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Spectroscopy near the proton drip line in the deformedA =130 mass region: The!?®Pr nucleus
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The near proton drip-line nucleu¥%r was studied via in-beam-ray spectroscopy using th&Ca
+ %Mo reaction at 190 MeV. We observed for the first time excited states above the known isomer in this
nucleus, up to spin 3il The observed band is assigned tela ,,,® vh,,, configuration and is discussed in the
framework of the interacting boson-fermion-fermion model. The calculations and the experimental information
suggest a spin 8 for the lowest observed state. With such a spin assignment the moment of inettf®@of
gets larger than in the heavier Pr isotopes, suggesting a sudden change in deformation close to the proton drip
line.
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[. INTRODUCTION our experiment. The only information reported previously
came from thregg-decay studies by Nitschiet al.[9], Bar-
Very recently, the proton radioactivity from®'Eu and neoud et al. [10], and Osaet al. [11]. From theseB-decay
14140 has been identifiefil] and the decay rate deviates studies it was concluded that the isomer which decays by
significantly from calculations assuming spherical configura3"/EC to excited states in*®Ce has a half-life of 3.122)
tions, thus indicating the onset of large deformations in thesec[11] and spinl=(5,6) [10].
drip line nuclei below Z=69. Predictions by the We have observed for the first time, in the experiment
microscopic-macroscopic mass mof2] and by relativistic  Presented in this paper, excited states in fﬁ‘iPr_ nucleus;
mean field calculationS] support these experimental results tNey are members of a strongly coupled band with a probable
and suggest the position of the proton drip line. The lifetimes™N11/2® ¥N11; configuration. We also obs?gved a double de-
of the proton-decaying isomers are extremely sensitive to thEOUple.d band belonging to eithéf*Pr or *%Pr. These re-
orbital angular momenturh of the emitted proton and can sults, mcludmg the level schemes, have been already pre-
vary over several orders of magnitude when changing théented at various conferendds,13. Very recently, a paper

anaular momentum of the occunied orbital. The position 01presenting the same rotational bands observed in our experi-
g P ' P ment and assigned t¥%Pr has appearegd 4], in which also

certain orbitals at the Fermi surface depends strongly on thﬁ]e heo® vhoss band of 12801 is discussed. We like to

: . : / 2 :
'82_ deformation[4]. It is therefpre very |mport_ant to deter- entiorl11 r21ere %ﬁat, due to the superior performances of our
mine the quadrupole deformation of the nuclei at and beyon etup in the low-energy range, we observed low energy tran-

the proton drip line, in order to locate the orbitals close to thegjiions at the bottom of all three bands reported in ReA].
Ferm| _surface f';md to estlmgte the lifetime of th(_a ISOMersS|y the present paper we will discuss only thehs,
which is essential when looking for new proton emitters. Theg, i, . . pand firmly assigned t3%%r. The observed doubly
deformation of the nuclei at the proton drip line in the  decoupled band, tentatively assigned *8Pr in Ref.[14]
=130 mass region can be experimentally tested by compagyas too weakly populated and could not be firmly assigned
ing the lifetimes of proton emitters with theoretical predic- to a specific Pr nucleus.
tions and by investigating the level structure of particle
bound nuclei close to the drip line. F&r=59 the proton drip
line is predicted to correspond to the isotop&®r[3], while
the lighter, 12Pr nucleus lies on the line defined by the We populated high-spin states if%Pr using the*°Ca
known proton emitters in &-Z map[5]. The lightest Pr  + %Mo reaction, with a*®Ca beam of 5 pnA intensity and an
nucleus for which spectroscopic information has been pubenergy of 190 MeV. The beam was provided by the XTU
lished is2’Pr[6], while the lightest odd-odd Pr nucleus with Tandem accelerator of the Laboratori Nazionali di Legnaro.
known excited states i&?%r[7]. The target was a self-supportirigMo foil with a thickness

In order to investigate the variation of the deformationof 0.5 mg/cni. The experimental setup consisted of the
when approaching the proton drip-line, we have studied th&ASP array fory-ray detection, the ISIS ball for charged
12%pr nucleus in an experiment performed with the GASPparticle detection[15] and the recoil mass spectrometer
array[8]. The level structure of?®Pr was not known before (RMS) CAMEL for mass identificatiof16]. The GASP ar-

Il. EXPERIMENTAL DETAILS
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ray with 40 Compton-suppressed Ge detectors and the 80
element BGO ball was used for¢' coincidence measure-
ment. The experimental arrangement in GASP has beel
carefully prepared, in order to minimize the absorbtion of the
low-energy x rays. Improvements in the Ge detector perfor-
mances by replacing the standard preamplifiers with new
ones, and the tuning of the signal processing electronics tc
maximize the detector efficiency in the energy range below
50 keV increased the coincidence rate between the xyand
rays. Light charged particlegp(d, t, and « particles were
detected with the ISIS ball, which is composed of A&
—E Si telescopes. The recoiling nuclei leaving the target foil
were focused through the r.m.s. to the parallel plate ava-
lanche countefPPACQ mounted at the focal plane, which £ Wy
provided the mass identificatiofvia A/q) of the spatially 5 °
separated recoil nuclei. Events were written on tape wher3 (b) Zoom of the high energy part
two or more Ge detectors fired in coincidence with at least
two BGO detectors. A total of 3:610° Compton-suppressed
events have been collected, out of which 2612° were in 100
coincidence with the PPAC signals.

The *?%r nucleus was populated via thepn channel.
The charged particles from each event were identified mainly
as protons andr particles and their energy measured. The 50
events were then sorted according to the number of charge
particle detectors that fired in coincidence. For each charged
particle combination, i.e., {, 2p, 3p, 4p, ap, a2p,
2a,2ap, E,-E,, and E-E -E, matrices were produced 0
off-line for further analysis. The level structure &%Pr has
been derived from the analysis of thg-gated data.
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Ill. RESULTS

The r Its of our in-beam m rements aive the fir FIG. 1. Coincidenceyy spectrum obtained from thep matrix
€ results of our in-bea easurements give the y summing the gates on the 105 and 143 keV transitions.

experimental evidence of excited states above the known iso-
mer in ?%Pr [12,13. The coincidence spectrum of a new
band assigned td2%r is given in Fig. 1. It was obtained Where properly normalized spectra ¢fLa and **Ce are
from the ap-matrix by summing the gates on two clean Superposed for comparison. As one can see, the optimum
y-rays (105 and 143 keY, The assignment of the observed resolution of the GASP array in .the_low-energy region en-
y-ray cascade to thé?Pr residual nucleus was done using abled the separation of peaks differing by about 1 keV, al-
the following procedure. The use of RMS enabled the selec-
tion of the recoiling evaporation residues as a function of 3200 —————
their mass-to-charge ratid\(q). The charge-state ambiguity
which remained due to similah/q ratios forA and A—4 _
nuclei with charge-statey and g—1 [e.g., A/q=130/30 2400 |
~(A—4)/(q—1)=126/29~4] have been removed by
means of the coincidence with charged particles detected irg
the ISIS ball. The isotopes with different nuclear chamye
contributing to a givenA/q detected at the focal plane of
r.m.s. have been distinguished by means of the coincidence
rays as measured by the GASP detectors. The selection wit ~ 800
respect to the number and type of evaporated charged pal
ticles performed with ISIS was also used to improve the
y-ray resolution by a kinematic correctidthrough the re- 028 "
construction of the recoil direction using the detection of
charged particles in IS)S

When applying the above procedure to the casé®&r, FIG. 2. A superposition of the low-energy part of the spectra in
we first observe that the clean spectrum shown in Fig. koincidence with cleany rays of *31a, '?®Ce, and'?*Pr, which
contains theK,, andK x rays of the Pr isotope. An expan- shows the good separation of the x rays belonging to different iso-
sion of the low-energy part of the spectrum is given in Fig. 2,topes.
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FIG. 3. Spectra from the PPAC detector mounted at the focal
plane of the recoil mass spectrometer, projected on the horizonta
direction. The upper spectrum is in coincidence with clearays
assigned ta"?%Pr, while the lower one is in coincidence with all

rays detected by GASP. The peaks are marked with the mass nurr. 0~

ber and the charge state of the recoiling nuclei. FIG. 4. Level scheme ot?®Pr deduced from the present work.

) ) . The transition intensities are proportional to the width of the ar-
lowing us to assign the observed cascade to a Pr isotopgyys.

Another indication that the observed band belongs to a Pr

nucleus, was obtained by comparing spectra generated by i i , i

gating on the same 105 and 143 keV transitions on matricediréctional correlation orientatiofibCO) analysis as de-

in coincidence with different combinations of charged par-S¢fibed, e.g., in Re{17].

ticles detected in the ISIS ball: the spectrum obtained from For the low-energy transitions of 68, 105, and 143 keV,

the ap matrix was not present in the matrices in coincidencdnformation on their electric or magnetic character, as well as

with more than onev partide and/or one proton, indicating the mUltipOle Order, could be derived from intenSity balance

the parentage with a Pr nucleus. The mass number of the EPnsideration. By gating from abovéor example, the 168

nucleus to which the observed band belongs was determindgV transition the total intensity of two consecutive transi-

using the mass separation produced at the focal plane ¢ons(143 and 105 keYmust be the same. By correcting the

r.m.s. As one can see in Fig. 3, from the high yield of thegamma intensity, observed in this gated spectrum, with the

PPAC in coincidence withy rays detected in GASBrojec-  corresponding conversion coefficent for electric or magnetic

tion on thex axig), only a few counts remains when gating on character and for multipole order up to three, only the com-

the clean 105 and 143 ke¥y rays of the observed band. binationM1-M1 gives the same total intensity for both tran-

Almost all counts are concentrated at the three charge-statations. This analysis has been done by gating on the 168 and

positions where théd=126 recoils are focused, indicating 143 keV transitions, allowing us to assign filvhl character

that the Pr recoils have mass 126. to the three low-energy transitions of the level scheme of
The decay scheme of?%Pr resulting from the present Fig. 4.

analysis is shown in Fig. 4. Information about the transition For the spin assignment, the assumption has been made

intensities and the DCO ratios are given in Table I. The spinshat the band-head has spin parity.8he arguments for this

of the new levels have been inferresihen possiblefrom a  assignment are given in the discussion below.

044303-3
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TABLE I. y-ray energies, intensities, DCO ratios, and assign-
ment for transitions in“>%pPr.

Transition Assignmertt
E, (keV) intensitie§ DCO ratios I7—I17
68.2 242 1.1(4)° 9t_8*
105.4 424) 1.0628)° 10" —9*
143.2 402) 0.51(12)¢ 11* 10"
167.7 382 0.623)¢ 12t 11t
210.9 27.%9) 0.6335)¢ 13" —12*
225.7 230.9) 0.524) 14" 13"
248.6 g4) 11" —9*
274.1 17.67) 0.57(12)¢ 15" —14*
284.1 12.16) 1.0861)° 16" —15"
310.9 1%3) 12" —10"
328.1 9.%5) 17" —16"
343.8 7.94) 18" 17"
369.4 7.28) 19* 18"
378.4 171) 13" —11"
399.1 6.54) 21" 20"
403.4 4.84) 20" —19*
421.7 3.84) 23t 22"
436.3 220.9 14" —12*
464.0 4.24) 22t 21"
499.9 210.9) 1.0635)¢ 15" 13"
558.3 290.9) 16" —14"
612.4 275) 17— 15"
671.7 212) 18— 16"
713.4 191) 19° —17*
802.8 191) 21" —19*
863.0 120.7) 22t 20"
885.5 1%0.9) 23t 21"
948.6 8.76) 24+ —22F
968.5 1@0.7) 25t 23"
1037.9 7.79) 26" 24"
1056.1 9.%9) 27" 25"
1138 3.76) (28")—26"
1149 4.86) (29%)— 27"
1240 5.27) (311)—(29")
1246 2.66) (307)—(28")

8Relative intensities corrected for efficiency. The transition intensi
ties were obtained from a combination of total projection and gate

spectra.
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FIG. 5. Dynamical moments of inertia for theh,,,® vhyyp
bands of?%r, 2Pr, and *¥%r. The two signhatures=0 and «

=1 of each band are represented with open and closed symbols,
respectively.

why1,® vhyy, bands of the heavier odd-odd Pr nuclei. We
therefore assignedah,,,® vhy,, configuration to the band

of 1%Pr. As one can see in Fig. 5, the dynamical moment of
inertia of the ¥%Pr, 128Pr, and1?%Pr nuclei exhibit a pertur-
bation at a rotational frequendyw~0.45 MeV, which is
smoother in'?%Pr than in the heavier nuclei; furthermore, in
the unperturbed regioniw=0.4 MeV) an increase af®

with decreasing neutron number is observed, which can be
considered as an indication that the deformation increases
when approaching the proton drip line. Note also thatife
values of*?%Pr are closer td?®Pr than to*3%Pr, suggesting a
closer resemblance betweéffPr and *?%Pr. The dynamical
moments of inertia are independent of spin, and therefore do
not change when changing the spin assignment to the band.
This is not the case for the single-particle alignments, which
depend on both the core parameters and the spin assign-
_ments. The)® values in the unperturbed low-frequency re-
gion are ~30h% Mev™!' for '?%r and '?*r, and
~20n2 MeV ™! for ¥%r. These are the values used to ex-

bThe tentative spin parity of the states are given in parentheses. tract the single-particle alignments drawn in Fig. 6. All three
‘Gated by a “stretched” dipole transition.

dGated by a “stretched” quadrupole transition.

IV. DISCUSSION

A. Band properties and assignment

nuclei have similar aligned spins of around @nd present a
crossing at a rotational frequency of around 0.45 MeV, which
becomes smoother with decreasing neutron number. Note
that the spins of*?%r have been changed by1# with
respect to Ref[7]. This spin change was imposed by the
signature splitting of thewhq1,® vhiy» bands in the se-

In order to assign the band to a specific configuration, weguence of odd-odd Pr nuclei frodi®r to 12%Pr (see Fig. 8.
have drawn various physical quantities extracted from théhe signature splitting of?®Pr is in phase with those of the
experimental data for the lightest odd-odd Pr nuclei, such akeavier Pr nuclei if one assigns either spih 8r 6* to the

the dynamical moments of inertigrig. 5, single-particle

lowest observed state. One would prefer the &signment

alignmentgFig. 6), the ratios of reduced transition probabili- for two reasons(i) a single-particle alignment similar to the
tiesB(M1)/B(E2) (Fig. 7). They all indicate that the behav- other odd-odd Pr nuclei, which in the case of &ssignment
ior of the band observed if?%Pr is very similar to the would be 2 less for *?Pr than for'?®Pr and **%r (see Fig.

044303-4
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FIG. 6. Single particle alignments for theh,,,,® vhy,,, bands
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FIG. 8. Signature splitting of odd-odd Pr nuclei assuming spin
8" for the band head ift?%r. The arrows indicate the signature
inversion points.

deformation, being th8(M1)/B(E2) ratios proportional to
1/Q(2). However, there is a problem with the &pin assign-

of 12%pr, 128r, and!3%Pr. The parameters of the reference core areMent: the systematics of the low-lying states in the odd-odd

Jo=30n2 MeV™1,J;=0A* MeV~2 for ?*%Pr and %pr, andJ,

Pr nuclei shown in Fig. 9. For spin‘6one obtains a smooth

=20h2 MeV~1,3,=20r* MeV~3 for 3%r. The band-head spins decrease of the excitation energies when going towards

are 8" for 2%Pr, 9" for 2Pr, and 7 for 3%r. The two signatures

lighter isotopes, which is due to the predicted increase in

a=0 anda=1 of each band are represented with open and closedeformation when reducing the neutron number. For sgin 8

symbols, respectively.

6); (i) the trend of the variation of the signature-inversion
point is better satisfied for the'8assignment than for the'6
one, since in the latter case the signature inversion-f&er

and '2%Pr occurs at spins which are equal or smaller by one
unit, respectively, with respect t6%Pr. The 8" spin assign-
ment is also supported by the ratios of the reduced transition
probabilities shown in Fig. 7, which show smaller values for
125pr with respect to'3%r. One can speculate that the
smallerB(M1)/B(E2) values of*?%Pr are due to the larger

3t Bands rhy,, vhy . in *Pr and '*Pr

B(M1)/B(E2) [(1/eb)2)

0.3 | | | | | | | |

o pr

m "*pr

8 10 12 14 16 18 20 22 24
SPIN (F)

26

one obtains instead a sudden decrease in excitation energy

3000

[ (a) Bonds 7wy, vhy s, ¥
S a=0
X 2000 - lo=6 v
% [ ¥ . —v‘v
g L 16" + * , A
ac, F . ok
c [ + o, A&
S 1000 i 14* & A
-+~ .-
z -2 .
o L .- .- -
I.A’fl L

0 10" e ¢ o o o o
i 126Pr 128Pr 130Pr 1.'72Pr 134Pr 136Pr
3000

[ (b) Bands 7hyy, vhyy s v
X 2000 |- lh=8 e
> r v
9 n A
[ n * A
E [ 18 v »
5 1000 - AT

+
prer B 147 4 & n
E I - -.
= | ..~
o 10*
: 125Pr 128Pr 130Pr 132Pr 134P', 136Pr

FIG. 7. Experimental branching ratios for the band observed in  FIG. 9. Systematics of low-lying states in odd-odd Pr nuclei for
12%pr, For comparison, we also show the branching ratios of thespin 6" (left pane) and 8" (right pane). Note that the spins as-

7Th11/2® Vh]_l/z band Of l3%r.

signed to*?%r are as indicated in Fig. 8.
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negative parity states i§3Prsg and ¢2°Ces;. Likewise, the
parameters which determine the structure of the positive par-
ity states in1?%Pr based on the protods,, andg;,, and
“w neutronds,, Sy, dsp, andgy, configurations, result from
40 L Y IBFM calculations of positive parity states in the odd-even
' and even-odd neighbors. In this way most model parameters
are determined by the level structure §fPrgs and 2°Ce;-,
and only the effective residual interaction between the odd
proton and the odd neutron must be adjusted in order to
12— reproduce the”%Pr data. There could be, in addition, one or
) two parameters which, although in principle determined by
the oddA neighbors, have to be directly adjusted on the
odd-odd nucleus. This happens, for instance, when available
experimental data in the oddl-neighbors do not constrain
we— - the values of certain parameters. As the large number of
bosons in the core nucled§’Cess (N=12) implies a very
large configuration space in the odd-odd nucleus, separate
calculations have to be performed for the two sets of positive
parity states based on the negative and on the positive parity
single-proton and single-neutron orbitals. This is possible be-
1.0 . cause there is very little mixing between the structure built
& — on the negative parity orbitalsmi15, vhiyp, and vf,))
and the states based on positive parity proton and neutron
& e & orbitals. The experimental data, in fact, do not contain even
the information about their relative position. For the states
based on negative parity orbitals the calculation has been
performed in the full boson space. On the other hand, due to
IBM IBM IBM EXP the prohibitively large configuration space of states based on
FIG. 10. Experimental yrast sequence of the core nucl¥i@e ~ Positive parity orbitals, these structures have been calculated
compared with the result of the IBM calculation. in a truncated boson space. The Hamiltonian of the boson
core had been prediagonalized, and the fermion orbitals have
between'®%Pr and *?%r, which remains nearly the same for been coupled to the six lowest boson states of each angular
128pr |s there any reason to have a sudden increase in deromentum. We have verified that the resulting spectra and
formation for 228Pr, which would explain the decrease of the electromagnetic properties differ by no more than a few per-
excitation energies for the'8assignment? We believe that cent from those calculated with a full boson space. The in-
the answer to this question is not straightforward and arieraction strength parameters used in the present analysis are
experimental measurement to establish the spin of the loweskefined in Ref[21].

3.0 r

E(MeV)

observed state if?%Pr is needed. The core nucleus?®Ce follows the systematic trend of
the Ce isotopes. The heavier isotopesasoft[O(6)-like in
B. Interacting boson-fermion-fermion model analysis the IBM terminology, and the lighter ones are considerably
of the level structure of 2Py deformed, but they never reach the rigid rotor structure

) , ) which corresponds to the $8) limit of the IBM. The tran-
The level structure ofss Prey is analyzed in the frame- gjtion between these two structures occurs #€e, and is
work of the interacting boson fermion fermion model efiected in the dynamics of bands in the neighboring odd-
(IBFFM) [18]. A consistent procedure is employed which gyen and odd-odd nuclei. In contrast to thés@like spectra
includes the analysis of the even-even and odd-even neighypserved in the odd-odd isotop&¥:139r [22], the structure
bors of 12%Pr. Positive-parity bands based on the prdted,  of 126y reflects the transitional $8)-0(6) nature of the
and neutrorh,;,, and f7, configurations are calculated. We .ore nucleust?4Ce. In the interacting boson mod@BM-1)

included in the calculations only thi,, configuration in- [23,24 this type of transition is described by the
truding from above thé&l =82 shell closure, being aware that fgmiitonian

at large deformation th&;,, andhg, orbitals are mixed. The
reason is that the energy of the,, states have nondiagonal Higy=— KQQJr ELL. (1)
contributions through th¥, operator which are large for the 10 10
non-spin-flip matrix elementéhy,,JY,|f;,) and small for ~The transition is determined by the value of the paramgeter
the spin-flip matrix elementéh;,4Y,|hg). We have there- in the quadrupole boson operaf@3,24. The limiting cases
fore ignored the contribution from thie,, orbital. are x=0, which corresponds to the(6) limit of the IBM-1,
The quasiparticle energies, occupation probabilities, an@ndy=— J7/2, which describes a prolate shape in théBU
boson-fermion interaction strengths were determined by thdynamical symmetry limit. The spectrum &Ce, displayed
interacting boson fermion modéBFM) [19,2(] analysis of in Fig. 10, is calculated with «=0.19 MeV, B
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FIG. 11. The negative parita) and positive parityfb) yrast states in the odd-nucleus?>Ce compared with the spectra calculated with
the IBF model.

=0.13 MeV, andy=—1.0. The calculated spectrum is in and G=23/A MeV for the strength of the pairing interac-
good agreement with the experimental data up to angulaion. The same set of quasiparticle energies was also used in
momentuml =10. The yrast states aboVe=10 should be the IBFFM calculation of?4Cs [27]. In addition, in the
based on two-quasiparticle configurations, either two-protorpresent calculation we have included thg,, orbital from
states or two-neutron states coupled to the boson core. Theggs shell above, with (vf;,,) =5.32 MeV2(vf,,,)=0.01.
states are not included in the model space of the presefihe strength parameters of the boson-fermion interaction are
anaIyS|s._The same \{alues of the parameters of the bosqg" values in MeV: Aj=0.12T"%=0.4,A}=4.0 for positive
Hamiltonian are used in the IBFM calculations $3fPrs and parity states, and\;=0.08]';=0.4A.=1.3 for states of

12 ; e R .
\?jﬁgﬁ;_aidl'g tgﬂi?&:gﬁgsﬁe&bzz;n(?F‘)jedr'gg;’ g;ethenegative parity. For neggltci;/e parity, the strength parameters
AT ) ; ) are similar to those o e [22], and very close to the

fermion-boson quadrupole interaction, as well as in B2 values used fori2xe and 124C[s [%7] The ce}lllculated spec-

boson operator. The boson vibrational chaidefined in Ref. : . ; ' . :

[25]) "P=0.95 is obtained from the value that has been useéir um o f negative parity states is compared with experimental

in the calculation of2%13%r in Ref.[22], by scaling with the data in Fig. 11a). Although the doublet structure of the band

square root of the boson number. The standard vahie based on 7/2 is slightly more pronounced in the experimen-

—Z/A is used for the gyromagnetic ratig,. tal spectrum, an excellent agreement is found up to angular
momentuml =27/2 . The available data set on electromag-

In the IBFM analysis of the od8 nucleus $3°Ce;; the ! T , al
following neutron quasiparticle energiesand occupation Netic properties in*Ce[28] is very limited. We haveV lf‘rfeed

probabilities v> have been useds(vhy;)=1.32 Mev, the neutron gyromagnetic —ratiosy;=0,95=0.59¢
e(vSy)=1.49 MeV, e(vdsy)=1.52 MeV, &(vgy,) = 1.913, and the standard effective neutron chaege
=1.63 MeV, &(vdyy)=1.64 MeV, v?(vhy;)=0.40, =0.5from Ref.[22]. The results of the present calculation
A(vsy)=0.25,  vA(vds)=0.76,  v*(vg;,)=0.80, for positive parity states in**Ce [Fig. 11(b)] support the
v?(vdy,) =0.19. These values result from a BCS calculation[402]5/2* assignment for the ground state baia8]. The
with the particle energies taken from R¢R6] for N=69, dominant spherical configuration igy,,, with a significant
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FIG. 12. The negative paritfg) and positive parityb) yrast states in the odA-nucleus'?>Pr are compared with the experimental states
of *2'Pr. For description see the text.

admixture of vds;, components. The contribution ofds;,  magnetic factorg™=1.0, g7=0.5, g™*=2.793, and the

gets larger with increasing angular momentum in the bandsiangard proton charge”=1.0, are the same as those used
Unfortunately, the very limited experimental data on positive;, ref. [22].

parity states in*>Ce do not allow a precise determination of The experimental data on proton positive parity states in
the boson-fermion interaction strengths. The values of the2ip, 416 not sufficient to establish the absolute excitation
boson-proton interaction strengths should be, in principleenergies of the observed band with respect to the negative
determined by the spectrum of the oddrucleus 56 Pos. parity band[6]. In our calculation of*?®Pr we have, there-
However, no experimental data are available at present angre " made a reasonable assumption that the quasiparticle
we have, therefore, based our anaIyS|s_ on th_e heavier IS@nergy ofhyy,is ~0.6 MeV above therds, quasiparticle
topes?”12Pr. In the calculation of negative parity states theenergy. With the occupation probabilities from RE22]:
occupation probability of the proton orbital ig*(why,s) v2(rdsyp) = 0.404%(rg,) = 0.71, and by slightly increasing
=0.06[22], and the boson-fermion interaction strength  he difference between quasiparticle energieérg;;,)
values in MeV: I'7=0.25 andA §=3.0. These values have —e(mdsy,) from 0.18 to 0.4 MeV, a very good agreement
also been employed in the calculation '6fPr. The strength with the experimental data df’Pr is obtainedFig. 12b)].
parameter of the monopole interaction is, however, notrpe ground state band based on thg,/, and 7rds, configu-
uniquely determined from the spectra & **Pr. We have  rations confirms thg411]3/2" assignment of Ref6] and is
analyzed two valued§=0.14 MeV (suitable for'*’Pr) and  in agreement with the systematics of adldPr isotopes.
Ag=0.03 MeV (the last value was also used in the calcula- The deduced boson-fermion interaction strengths for
tion of 12%Pr). In Fig. 12a) the corresponding spectra are unique parity orbitals can be compared to the values in typi-
denoted IBFMa) and IBFMb), respectively. The calculated cal deformed nuclei in other parts of the chart of nuclides.
bands are compared with the experimental band"ifiPr  Instead of comparingdy, I'y, andA,, it is better to compare
based on 11/2. The calculated spectra reflects a change othe total interaction strengtha;, I';;, and A}j [29]. The
deformation that is expected to occur close to the proton drigotal monopole strengtf-0.1) is equal in*?%Pr, Pm[29],
line, being related to the transition in the core even-everand ®'Re [30]. The values of the total dynamical and ex-
nuclei. In the following calculations we have employ&§  change boson-proton interaction strengths a@53 and
=0.14 MeV, a value which is suitable for the expected—1.02 in the present calculation,1.25 and—5.48 in 'Pm
more deformed *?Pr. The values of the proton gyro- [29], 0.43 (positive sign is due to the holelike nature of the
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parity states based on theh,,,® vh,, configuration is compared |

with its experimental counterpart itfr. The assignment for the ) ) )
band head. i.e., the lowest observed state'is 8 FIG. 14. The IBFFM(dashed lingand the experimentdkolid

line) [E(1)—E(I—1)]/2I vs | plots for the why,,,® vhyy yrast

. band in*2%Pr. The state 8 is assigned to the band head.
hy1» proton, and —1.99 in 8Re [30]. For boson-neutron

interaction strengths the respective values a@19 and i . i

—1.88 in the present calculation an€0.32 and—4.33 in the electromagnetic transition properties of the yrast se-
18105 [30]. The absolute values differ due to different mo- quence. We notice that the cqlcula@ion predicts “a state
ments of inertia of the respective cores but a systematic b -ilsgd (énhtheéhltl@[@ V_Pﬁ.lfz conflgu(;z_;\ftflon 12 k.E\t/ below Iﬂe b
havior is preserved in all cases, the total strength of the ex: and-head state. 1his energy difierence IS too smat o be

, L . : bserved in experiment. On the other hand, the relative po-
change ‘interaction is several times bigger than the totafi; o ¢ ihe 7 and the & states can be influenced by
strength of the dynamical interaction.

. . . .__terms in the proton-neutron interaction that are not included
Very few parameters remain to be adjusted in the flnaf b

n the present calculation.
. 12 . .
calculation of **Pr. For the effective residual odd-proton—"" T caiculated spectrum of states based on positive parity

odd-neutron interaction the spin-spin force has been usegyoton and neutron configurations is shown in Fig. 15. As we
with the strengttV,,,=0.5 MeV. In order to reproduce the hayve emphasized above, the limited experimental informa-
change of signature pattern observed in the yrast sequence @in on the oddA neighbors does not allow a precise deter-
2%y, an additionaly term has been included in the boson mination of relative excitation energies with respect to the
operator of the dynamical boson-fermion interaction. Thisyrasth,,,,® vh;,,, band. The results of the present calcula-
additional term and its polarization effects have been distion indicate that the observedrh,;,® vhyy) 87 is not
cussed in Ref31] for the spectra of*%13%r, In the present the ground state. We suggest an excitation energy of
calculation the parameter of thgterm is 0.02 MeV. ~400 keV, or lower, for this state. A higher excitation en-
In Fig. 13 the calculated high-spin band based on theergy would imply a very weak transition to the 6state
h11,® vhyy» configuration is compared with the experi- calculated at~400 keV (Fig. 195, which has not been ob-
mental sequence of yrast states iffPr. The moment of served in experiment. We conclude, therefore, thatian
inertia and the observed staggering above $pid8" (Fig.  isomeric state. Consequently, the ground state must be based
14) is well described by the model calculation. The resultson positive parity proton and neutron orbitals. The present
shown in Figs. 13 and 14 are consistent with theg&sign-  analysis, as well as the Gallagher-Moszkowsky rule, strongly
ment for the lowest observed level. In Table Il we have comfavors the state 1. The sequence displayed in Fig. 17*(1
pared the calculated and experimental transition intensitieground state, followed by a doublet' 0 2*) is very stable
for this structure. An excellent agreement is found betweerfor various choices of the residual proton-neutron interac-
the experimental values and the theoretical predictions fotion. Nevertheless, there is a possibility that the ground state
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TABLE Il. Electromagnetic transition properties of yrast states
in 1?%Pr. The first column identifies the transition by its initial and
final angular momentum and parity assignments. In the second an 0.40 +
third columns the theoreticd8(E2) andB(M1) transition prob-
abilities are displayed, respectively. The experimental and IBRFM

intensities are compared in the last two columns.

Transition B(E2)(e?b?) B(M1)(ud)  exp. yIBFFM
9, —8; 0.4314 0.5942 100 100
10 —97 0.3874 0.5006 100 100
10, —87 0.2584 5
117 —10; 0.3367 0.4538 100 100
117 —97 0.3069 21 15
12 —11; 0.2889 0.4214 100 100
12 —10; 0.3466 28 35
137 —127 0.2458 0.4088 100 100
13/ —11; 0.3785 65 52
147 —13f 0.2095 0.3896 100 100
14 —12] 0.4021 96 97
157 — 147 0.1778 0.3931 84 91
15/ —137 0.4207 100 100
16 —15; 0.1519 0.3714 42 54
16; — 14, 0.4316 100 100
17 — 167 0.1291 0.3881 43 53
177 —15; 0.4409 100 100
18/ —17; 0.1107 0.3540 37 35
18/ — 16 0.4413 100 100
19 —18/ 0.0940 0.3882 38 35
197 —»177 0.4447 100 100
207 —197 0.0806 0.3309 25 26
20 —18/ 0.4457 100 100
217 —20] 0.0683 0.3901 34 25
217 —19y 0.4360 100 100
22 217 0.0581 0.2979 35 22
227 207 0.4171 100 100
23/ 227 0.0490 0.3927 25 19
23 —217 0.4176 100 100
24] 237 0.0408 0.2526 18
245 —22f 0.3872 100 100
25 —24] 0.0344 0.3929 15
25/ 23/ 0.3909 100 100
26; — 25/ 0.0273 0.1972 15
267 — 24 0.3471 100 100
27/ —26] 0.0235 0.3895 12
27 —25/ 0.3562 100 100
28] —27; 0.0170 0.1393 11
28] —26/ 0.2970 100 100
29 —28/ 0.0158 0.3849 9
29 27/ 0.3108 100 100
30] =297 0.0097 0.0910 9
30] —28] 0.2377 100 100
31 —30] 0.0107 0.3899 8
31 —29/ 0.2506 100 100
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FIG. 15. The IBFFM prediction for low angular momentum
states in'?%Pr. These states are based on positive parity proton and
neutron configurations.

is 0", oreven 2.

The IBFFM analysis predicts the existence of another iso-
mer in ?%Pr: 5" at ~150 keV excitation energy. Its iso-
meric character depends strongly on the choice of the proton-
neutron interaction. In the present calculatiod, & below
47 (Fig. 19, and therefore it is an isomer with a possihle
decay to Z . This transition is slow enough to allow for@
decay that has been reported in Ra0].

We have also analyzed the possibility that the band-head
of the high-spin bandrh;,,® vhyy, is 67. We have used
A7=0.03 MeV (taken from the calculation of°*Pr) for the
strength of the monopole interaction, and slightly changed
the boson-neutron interaction t6;=0.43 MeV and A{
=1.55 MeV. In the dynamical boson-fermion interactipn
=0 and, instead of the spin-spin force, a residual interaction
of tensor type has been used with the strength parameter
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V:=-0.03 MeV. Comparing the behavior of the moment V. CONCLUSIONS
of inertia and signature splitting in the results of our calcu-
lations that gave band heads &nd 6", respectively, we We observed for the first time excited states in the near

notice that the agreement with experimental data is somedrip-line nucleus'?®Pr, which form a regular rotational band
what better for the 8 band head. Our calculations, however, up to quite high spin. The observed level structures have
cannot exclude the 6 assignment for the lowest observed been discussed in the framework of the interacting boson-

state of thewrh,;,,® vh,y,is 67 structure. fermion-fermion model.
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