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972 K.P. Ryka
zewski et al.1. Introdu
tionProton radioa
tivity was a subje
t of several presentations during theZakopane meeting in 1998. The highlights in
luded the �rst observation of�ne stru
ture in proton emission from 131Eu [1, 2℄, the observation of ex-
ited states in the proton emitting nu
lei by means of Re
oil De
ay Tagging(RDT) [3℄ and the dis
overy of several short-lived p-emitting isomeri
 statesin known proton radioa
tivities [4℄. For the �rst time, a weak p5n fusion-evaporation rea
tion 
hannel has been used to produ
e and identify a newproton emitter 140Ho [4, 5℄. The studies of nu
lei near the proton drip-linewere 
ontinued in the last two years. The 
ontributions to Zakopane 2000
onferen
e des
ribe the proton de
ay from super deformed to normal bandsnear doubly-magi
 56Ni [6℄, as well as the RDT studies of proton-ri
h nu-
lei above the N = 82 
losed shell [7℄. First proton emitter dis
overed atJ¸vaskylä (Finland) was announ
ed by Kettunen [8℄. An odd�odd 164Ir, pro-du
ed in a rare p5n rea
tion 
hannel, was dete
ted due to re
ently enhan
edsensitivity of the RITU spe
trometer. The observation of �ne stru
ture inthe proton emission from thullium isotopes, 145Tm [9℄ and 146Tm [10℄, isamong the subje
ts of this presentation. These results were a
hieved at theHoli�eld Radioa
tive Ion Beam Fa
ility (HRIBF) at Oak Ridge [11℄.The proton emission rate is strongly dependent on the de
ay energyas well as on the angular momentum of the emitted proton. In 
ontrastto the alpha de
ay, the proton usually 
arries the non-zero orbital angularmomentum (with the ex
eption of s-wave proton emission). Having theenergy of proton line measured with an a

ura
y of � 10 keV, one 
an tra
ethe evolution of single-parti
le proton orbitals along the drip-line region byanalysing the proton de
ay rates. Parti
ularly interesting are nu
lei withproton emitting ground- and isomeri
-state. Su
h observation de�nes theenergies of proton orbitals in the same exoti
 nu
leus.Evolution of nu
lear shapes along the drip-line region is also re�e
tedin the proton emission probabilities. The dis
repan
y between the observedde
ay rates and those 
al
ulated within the spheri
al approa
h usually indi-
ates the presen
e of deformation. Independently, the deformation of proton-radioa
tive nu
leus 
ould be veri�ed via the observation of an ex
ited bandon top of the proton emitting state. This type of experiment usually requiresthe re
oil de
ay tagging, see e.g. [3, 7℄. In addition to the stru
ture of theproton emitting state, the shape of the potential for the daughter system is
ru
ial for the analysis of the observed de
ay rates. The transmission prob-ability is 
al
ulated for the proton penetrating through the potential of thedaughter nu
leus. For an even�even nu
leus, one 
an dedu
e information onthe shape from the measurement of the energy of the �rst 2+ state. Thisenergy value yields an estimate of the quadrupole deformation [12℄. It wasdemonstrated by the pioneering study of 131Eu [1,2℄ that the energy of su
h



Fine Studies of Proton Radioa
tivity with : : : 973a 2+ state 
ould be obtained via the observation of �ne stru
ture in protonemission. In this 
ontribution, we report the �rst eviden
e for �ne stru
-ture in the proton emission from 145Tm [9℄ yielding the 0.33 MeV energyfor previously unknown 2+ state in 144Er. This experiment was performedat the �nal fo
us of the HRIBF Re
oil Mass Separator (RMS) [11℄. Digitalpro
essing of the RMS dete
tor signals, i.e. the Position Sensitive Avalan
heCounter (PSAC) and Double-sided Sili
on Strip Dete
tor (DSSD), was usedduring this study.Proton radioa
tivity measurements allow us to dedu
e information onthe stru
ture and evolution of proton states. Whereas �ne stru
ture in thede
ay of an odd-mass nu
lide reveals levels in the even�even daughter, �nestru
ture in de
ay of odd�odd nu
lei 
an be used to identify low-energy levelsin odd-N daughters. We report here the �rst observation of �ne stru
turein proton emission from the odd�odd isotope 146Tm, interpreted as a de
ayto the s1=2 and h11=2 neutron states in 145Er [10℄.2. The proton emission from 145TmThe exoti
 nu
leus 145Tm (T1=2 = 3.5 � 1.0 �s) was the �rst protonemitter identi�ed at the RMS at Oak Ridge [13℄. It was dis
overed amongthe produ
ts of the 92Mo (315 MeV 58Ni, p4n) rea
tion despite of its lowprodu
tion 
ross se
tion of about 0.5 �b. The time-of-�ight through theRMS of � 2.5 �s, and a blo
king of the analog DSSD ele
troni
s by re
oilimplantation signals (over 10 �s) 
aused huge dete
tion losses due to theradioa
tive de
ay. The e�e
tive dete
tion rate was about one 
orrelatedre
oil-proton event per hour in the DSSD. It allowed us to determine theenergy of 1.73 MeV for the proton line. The shortest half-life ever measuredfor proton radioa
tivity, � 3.5 �s, was dedu
ed from the de
ay pattern ofabout �fty events. The observed transition was interpreted within a spher-i
al approa
h [21℄ as l=5 proton emission from the �h11=2 ground state of145Tm [13℄. In fa
t, the spe
tros
opi
 fa
tor for this transition was somewhatredu
ed in 
omparison the theoreti
al expe
tation indi
ating that likely thisemitter has a mixed wave fun
tion [4℄.In order to improve the 
ounting rates for very short-lived parti
le ra-dioa
tivities, a new digital signal pro
essing system for the RMS dete
torshas been implemented [14�16℄ at the HRIBF. This new set-up is based onDigital Gamma Finder (DGF-4C) units produ
ed by the X-ray Instrumenta-tion Asso
iates (XIA, California, USA) [17,18℄. The DGF-4C is a single-slotfour-
hannel CAMAC module. Among available options, it 
an analyse thepreampli�ed DSSD signals. The signal waveform is re
orded as an ampli-tude vs time tra
e over a 25�s range. The time is stamped by the DGFwith a 25 ns resolution, so the 25�s tra
e 
onsists of 1000 points.



974 K.P. Ryka
zewski et al.The operation mode designed for the study of very short lived parti
leemitters is ni
knamed �proton 
at
her�. The DGF re
ognizes a pile-up eventin the DSSD, e.g. a 1.7 MeV proton signal on top of the 16MeV 145Tm ionimplantation signal, and stores it until the readout o

urs. Two hundredpretrigger points (5�s) help to measure the baseline i.e. to de�ne the �zero�level for the amplitude determination. Four hundred points at the end of thetra
e (10�s) are used to analyze the ele
troni
 signal de
ay. The four hun-dred 25 ns samples in the 
enter, spanning 10�s, 
ontain the implantationand de
ay pulse. Events not piled up within 10�s, however, are reje
tedwithin this DGF operation mode.The �proton 
at
her� mode of DGF operation was used during the studyof the 145Tm a
tivity presented here. Thirty-two strips on ea
h side of theDSSD were 
onne
ted to the DGF 
hannels during the 145Tm run, and oneDGF module was used to analyze the signals from the PSAC [11℄. The pro-ton de
ay signals were observed in the DSSD starting about 0.5 �s after the145Tm implantation signal. The pile-up dete
tion rate was redu
ed withinthe �rst 500 ns, but the total rate of re
orded proton events amounted toabout ten per hour [9℄. This represents an order of magnitude in
rease in
omparison to the �rst experiment [13℄, for the identi
al fusion-evaporationrea
tion used. The RMS ion opti
s was tuned to fo
us re
oiling ions intwo 
harge states, onto the DSSD pla
ed at the �nal fo
us. This 
onverg-ing solution is responsible for a fa
tor of about 1.5 in
rease in spe
trometertransmission, as 
ompared to the �rst experiment [13℄. The total event ratein the data a
quisition system is very low, about 1 readout per se
ond sin
e
145 Tm

Fig. 1. The energy spe
trum of proton events observed within 0.5�10�s time inter-val after an implantation of A = 145 re
oils into the DSSD [9℄.



Fine Studies of Proton Radioa
tivity with : : : 975the �proton 
at
her� mode sele
ts up-front only the pile-up events and re-je
ts all others. It is 
lear that having a system free of ele
troni
 noise is
ru
ial for this type of operation.In addition to the known proton line at 1.73 MeV, see Fig. 1, a newtransition was observed at about 0.33 MeV lower in energy [9℄. The prelimi-nary values of the half-lifes, about 3 �s, are identi
al (within the error bars)for the two transitions, see Fig. 2. Both transitions are asso
iated with thede
ay of mass A = 145 re
oils. It is therefore likely that both lines originatefrom the de
ay of the same state, the previously identi�ed 145gsTm. Therespe
tive bran
hing ratios are about 91% and 9%, respe
tively.
145

Tm
1.4 MeV line

Fig. 2. The de
ay plot of the 1.4 MeV proton transition [9℄. These de
ays of 145Tmwere dete
ted starting 0.5 �s after the implantation of re
oiling ions using newdigital signal pro
essing ele
troni
s. The dete
tion rate was redu
ed within the�rst 500 ns of 
ounting.In the even�even daughter nu
leus 144Er, a 2+ level is the �rst ex
itedstate. The value of about 0.33 MeV is 
lose to the 2+ energy known for threeneighboring even-mass N = 76 isotones, 138Sm, 140Gd and 142Dy. One 
analso 
onsider 144Er as a �N = 82mirror� nu
leus to 156Er, i.e. the six neutronholes � six neutron parti
les symmetry [19,20℄. The energy of the 2+ stateis 0.344 MeV in 156Er, 
lose to the observed 0.33 MeV level in 144Er.The preliminary interpretation of the observed de
ay rates following thespheri
al approa
h [21℄, suggests an l=5 ground to ground state protonde
ay at 1.73 MeV originating from the main �h11=2 
omponent of the 145Tmwave fun
tion. Fine stru
ture in this de
ay 
ould be asso
iated with the�f7=2 
 2+ 
on�guration. Sin
e the l=3 transition at Ep=1.4 MeV is about2.5 times faster than l=5 at 1.73 MeV, only a � 3% admixture to the mainwave fun
tion explains the observed � 9% bran
hing. If one assumes the l=5



976 K.P. Ryka
zewski et al.proton emission to be pre
isely des
ribed within the spheri
al approa
h [21℄,about 70% of pure �h11=2 
omponent in the parent wave fun
tion is ne
essaryto explain the observed intensity of the 1.73 MeV transition. The remaining� 30% might be at least partially related to the �h11=2 
 2+ 
on�guration
oupled to the I� = 11=2�. The latter part of the wave fun
tion wouldundergo a de
ay via l=5 proton emission to the 0.33 MeV 2+ state. However,the absolute probability would be mu
h lower, by about a fa
tor of 500,in 
omparison to the l=3 de
ay of the same energy. The fra
tion of the�h11=2 
 2+ 
on�guration in the wave fun
tion of 145Tm might be up to� 10 times larger in 
omparison to the � 3% of the �f7=2
 2+. However,the probability of this l=5 proton de
ay to the 2+ state still remains about50 times smaller with respe
t to the l=3 de
ay.This spheri
al pi
ture of the 145Tm de
ay should be reanalysed withrespe
t to the deformation e�e
ts. An appli
ation of the simple Grodzinsformula [12℄ to the 0.33 MeV energy of the 2+ state points to a deformationparameter �2 of about 0.18 for the daughter nu
leus 144Er. This indi
atesa need for more advan
ed des
ription of the 145Tm proton de
ay pro
ess,within the theoreti
al formalism a

ounting for the deformation of parentand daughter states, 
ompare [22, 23℄ and referen
es therein.3. The de
ay of an odd�odd proton emitter 146TmThe proton de
ay of an odd�odd nu
leus leads to an (even-Z, odd-N)isotope. The proton emission rate depends strongly on the de
ay energy, sothe transition to the ground-state is favoured. However, for the rare-earthproton drip line nu
lides in this mass region, three neutron orbitals �s1=2,�d3=2 and �h11=2 are expe
ted to be 
lose to the Fermi surfa
e. Their relativeex
itation energies are 
al
ulated to be within a few hundred keV [24℄. Thesame orbitals o

upied by protons, the �s1=2, �d3=2 and �h11=2 are alsoenergeti
ally 
lose to ea
h other. With N = 77, there will be �ve neutronholes in the �s1=2, �d3=2 and �h11=2 orbitals while with Z = 69, there will be�ve proton parti
les beyond the Z = 64 subshell whi
h o

upy �s1=2, �d3=2and �h11=2 orbitals.The observed rates for the l=2 proton emission from I� = 3=2+ statesalready indi
ated the 
on�guration mixing between positive parity orbitals,the �s1=2 and �d3=2 [4,25�27℄. These fa
ilitate the 
onditions that build thelow-lying nu
lear states of a 
omplex stru
ture. The proton�neutron pairs,with the nu
leons ex
hanging their orbitals 
an be 
oupled to the same spinand parity. For example, one 
an form an I� = 6� state by 
oupling thenu
leons at the �h11=2 and �s1=2 orbitals as well as at the �h11=2 and �s1=2ones.



Fine Studies of Proton Radioa
tivity with : : : 977For odd�odd emitters, in addition to the presen
e of proton emittingground- and isomeri
-states, the proton transitions between the isomer(or ground-state) and ex
ited state in �nal nu
leus may o

ur, see e.g. [28℄.Proton radioa
tivity, with the de
ay rates re�e
ting the angular orbital mo-mentum 
arried by the emitted proton, 
an help identify and map the wavefun
tions of involved states. These 
onsiderations lead to the experimentson odd�odd proton emitters 146Tm and 150Lu performed at the HRIBF(Oak Ridge). The data on the de
ay of proton radioa
tive states 150gsLu [29℄and 150mLu [30℄, were improved, but no indi
ation for any �ne stru
ture wasobtained [31, 32℄, see Fig. 3.
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Fig. 3. The energy spe
trum of proton events 
olle
ted within 100 �s after an im-plantation of A = 150 re
oils into the DSSD, in two similar experiments (a) and (b)using 292 MeV 58Ni beam on 0.54 mg/
m2 96Ru target [30�32℄. The 
harge resetfoil was pla
ed 10 
m behind the target during se
ond experiment. It restores the
harge state of a re
oiling ion, 
hanged after an isomeri
 deex
itation involving a
onversion ele
tron [11℄. Observed in
rease in the 150mLu proton emission suggeststhe presen
e of su
h isomeri
 level on the deex
itation path leading to the 150mLu[31,32℄. Improved experiment on the 150Lu a
tivity yielded no eviden
e for the �nestru
ture for displayed l=2 transition as well as for the l=5 proton emission from150gsLu.



978 K.P. Ryka
zewski et al.However, for 146Tm, in addition to the two known transitions at 1.12 MeVand 1.19 MeV [33℄, three new lines were identi�ed at 0.89, 0.94 and 1.01 MeV,see Fig. 4. The 
ounting statisti
s have been in
reased at the HRIBF by overan order of magnitude in 
omparison to the earlier Daresbury experiment.The 
ontributing fa
tors were the high sele
tivity and good transmision(� 5%) of the RMS. It allowed us to use about three times higher beamintensity, about 15 pnA of 292 MeV 58Ni on the 92Mo target, without over-loading the RMS �nal fo
us dete
tors.
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trum of protons measured in 
orrelations with the im-plantation of mass A = 147 (upper panel) and A = 146 (lower panel) re
oils.A 
orrelation time of 100 ms between the re
oil and de
ay events was applied.The present status of the data analysis suggests that all observed protonlines 
an be assigned to the de
ay of previously observed states [10, 33℄.This 
on
lusion is based on the de
ay pattern and the 
orrelations withA = 146 re
oils. The state with a half-life of about 100 ms emits 0.94 and1.19 MeV protons, and the T1=2� 200 ms was measured for the 0.89, 1.01and 1.12 MeV proton transitions. The intensities of observed lines indi
atethat the dire
t population of the 200 ms state is about 10 times strongerthan the shorter-lived state. There is no eviden
e in the de
ay pattern forthe transition between the two proton emitting states suggesting large spindi�eren
e and/or small energy di�eren
e.Energy level systemati
s of the states in neighboring nu
lei (
loser to�-stability) helps to understand the 146gs;mTm de
ay s
heme. The odd-mass proton emitters 145Tm and 147Tm have I� = 11=2� ground-state.
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tivity with : : : 979Their proton and beta de
ay rates are explained by the �h11=2 
on�gurationdominating the ground-state. The level systemati
s of N=77 isotones sug-gests the sequen
e of neutron levels in N=77 daughter nu
leus 145Er. Theground-state 
on�guration is likely �s1=2, as it is known for all odd-massN=77 isotones from Z =56 barium to Z =66 dysprosium. The �d3=2 and�h11=2 states 
ould be expe
ted at about 100�200 keV and 200�300 keV abovethe ground-state, respe
tively. For odd�odd thulium isotopes, the isomeri
10+ state (148Tm and 150Tm) and the 6� ground-state (150Tm) are known.The ground-state 
on�guration of the 146Tm is likely to 
ontain a largeI� = 6� [� h11=2� s1=2℄ 
omponent, while the higher spin isomer (likely 10+or 9+) is mostly made out of the [� h11=2 �h11=2℄ proton�neutron pair. Mu
hstronger dire
t population of 200 ms state suggests the high spin (e.g. 10+)assignment to the isomeri
 state and the lower spin (e.g. 6�) for the 100 msground-state. The tentative 10+ and 6� assignments follow the spin andparities known for the ground- and isomeri
-states in neighboring 148Tmand 150Tm.The proposed de
ay s
heme is shown in Fig. 5.
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980 K.P. Ryka
zewski et al.The 6�, T1=2 = 100 ms 146gsTm de
ays by the main l=5 transition of1.19 MeV to the �s1=2 ground-state of 145Er. The se
ond, weaker, proton line
ould be asso
iated with l=0 emission to the �h11=2 level at the ex
itationenergy of about 0.25 MeV. The [�s1=2 �s11=2℄ fra
tion of the 146gsTm wavefun
tion would be responsible for the transition to the 0.25 MeV state. It isenough to have the latter 
omponent about 60 times smaller in 
omparisonto the dominating [�h11=2 �s1=2℄ one to explain the observed intensity ratioof about 5 : 2. The smaller proton de
ay energy value is 
ompensated by thelowering of the angular momentum barrier. The existen
e and beta de
ayof the I� = (11=2�), T1=2 � 0:9 se
ond state in the 145Er has been reportedearlier [34℄.The l=5 proton de
ay of the 10+[� h11=2 � h11=2℄ state should lead tothe 11=2� � h11=2 state in 145Er. This explains the main 200 ms line at1.12 MeV. The new weaker lines are interpreted as the l=5 and l=3 de
aysto two levels: a 9=2� state at 0.36 MeV and to the negative parity stateat 0.48 MeV. The very weak l=3 transition might originate from the fra
tionof the 10+ state wave fun
tion whi
h is identi
al to the one responsible forthe �ne stru
ture in the 145Tm de
ay, the 11=2�[2+ 
 �f7=2℄ 
on�guration�repla
ing� the �h11=2 part in the 10+ isomeri
 state. Contribution from the[2+ 
 �f7=2℄ below 10% is needed to explain the observed intensity ratio36 : 3 : 1 for the de
ay of 200 ms 146mTm, this isomeri
 state being about0.18 MeV above the 6� ground-state. All 
al
ulated half-lifes of the dis
ussedproton transitions were estimated within the spheri
al WKB approa
h [21℄taking into a

ount respe
tive proton va
an
y fa
tors [24℄.Beta de
ay in the region of 146Tm is governed by the well-known Gamow�Teller transformation of �h11=2 into �h9=2. It 
ontributes to the 146gs;mTmde
ay rate. The beta partial half-lifes 
an be expe
ted at the level of 200 to500 ms. The observed 146gs;mTm states are 
learly not pure proton emitters.We estimated that beta de
ay is responsible for about 30% of the bran
h-ing for the de
ay of the 100 ms state, and for about 70% of the bran
hing forthe 200 ms state. The 
on�guration of the I� = (6�) state is proposed tobe about 60% [� h11=2 � s1=2℄ and 1% [� s1=2 � h11=2℄ for the proton emittingpart, with the remaining � 40 % of [� h11=2 � d3=2℄. The latter fra
tion of the146gsTm wave fun
tion 
ontributes to Gamow�Teller beta de
ay, but its l=5proton de
ay to the ex
ited � d3=2 state in 145Er has a very low bran
hingratio. This is due to the energy fa
tor, sin
e the �d3=2 state is likely about150 to 200 keV above the �s1=2 ground state. It is a 
hallenge to determinethe energy of this neutron d3=2 level � it might be a subje
t in an improvedexperiment on the 146Tm proton radioa
tivity.The 
on�guration of the I� = (10+) isomer is somewhat simpler, with thedominant (over 90%) [� h11=2 �h11=2℄ part, and the smaller fra
tion (below10%) of 2+ 
 � f7=2 
oupled to � h11=2.



Fine Studies of Proton Radioa
tivity with : : : 9814. SummaryThe proton radioa
tivity studies between the magi
 numbers Z = 50and Z = 82 are moving towards �
omplete spe
tros
opy�. Information onthe stru
ture of proton emitters dedu
ed from the observed rates of protonemission is 
omplemented by the studies of ex
ited states in the parent nu
lei(via RDT measurements) and in the daughter nu
lei (via �ne stru
ture inproton emission). The exploration of other drip-line regions, e.g. belowdoubly-magi
 100Sn, may be
ome possible. The digital signal pro
essing ofthe dete
tor signals allows us to extend the observation window for protonemission, with respe
t to the short half-lifes and energy thresholds.Fine stru
ture in proton emission was found in the de
ays of 145Tm,146gsTm and 146mTm. For the 3 �s a
tivity of 145Tm this observation waspossible thanks to an order of magnitude in
rease in proton dete
tion rateresulting from new digital signal pro
essing ele
troni
s applied to the PSAC-DSSD setup at the RMS.The stru
ture of 145Tm and the measured de
ay rates were interpretedwithin the spheri
al approa
h. The proton emitting state in 145Tm is domi-nated by the � h11=2 orbital, with a few per
ent admixture of the 2+ 
 � f7=2
on�guration. However, the observed 2+ level energy of 0.33 MeV in 144Ersuggests deformation �2 � 0.18. There is a need for advan
ed analysis ofthe 145Tm de
ay a

ounting for the deformation e�e
ts.For the �rst time, the properties of neutron states in an exoti
 drip-line nu
leus have been dedu
ed via proton radioa
tivity studies. The � s1=2orbital has been assigned to 145gsEr, and the ex
ited � h11=2 level was foundat 0.25 MeV � whi
h is likely the T1=2 � 0.9 se
ond isomer identi�ed earliervia its beta de
ay. I� = 6� is proposed for the ground state of 146gsTm,while the I� = 10+ is assigned to the 0.18 MeV isomeri
 state.Information obtained from proton radioa
tivity studies is no longer lim-ited to the evolution and stru
ture of proton orbitals. We should revisitknown odd�odd emiters and study new ones in order to dedu
e the proper-ties of neutron states in exoti
 nu
lei. The energies on the neutron ex
itedstates obtained during the proton radioa
tivity studies, 
ould be helpful forfurther, more pre
ise investigations with large 
-dete
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