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High-spin states have been observed in the near-drip-line nuclé®® following the reaction
64Zn(5zZn,p2n). The detection of charged particles and neutrons evaporated from the compound system, along
with the M/q of the recoiling nucleus, have allowed the identification of excited state¥®r and the
unambiguous assignment of five rotational structures to this nucleus. This is the most neutron-deficient Pr
isotope in which excited states have been observed. The strongest band is identifiedhas, thiegle-
guasiproton configuration, and is observed to a maximum spire¢67/2%). Another structure is interpreted
as thegg, proton hole state, which is associated with bands of enhanced deformation observed in several nuclei
in this mass region. These two bands are compared with analogous bands in the heagi€traddtopes and
changes in deformation are discussed.
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Extremely neutron-deficient nuclei with mads=-130 can  ated with single-quasiprotofids;, and g, configurations.
be populatedalbeit with low cross sectiondn heavy-ion At low spins, excitations intarhy,,, levels, which give rise
fusion-evaporation reactions using stable beam/target combio decoupled bands, occur at moderate deformatighs (
nations. Such reactions, when studied with large arrays of Ge-0.25), while mgg, hole excitations resulting in character-
detectors coupled to efficient particle-detection systems, alstic pairs of strongly coupled signature-partner bands occur
low nuclei very close to and even at the proton drip line to beyt vajues of, close to superdeformation in this region
studied at high spins. Fat=59 (Pr isotope the drip line (5 ~0.4). In fact, rotational bands associated vétthanced
Q?S been predicted to lie at%r[1,2] and more recently at jeformations(“ED” bands) have been observed in many

*Pr[3}—to date, the most neutron-def|0|2ent Pr isotope INp,qjej with A~ 130. Initially, it was thought that the adoption
Wh'Ch e)ig'ted states ha_ve been obse.rveéi. fﬁjr [4’5]‘ The of large deformations in this region was due to the presence
Isotope. Pr ha§ preV'OU.S'X been |d1eznt|f|ed .|n a Mass- i132 NeUtron @iq3) intruder orbitals close to the Fermi
separation experiment by ifs" decay to"**Ce[6]; the half- . level. However, the observation of such structures in
life of the ground state was measured as 3.3 s, but no excitegh;~ 131pr [9—11] and 3¥Pm[12] revealed that thergs, con-

states ory-ray decays were observed. In the present WOI’kf. i | d | ted | h
y-ray transitions have been observed to high spin&fpr, ~ '9Uration may aiso produce very elongated nuciear shapes,
as, in these cases, theé s, levels are far from the Fermi

The data were obtained using the Gammaspheawy detec- , .
tor array[7], in conjunction with both neutron and charged- SUrface and cannot contribute to the deformation.
particle detectors and a recoil mass separator which allowed Although the low-lying states in the oddl-Pr isotopes are
the assignment of five rotational bands &Pr. This work dominated by single-quasiproton excitations, the character of
focuses on the identification of these structures, and on théle neutron orbitals close to the Fermi level will also influ-
evidence concerning deformation trends provided by twaence the nuclear shape. R 70—72, (ds97/,), d3, and
bands identified as corresponding to thg,, andgg, single-  midshellh,,,, levels are expected to be close to the Fermi
quasiproton excitations. A more comprehensive presentatiolevel at8,~0.25, making a small or negative contribution to
of the level scheme will be given in a forthcoming publica- the deformation of therh,,, state. Larger deformations
tion [8]. bring the deformation-drivingy[541]1/2 intruder orbital
In the Pr isotopes, the specific orbitals occupied in low-[originating from thewv(hg,,f7) shell close to the Fermi
lying configurations and the nuclear deformations ardevel. It has been suggesté¢dl3] that this orbital plays an
strongly interdependent. The lowest-lying states are assocadditional role in supporting the ED statesi#f~ *3!Pr, and
that the large deformation is not solely due to thgy,, level.
For smaller values o, different neutron orbitals come into
*Present address: Oliver Lodge Laboratory, The University ofplay for bothh,,, and 7rgg, states. At moderate deforma-
Liverpool, Liverpool L69 7ZE, United Kingdom. tions, vhy,,, orbitals become available which will tend to
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increase the total deformation. Thus one expects to see af each type of coincident particle. It was found that scatter-
increasing deformation associated with e, state, with  ing between the scintillator detectors led to a significant leak-
a maximum predicted &= 64. On the other hand, the low- through of —1)n events intoxn-gated spectra. This prob-
ering of the neutron Fermi level at larger deformations redem was much reduced by suppressing neighboring elements
sults in a decreasing influence for thénhg,f ) intruder. As  of the Neutron Shell and gating on the resulting neutron fold.
N decreases this level becomes increasingly distant from thka this paper, neutron folds henceforth refer to numbers after
Fermi level, and so its contribution to the deformation of thesuppression.
(g, hole state will gradually disappear. At some value of  With an effective efficiency of-50%, leak-through from
N, the occupation probability of this orbital, and hence its2n to 1n channels was also significafthe “raw” efficiency
effect on the deformation, will be negligible; it will then be is ~30%: the increase is due to the trigger conditjph®w-
possible to isolate the contribution to the enhanced deformaever, thep3n channel has a negligible cross section in this
tion arising from themrgg, hole. In the current work, bands reaction, and thus did not contaminate ff#n-gated spectra.
have been observed ifPr (N=66) which are assigned the Gamma rays were therefore assigned't@r using spectra
7h11, and wgg;, configurations. The data indicate that the gated by exactly two neutrons. Leak-through from higher
deformation associated with the former is larger than in theparticle-fold events also occurred in the charged-particle
N=68 neighbor, while that associated with the latter is un-gates, due to the efficiency of the Microball arfay80% for
changed. proton detection and-65% for « detection. Thusy p-gated

An experiment was performed to study these nuclei usingpectra contained a fraction of ¢ 1)p events, and smaller
the %4zZn(4Zn) reaction. The beam, supplied by the ATLAS contributions from higher-folgp and @ channels. The cross
accelerator at an energy of 260 MeV, was incident upon &ection for the production of Pr isotopes in this reaction is
thin (500 wg/cn?) 54Zn target. Gamma rays were detectedmuch smaller than that for the production of Ce isotopes,
using 78 Ge detectors of the Gammasphere array. Protomsached by pxn emission, and so peaks associated with 2
and « particles evaporated from the recoiling nuclei wereevents dominate theptgated spectra. Figurdd shows the
detected using the Microbd|lLl4] array; neutrons were de- total projection of a p2n-gated matrix; the most intense
tected by the Neutron Sheln array of 30 NE213 scintilla- peaks arise from theg2n channel to'?/Ce. There are also
tors provided by Washington University, St. LouiMass-to-  peaks associated witf?*Ce (2p1n), indicating that some
charge-state ratiodyl/q, of recoiling evaporation residues 1n events remain even after nearest-neighbor suppression.
were measured by the Argonne fragment mass analyzer

(FMA) [15] for ~75% (3 d) of the beam time. A total of 4000 | . o A (b)
~1x10° events were recorded in which eitheBy rays or (a) S O SN SO S0 SO0
=2y rays plus either a recoil or a neutron were detected. 2000 + T e o 1200 1400
In order to select out thed2n evaporation channel lead- ‘ K A jw R
ing to 2Pr from the overwhelming majority of other reac- 0 = st “(’6”1,7
tion channels, charged-particlp,g) and neutron(n) detec- 1000 {c) % o e 107 .
tion requirements were imposed. Initially, a series of s00 - -mJoMoA MT;ONWAJTOAO}
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y-ray energy (keV) FIG. 2. Double-gated spectra projected from thE=1ln-gated

cube showinda) band 1 andb) the high-energy portion of band 1;
FIG. 1. (a) Total projection of the p2n-gated matrix.(b) Re- (c) band 2 andd) the high-energy portion of band &) band 3 and
sults of subtracting a fraction of thep2n-gated matrix from the (f) and(g) the high-energy portions of the two signatures of band 3;
1p2n-gated matrix(c) Spectrum gated by the detection of a recoil (h) band 4; andi) band 5. All clean combinations of pairs of gates
of massA= 125, one proton, and one or two neutrons. A fraction of were used to create the spectra shown in the main panels; combi-
the A=125, 2p1n spectrum has been subtracted. The legends refenations enhancing the high-energy peaks were used for pdnels
to all panels. (d), (f), and(g).
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Figure 1b) shows the spectrum produced after subtracting dhe ratio of the intensity of the bands in this cube to their
fraction of a 22n-gated matrix. This second matrix contains intensity in an ungated cube was compared to the same ratio
leak-through from highep-fold and a events and so pro- for structures associated with other reaction products. In each
vides a reasonable approximation to the Microball leak-case, the intensity of a single clean double gate was mea-
through background in thepPn gate. Although some 2  sured in both cubes. The bands assignetftr all result in
data remains, botf*‘Ce and'*Ce have been the subject of a ratio of 0.45. The bands associated with contaminant chan-
thorough studie§16] and soy rays from these nuclei can be nels were significantly more diminished; for example, the
identified as such. None of the structures previously obratio obtained for the @2n channel?Ce was 0.19, that for
served in*?%Pr [4,5] were observed in this matrix, allowing he 2p1n channel’Ce is 0.10, and that for thepn/ap

the Ipln channel to be eliminated as the source of 8Ny channel 123 a is 0.01. Spectra of the five structures, pro-
rays. Each of the unknown peaks in the total projection wa; ected from the gated cube, are shown in Fig. 2.

then selected in turn and the associated coincidence relation- Finally, y-y matrices were sorted in order to extract an-
Zglr?asl 'Qt\: Eig?rz;tse(\j/\./r;li-?rl]s Az(\j/etobt:;n'iesg?fﬁggl%gp?f fll\r/]i;gta'gular distribution information where possible. The resulting
9 ' level scheme is presented in Fig. 3. Suggestions for band-

structures were searched for in matrices produced with gat S ad spins for bands 1. 2. and 3 come from comparison with
set on nonzerar and highemp andn folds; no evidence was P ' P

found for them in any of these spectra analogous bands in heavier oddPr isotopes. Detailed re-

Spectra were also created gated bythég data provided sultg copcerning all five bands will be pr.esented. in a separate
by the FMA. The spectrum shown in Fig(cl is gated by publlcatlon; thls'work conpentratgs on information concern-
A=125 and p(1,2)n. A fraction of the spectrum gated by N9 thedefprmatlonsassomated with b_ands 1 _and 3.

A=125 and P(1,2)n has been subtracted to remove the Band1isadecoupled band for Wh|ch no signature partner
strongly populated leak-through nucled@Ce. Because of has been found. It was populated with the most intensity of
the relatively low efficiency of the FMA~3%), only the  the five bands assigned t3°Pr and therefore is most likely
strongest of the structures observed in tip2a-gated data t0 be based on the low-spin yrast configuration, i.e., the fa-
are visible; however, the confirmation of the mass of thevored signature of therhy,,, orbital. A plot of the aligned
nucleus provides an additional verification &fPr. angular momentun, of band 1 as a function of rotational

A three-dimensional arragcube suitable for analysis us- frequency is shown in Fig. (4); the dynamic moment of
ing the RADWARE package[17] was also created, incre- inertia 7(?) is shown in Fig. 4b). Data for the bands identi-
mented with unpacked triples coincidences gated bypl fied as being based on theh,,,, orbital in the heavier odd-
=1n. This was used to further investigate the structures alZ isotopes?”12%13pr[9,10,19 are included in the figure.
ready assigned to'?Pr using the procedures described Harris parameters ofl,=17.04%/MeV,J;=25.8:%/MeV?
above. As an additional means of verifying the assignmenthave been employed to facilitate comparison among the
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and the analogous bands 1#1213pr. The legend applies to both for ***'?%1?Pr have been offset byfi4 34, and  for clarity.

panels.
12%r which is only 10% smaller than the measured defor-

bands; these parameters have been widely used in this masstion of the ED band if®'Pr. Such an increase would be
region and are found to give reasonable results for mangxpected to result in a corresponding increase in the overall
nuclei. magnitude of the7(®), as indeed is observed experimentally.
The alignment of the firstrh,,,, pair has been observed at This supports the suggestion that the deformation associated
hw=0.27 MeV in the bands assigned #@-,, excitations in  with this state is larger than in the heavier isotopes.
the heavier Pr isotopd®,10,1§ and also in band 2 in this Band 3 consists of two cascades linked by strong inter-
nucleus, which is assigned the,, configuration8]. There is  band transitions up to spihn=(29/2:). For reasonable
no evidence for this alignment in band 1, supporting thenuclear deformations, thegg,, orbital is the only available
suggestion that it represents a configuration in which one oéxcitation which would result in such a structure and band 3
the signatures of this pair is occupied. There is a steady gaiis therefore assigned this configuration. Tijevalues ex-
in alignment over most of the observed frequency range; &acted for this band are shown in Figah along with val-
comparison with the heavier Pr isotopes reveals a clear trenges for the analogous bands 1"12%13pr [10,9,13. Each
in that, asN decreases, the observed increase becomes mocerrve exhibits a steady increase upfte~0.51 MeV, al-
gradual, changing from a sharp upbend to a smooth rise. THiough the band in**'Pr experiences a larger total gain.
change in the shape of thgcurves may be contributed to by However, as was suggested above, such differences may be
the use of a fixed reference which does not reflect changes iue to the subtraction of the same reference in all isotopes.
deformation. However, the/’?) curves shown in Fig. @)  The 7 of band 3 is also shown in Fig. 5 in comparison
confirm that an interaction is taking place in all four nuclei with the bands in***Pr [Fig. 5(b)] and 2Pr [Fig. 5(c)]. A
aroundfw~0.4 MeV, and that there is a marked change incomparison with the band if?Pr is omitted as it is not
the character of the interaction. The underlying cause of thisbserved through the interaction region.
interaction, in these and neighboring nuclei, is a matter of Galindo-Uribarriet al. observed the beginning of an in-
some debate, with alternative interpretations as thetiirss  teraction in thewrgg, band in *¥Pr at4w~0.39 MeV[10].
quasineutron alignmen®,10,19-2] or the firstunblocked Subsequent workl3] extended both signatures of this band,
hi1/» quasiproton alignmerjtl1,22. The question of the na- and although the behavior is rather peculiar, possibly indicat-
ture of the alignment gain in band 1 i°Pr is outside the ing two interactions, it appears that a first crossing is expe-
domain of the present paper, which addresses trends in thienced atiw~0.4 MeV at the earliedisee Fig. )]. This is
deformations associated withh,,,, and wgg, Structures at interpreted as therh,,,, crossing, occurringgw~0.13 MeV
low spins, and will be discussed in the context of detailechigher than in therg,,, band[10]. In ¥3!Pr, the deformation
calculations in a separate publication. The observed propeof the g, state is expected to be similar to that of the
ties of this band are sufficient to allow an assignment to therh,;,, state, and thus much less than that of ¢g state.
hq4, configuration at low spin, and therefore to allow com- HigherK substates will be closer to the Fermi level for the
parison with therh,;,, bands in the heavier isotopes below ED state, resulting in the observed difference in alignment
the alignment. frequencies. The interaction occurring in band 3'%#Pr is
Inspection of Fig. 4 shows that th&? moment of band most likely to be due to the sante 4, quasiproton align-
1 continues a trend of increasing magnitude with decreasingnent. However, although there are gross similarities between
N. The initial magnitude is~19%2/MeV in ¥'%Pr; each the mgg,bands in these two nuclei, there are also significant
lighter isotope shows an increase, until the magnitude iglifferences. The interaction in band 3 occurs at a lower fre-
~30k%/MeV in ?Pr. This pattern may be indicative of an quency(fw~0.38 MeV), and the overall magnitude of the
increase in the associated deformation. Total Routhian sut7(?) is lower, particularly at low frequencies before the
face (TRS) calculationg23,24] have been performed which alignment takes place. Both of these features indicate a
indicate an increase in the deformation associated with themaller deformation, as would be expected if tH@gf7,)
whyy, state fromB8,=0.256 in *¥Pr (slightly larger than orbital makes a greater contribution to the deformation of the
indicated by the measured lifetinfdQ]) to 8,=0.299 in  heavier isotope.
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Figure 5c¢) shows that the behavior of band 3 is much like siproton structures may be associated with “enhanced”
that of themgg, band in*?’Pr. The initial magnitudes of the deformations relative to thg;;, and ground-state structures.
J®@ moments are the same and the interaction appears idfetime measurements yielding quadrupole moments are
occur at the same frequency in both nuclei. These similaritie§ecessary to determine the answers to these questions.
suggest that there is little or no difference between the de- In conclusion, the powerful combination of the Gamma-

formations associated with thege,, bands in these nuclei, SPhere, Microball, and Neutron Shell detector arrays, in con-
i.e., that the lowering of the Fermi level frol=68 to N junction with the FMA, have allowed five rotational struc-

=66 has little effect(This suggestion of similar deforma- tures to be identified in the' near-drip-line ngdelﬁg.ar' This'
tions is consistent with the TRS calculations for positive par-S _the most neutron-deficient Pr isotope in which excited

ity configurations in the two nuclgiThis indicates that the States have been observed. Two of the most intensely popu-
. . . lated of these structures, bands 1 and 3, have been assigned
limit of the influence of the Ifgf;,) neutron orbital may

. single-quasiprotonrh,,, and 7rgq, configurations, respec-
have been reached and that the deformation of the band B, . . -
) . ively. Band 1 continues the trend observed in heavier Pr
12%Pr may be attributable to the influence of theg, hole y

isotopes of apparently increasing interaction strength at the

alone. , . . ; L .
. . - irst alignment with decreasingy, along with increasing
A direct comparison of the characteristics of bands 1 ant%(z)_ It is suggested that this behavior reflects an increasing
3 may also be made. As was noted above, the initial magnigatormation

tude of the 7 moment of band 1 is approximately

30h§/MeV. That associated with band 3 is appro>_<imately,[he trend of decreasing® andh,,, alignment frequency.
35:°/MeV at the lowest observed frequency. The qlﬁerenceComparison with*?"Pr reveals very little difference between
is small, _part|cularly _when compared 10 the variations seefy, o 092 bands in these two nuclei. This indicates that the
O\g)r the isotope chain for theh,, , bands. If the increased yetormation of this state is not contributed to by the
J'* moment of thewhyy, band is taken as a reflection of an (¢ 3 neutron intruder orbital. This is the first time it has

ir;lcreased defofrrrr]]ation, E)he dsirr#%ilsz;rity in tr|1e magnitudehs O%heen possible to isolate the contribution of thgg, state to
the moments of the two bands rmay also suggestthat o qeformation of the ED bands in the Pr isotopes.

the deformation associated with thegg, configuration is
not significantly enhanced relative to the;,, configuration The authors would like to thank R. Darlingtqbares-

in 12Pr. On the other hand, theh,,,, alignment frequency bury), A. Lipski (Stony Brook, and J. Green¢ANL) for

in band 3 is=0.1 MeV/# higher than in they;, bands in  target preparation. This work was supported in part by the
both this and the heavier isotopes, suggesting that the diffeEPSRC(UK), the National Science Foundation, and the De-
ence in deformation associated with these two structures rgsartment of Energy, Nuclear Physics Division, under Con-
mains large. Thus it may be that both thg,, andgg, qua-  tract No. W-31-109-ENG-38ANL).

The results obtained for thegy, band do not continue
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