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In-beam 9-ray spectroscopy of the proton emitter 53'Tm using recoil-decay tagging
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Gamma rays from the decay of states in the proton unstable nuti&lira were observed for the first time
following the ®>Mo(%8Ni,p2n)*4"Tm reaction at 260 MeV. Prompj rays were detected with an array of
Compton-suppressed Ge detectors, placed in front of the fragment mass analyzer at the ATLAS accelerator,
and were assigned to individual reaction channels on an event-by-event basis using the recoil-decay tagging
method. Gamma-ray transitions were associated with both the proton decaymditheground state and the
wds), isomeric state int*"Tm, even though the cross sections for populating these states were=ofy
wb and 2ub, respectively. The level scheme which was constructedfaim is discussed and compared with
the level structures for lightdd=78 isotones[S0556-28187)50605-4

PACS numbsgs): 27.60:+j, 23.20.Lv, 23.50+z, 25.70.Gh

The interest in nuclei at the limits of particle stability has originating from #"Tm. An energy of 105#) keV and a
recently been stimulated by extensive theoretical calculationkalf-life of 580(70) ms were measured for the ground-state
indicating that the structure of nuclei near the drip lines mayproton decay. The corresponding energy and half-life for the
be quite different from that of nuclei along the valley of decay of the isomeric state were 114)lkeV and 36040)
stability. The prospect that high-quality spectroscopic infor-,s respectively, in very good agreement with the previously
mation. will become available with the use of radioactive gptained value$6,7]. Thus, an excitation energy of 60 keV
heavy-ion beams has further enhanced this interest. HOWyas deduced for the isomer from the proton energies. Com-
ever, significant progress in the drip-line area has alreadyarison between the deduced proton partial half-lives and the

been made recently with stable beams because of the usagey s of WKB calculations implied angular momenta of

9 P proj 9 from the isomeric level, respectively. Based on these assign-

has delineated the proton drip line for@<80 nuclei[1]. ments. therh.. - orbital was proposed for the around state
The combination of recoil separators with double-sided Si_ ;42" 12 = /as prop : 9
f ~*Tm and the isomeric state was interpreted asdfe

strip detectors has recently led to the identification of direc .
proton emitting nuclei as heavy a&Bi [2,3]. It is important proton eXC|taF|on. i i
to obtain detailed spectroscopic data on excited states in nu- Proton emitters have thus f%r been found in two regions of
clei at the proton drip line and beyond as these data can shd@e chart of nuclei: just above™Sn and around th&l=82
light on possible Coulomb redistribution effects, isospin@ndZ=82 shell closures. Measured proton decay transition
mixing, and on the influence of the continuum on |003e|yrates are consistent with simple shell-model predictions for
bound states. However, in-beaparay spectroscopic studies the proton emitters close =82 (see Ref[8] and refer-
of these nuclei using heavy-ion fusion-evaporation reactiongnces therein In contrast, the proton decay transition rates
are hampered by high fragmentation of the fusion cross sedn %% and *%Cs are significantly hinderef®]. These two
tion and, in heavier systems, by competition from fission. Innuclei are predicted to be situated in a transitional region
the present work, a novel technigue, the recoil-decay taggingetween spherical and deformed nuclei. The deformation, or
(RDT) method[4,5], was used to select and identify in-beam the change in deformation, was proposed to be responsible
v rays. RDT combines proton and alpha decay measurder the observed decay hindran@&. Prompty-ray spectros-
ments with in-beamy-ray spectroscopic methods. It was suc- copy allows the elucidation of the mechanism proposed for
cessfully applied to the island of proton andradioactivity ~ the hindrance. Discrete states #1 were observed using
above 1°%n, where for the first times rays were identified RDT [4] but only for a rotational band based on the excited
from a proton emitter%% [4]. hq4,» configuration. Transitions feeding the proton decaying
The proton decay of the ground state’8fTm was origi-  ground state remained unobserved. In the present work,
nally observed using the GSI on-line mass separd@brA v-ray transitions directly feeding both the ground state and
subsequent experiment with the in-flight velocity filter SHIP the isomeric levels in“*“Tm are reported, providing insight
at GSI identified a second short-lived activity which wasinto the structure of proton unbound states in a new region
tentatively assigned to the isomeric proton decay*ifim  along the proton drip line.
[7]. In an experiment using the Daresbury recoil mass sepa- Data on excited states of nuclei in the vicinity 8fTm
rator [8] both activities were unambiguously confirmed asare very scarce. In-beam studies of excited states in the odd-
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FIG. 1. Energy spectrum of protons and alpha particles mea-

sured in the DSSD for the 260 Me®Ni+ ®Mo reaction. 7t -
s 8
Z, N=78 isotones'**Tb and **Ho have thus far revealed !
only yrast bandq10] consisting of a few transitions. The i
144Dy nucleus is the lightest even-evéh=78 isotone with 1t THET L
identified excited stateg1l]. Nothing is known about 200 1000 1200

600
14%r, the immediate even-even neighbor 8¥Tm. The Gamma Energy (keV]

N=82 isotone®Tm is the lightest Tm isotope with estab- . .
lished excited states. A sequence of transitions FIG. 2. (&) Gamma-ray spectrum gated with mass 147 residues.
27/2°23/2-—-19/2~ — 15/2-—-11/2" deexciting a (b) Gamma-ray spectrgm tagged on the proton decay of the
27/2~ isomer was observed in Refl2] and the proposed 7lr4h11,2 ground state of*“Tm and (c) the md, isomeric state in
level structure was successfully described within the frame- m-
work of the shell model assuming®Gd as an inert core and silicon strip detectofDSSD placed behind the focal plane.
using the ¢rhyy) ° configuration space. Beta-decay studiesThe 60um thick DSSD had 48, 30pm wide strips on both
of b [13,14 established the low-spin single-particle the front and back sides, arranged orthogonally to each other.
stateswsyjy, mdgp, (wdsp) ~1, and (@gz) 1 in PTm. N The subsequent characteristic protoneodecays of the im-
14" Tm, the shell-model analysis would be more complicatedplants occurred in the same quasipixel of the DSSD as the
due to the presence of four additional neutron holes and thignplantation. Both the arrival of the implant and its decay
less pronounced energy gap between proton shells. were time stamped. By using the spatial and time correla-
Nuclei near or just below th&l=82 shell closure favor tions between implants and decays, complete identification
spherical shapes. However, aided by the disappearance of thé the implanted residues was possible. These decays were
Z=64 energy gap, deformation sets in gradually in nucleialso correlated with prompy rays detected at the target
with N=<82, although the transition is not as abrupt as on theposition in coincidence with the implants.
other side of theN=82 line[15]. The yrast level sequences  The energy spectrum of decay particles collected in the
observed in the odd@-nuclei *'Eu, ****3b, 4*Ho, and in  DSSD is presented in Fig. 1. The tw&'Tm proton lines are
the oddN nucleus'*Dy have been found to mimic the be- clearly visible in the low energy part of the spectrum. The
havior of ground-state bands in neighboring even-even core lines between 3.5 and 5.5 MeV correspond to the known
nuclei and have, as a result, been interpreted as decoupletbha decays of Th, Dy, Er, and Tm isotopes which were
bands built on therh,,,, and vhyy, orbitals, respectively produced due to target impurities, mainly heavier Mo iso-
[10]. In the present article, results on excited states in theopes. About 2000 and 16 000 protons, which deposited full
proton emitter'*"Tm are presented and discussed in the conenergy in the DSSD, were associated with the decay of the
text of the onset of deformation in tt#E>64, N<82 region. isomeric and ground states, respectively. This corresponds to
A 260-MeV *Ni beam from the ATLAS accelerator at production cross sections ef 2 ub and 16ub for the two
Argonne National Laboratory was used to bombard a 0.56tates.
mg/cn? °Mo target in order to populate excited states in  Masses 146 and 147, corresponding to 4 and 3 nucleon-
4 Tm via the p2n fusion-evaporation channel. The experievaporation were predominantly produced under the present
ment lasted only 33 hours and the average beam intensity axperimental conditions. Gamma-ray spectra measured in
the target was approximately 9 pnA. Promptrays were coincidence with mass 146 residues were dominated by tran-
detected with AYEBALL[16], an array of 16 Compton- sitions in 1*®Dy (4p channel and *®Ho (3pn channgl No
suppressed HPGe detectors and two LEPS spectrometersjidence was found for transitions M%Er (2p2n channe)
placed at the target position of the fragment mass analyzdyut this is consistent with the expected low cross section for
(FMA) [17]. The y-ray photo-peak efficiency of AYEBALL this channel. Ay-ray spectrum in coincidence with mass 147
was ~1% at 1.33 MeV. Detecteg rays were assigned to is shown in Fig. 2a). All strong transitions can be assigned
individual nuclei using the RDT methdd]. Residual nuclei either to *’"Ho (3p channel or to *Er (2pn channel
were dispersed at the FMA focal plane according to theilGamma-ray spectra tagged on the tWférm proton lines are
mass-to-charge state ratios and implanted into a double-sidesthown in Figs. &) and Zc). Thesey-ray transitions were
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TABLE I. Energies and intensities of-ray transitions assigned

to 1“"Tm observed following théMo(58Ni,p2n) 14 Tm reaction at 1935 (23/27)
260 MeV.

807
Energy[keV] Intensity Assignment 128 (19/27)
463.712) 10012 15/2° —11/2~ coa

647 (5/2%)

514.33) 53(8) - 464 (5/27)
538.43) 28(6) - pea 587
54343) 24(6) - 0 1/2- 60 3/2%
587.18) 10(4) 52t -3/2*
630.713) 53(9) - 147Tm
663.94) 11313 19/2~ —15/2~
807.43) 75(11) 23/27—19/2" FIG. 3. Proposed level scheme f§Tm.
955.45) 29(8) -

in the neutron-deficien =78 isotones, including the three

too weak to be seen in the spectrum of Figa)2At least ~ States in**'Tm proposed in this work. The energy of the
eight y-ray transitions, with energies indicated in Figbg  lowest 15/2 —11/2" transition in ***Tm follows the de-
are found to be correlated with the ground-state proton decreasing trend between=63 andZ=67 (see Fig. 4 The
cay. They-ray spectrum obtained for the proton decay of theenergies of the 15/2—11/2" transitions in these nuclei
isomeric state contains a singjeray line at 587 keV with 7 mimic very closely(to within 10 ke\) the energies of the
counts. It should be emphasized that the RDT spectra afést 2" states in the adjacent even-ew¢r78 isotones. Un-
virtually contaminant-free as there is no indication of strongfortunately, since the energy of the lowest" 2state in
y-ray lines belonging to other channels. Theay transiton  *®Er is not known, a direct comparison &f'Tm with its
energies and intensities deduced from the RDT gated single#osest even-even neighbor is not possible. Conversely, ex-
spectra are listed in Table I. It is worth noting that the crosgrapolating from the lighteN=78 isotones one can estimate
section for the isomer is one of the lowest ever reported fothe location of the first 2 state in ““%r to be at about
in-beam y-ray studies, despite the use of a rather modes#50—-480 keV above the ground state. The smooth behavior
array of Ge detectors and the relatively short duration of th@f the N=78 isotones including"*’Tm suggests the same
experiment. interpretation for the ground-state band #fTm as for the
Figure 3 presents the proposed level scheme'féfm.  lighter N=78 isotones, i.e., a rotationally alignedh,,, con-
Even though the ground state is proton unbound by 1 MeVfiguration coupled to the 0, 2*, 4*, 6 states of the core.
states withE* =2 MeV have been identified. It is possible The energies of the 4 states decrease with increasing num-
that excited states which are situated more than 4 MeV abowvieer of protons, and an estimate of about 1100—-1200 keV for
the ground state were populated as there are many othéte energy of the first 4 level in *%r is proposed. The
weaker y-ray transitions in the spectrum. In Fig. 3 the E(19/27)/E(15/27) energy ratio in'*Tm [equivalent to
y-ray transitions were ordered on the basis of the measuretie E(4 *)/E(2 ") ratio in even-even nuclgiis 2.43 and
y-ray intensities and the systematics of the lighte=78  follows the slow rise with increasing number of protons for
isotones. Because of the low statistics only the three strorN=78 isotones. A moment of inertia of 576 MeV ~* can
gest transitions could be placed in the level scheme witlhe deduced from the energy difference of the first 15&hd
confidence. The 514 keV and 631 ke)ray transitions 11/2 states in'*"Tm, assumind<=1/2 for the projection of
could be an extension of the propoge? band which would the angular momentum on the symmetry aki®]. This
lead to a backbending. The proposed 234tate might also value can be compared with that of 5 MeV ~* for
be fed by the 955 keV transition continuing the increase of***Ho. Both the increase in the energy ratio and the rise of
the transition energy with spin. The placement of the 587the moment of inertia suggest th&tTm is slightly more
keV transition just above the isomer is uncertain. No infor-deformed than its less exotic neighbors, but the change with
mation was obtained on the multipolarities of theay tran-  proton number is not very dramatic. Using the Grodzins for-
sitions due to their low intensity and the spin and paritymula [18] one estimates a deformatigf ~0.13 for the
assignments for the proposed levels are based on compaground state irt4’Tm. It is interesting to note that this value
sons with the systematics in the lightr=78 isotones and for the deformation is comparable to that predicted ¥ot.
are, thus, tentative. Consequently, our results cannot be used to confirm the hy-
Difficulties with the interpretation of the structure of pothesis that deformation alone can account for the anoma-
147T'm are twofold. First, the data are of low statistics and thdous transition rates observed % (see discussion aboye
proposed level scheme is fragmentary. Secd@Tm is a The assignment of the 587 keV transition which was cor-
transitional nucleus and as such may be approached in sekelated with the proton decay of theds, isomeric state is
eral ways. In the following discussiotf'Tm will be inter-  more speculative because transitions feeding the correspond-
preted in the spirit of Ref{10] which pictures*’Tm as a ing mds, level in lighter oddZ N=78 isotones are not
deformed nucleus. It should be stressed, however, that knhown. Here, the observation of the 587 keV transition was
shell-model analysis or an approach exploring vibrational depossible only because of the additional selectivity offered by
grees of freedom may prove to be equally useful. Figure 4he RDT method. It is possible that the 587 keV transition
presents the systematics of the known low-lying yrast statesorresponds to the deexcitation of theds,) ~! state in
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FIG. 4. Systematics of yrast states in neutron-defidken{78 isotones.

¥Tm. An analogous transition has been observed irthe planned coupling of a much larger multidetector array
151Tm following the 8 decay of 15Yb [13,14). (GAMMASPHERE to the FMA, it is estimated that it will

In the present experimenty-ray transitions correlated be possible to identifyy rays from reaction channels popu-
with the ground-state proton decay as well as with protonsated with cross sections of the order of 100 nb. High-
emitted from the isomeric state i*Tm were identified.  statisticsy-y-coincidence data can be obtained because of
This truly represents in-beamray spectroscopy beyond the the factor of 50 increase ig-y coincidence efficiency over
proton drip line, and clearly illustrates the potential of thethe capabilities ohYEBALL . It will then be possible to study
RDT method. The observed yrast ground-state band follow, getail the structure of nuclei beyond the proton drip line to
the systematics of the lighter odt-N=78 isotones and high excitation energies, where new nuclear structure effects
coult_j be _mterpreted as a rotationally alignkg;,, proton may emerge.
configuration coupled to the'd 2", 4* and 6" states of the
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