between Tm (Z = 69) and Tl (Z = 81) are spheri
aldue to 
lose proximity of the N = 82 and Z = 82 
losed shells. Protonsare distributed in these nu
lei among three 
lose lying orbitals, namely:s1=2, d3=2 and h11=2. A sear
h for two spheri
al odd�odd proton emitters170Au and 164Ir was performed. Proton lines asso
iated with both nu
leiwere found [19℄. The 164Ir nu
leus is already the fourth proton emittingIr isotope. The dis
overy of the 165Ir, 166Ir and 167Ir proton emitters wasreported in Ref. [20℄. In 166Ir two proton lines were observed and interpretedas the de
ay of the 2� ground state and the 9+ isomer 
orresponding to thed3=2 and h11=2 proton states, respe
tively, 
oupled to an f7=2 neutron. Themeasured proton energies and half lives indi
ate that the observed protonde
aying states in 164Ir and 170Au originate from the h11=2 orbital.The spe
tros
opi
 fa
tors dedu
ed from the data 
an be 
al
ulated usingthe low-seniority shell model [20℄. The agreement between the theory andthe experiment 
an be improved signi�
antly by in
luding the 
oupling tothe 
ore 2+ vibrational states [14℄. The data on 170Au and 164Ir agree quitewell with this model.3.5. The isomer studies of the proton emitter daughter 140DyThe deformed proton emitter 141Ho has two known proton lines 
orre-sponding to the ground state [3℄ and an isomeri
 state [21℄. Ex
ited statesin 141Ho were observed using the Re
oil-De
ay Tagging method. Based onthe properties of the ground-state band a deformation of �2 = 0:25 wasdedu
ed for the ground state. A deformation �2 = 0:29 was predi
ted for141Ho. It was suggested that the unexpe
tedly large signature splitting ofthe 7/2�[523℄ ground-state band 
ould imply triaxiality. In order to learnmore about 140Dy a sear
h for an expe
ted K-isomer was 
arried out usingan array of Ge dete
tors pla
ed behind the fo
al plane of the FMA. A se-quen
e of delayed 
-ray transitions was assigned to 140Dy and interpretedas the 8� ! 8+ ! 6+ ! 4+ ! 2+ ! 0+ 
as
ade [22℄. Similar results wereobtained in an independent experiment at ORNL [23℄. From the 203-keVenergy of the 2+ ! 0+ transition a deformation of �2 = 0:25 was dedu
edfor 140Dy. This value agrees with the deformation dedu
ed from the ground-state band in 141Ho [6℄. Based on these �ndings the adiabati
 
al
ulationsof Ref. [13℄ suggested a bran
hing ratio of 0.7% for the proton de
ay to the2+ state, 
onsistent with an upper limit of 1% found in [6℄.
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ations of theimplantation station at ANLIn order to sear
h for proton emitters whi
h are situated even furtherfrom the line of stability, and to study the known proton emitters withbetter a

ura
y, several modi�
ations of the FMA implantation station wereimplemented. The �rst anode of the FMA was repla
ed by an ele
trode splitin the middle to redu
e the amount of s
attered beam at the fo
al planeof the FMA. A new DSSD was installed with 80 horizontal and 80 verti
alstrips. All strips of the DSSD were equipped with delay-line ampli�ers whi
hre
over faster after the implantation event. Thanks to these improvementsexperiments with about 10 times more intense beams are possible and protonde
ays as fast as 1 �s 
an be dete
ted.Be
ause of the long �ight path involved, re
oil mass separators are notsuitable for studies of proton emitters with half lives mu
h lower than 1 �s.In order to 
ir
umvent this di�
ulty an implantation station situated im-mediately after the target was built. Rea
tion produ
ts, after leaving thetarget, are slowed down in a Au degrader foil and implanted at the surfa
eof a thin plasti
 
at
her. Their subsequent proton de
ays are dete
ted inthree Si teles
opes surrounding the 
at
her in 
lose geometry. The spe
trumof protons 
orresponding to the known fast 113Cs ground-state proton de
aymeasured with this setup is shown in Fig. 4.

Fig. 4. The proton spe
trum 
olle
ted using a 
at
her pla
ed downstream from thetarget. The target was irradiated for about 20 �s and the a
tivity was measuredfor about 40 �s. The peak at about 900 keV 
orresponds to the known protonemitter 113Cs.
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lear : : : 24275. OutlookUsing the improved FMA implantation station one 
an sear
h for re-maining deformed proton emitters in the rare earth region, proton emittersbelow the Z = 50 line and above the Z = 82 line, more 
ases of proton-de
ay �ne stru
ture, and ex
ited states in the known proton emitters. Datawith better statisti
s on some of the known proton emitters would also bebene�
ial.To allow more detailed 
omparison between the growing body of experi-mental information and the theoreti
al models a better understanding of theCoriolis intera
tion, non-axial degrees of freedom is required. In odd�oddnu
lei the residual intera
tion between protons and neutrons has to be takeninto a
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