PHYSICAL REVIEW C VOLUME 57, NUMBER 5 MAY 1998

Yrast structures in the neutron-deficient 23'Prgg and &3 Pmyq nuclei

C. M. Parry! A. J. Bostor? C. Chandlef, A. Galindo-Uribarri? I. M. Hibbert!* V. P. Janze#,D. T. Jos$ S. M. Mullins?
P. J. Nolar? E. S. Pauf P. H. Regari,S. M. Vincent® R. WadswortH, D. Ward*" and R. Wys&
!Department of Physics, University of York, Heslington, York, YO1 5DD, United Kingdom
2Qliver Lodge Laboratory, University of Liverpool, Liverpool, L69 3BX, United Kingdom
3Department of Physics, University of Surrey, Guildford, GU2 5XH, United Kingdom
4AECL Research, Chalk River Laboratories, Chalk River, Ontario, Canada KOJ 1JO
5Department of Physics, Australian National University, Canberra, Australia
5The Royal Institute of Technology, Physics Department |, S-104 44 Stockholm, Sweden
(Received 19 December 1997

The odd-proton nuclei®?Pr and *%Pm have been investigated using tH&Ru(®Cl,2p2n) and
%RuU(*°Ca,ap)/®®Ru(®K,2p2n) reactions, respectively, at beam energies of 164, 180, and 186 MeV. States

belonging to the yrast bands &’Pr and*3'Pm, which are interpreted as being based uporhthg[541]3 ~

proton configuration, have been observed fromlgh’e band head to spiéz’. The properties of these two new
structures are observed to be different to those of similar configurations in the heavier odd mass isotopes. The
systematics of the band crossings in thie,;,, bands of the odd mass Pr and Pm isotopes are discussed and
compared with extended total Routhian surface calculati®3556-28138)03505-3

PACS numbsgs): 21.10.Re, 21.60.Ev, 23.20.Lv, 26.649.

I. INTRODUCTION observed that the gain in alignment at the first crossing for
the two nuclei is considerably smaller than that predicted by

T_he negtron-deﬂuent nuclei in th&=130 region are of standard CSM calculations. The apparent failure of the stan-
particular interest as the neutrons and protons occupy th

S . . . . 3ard CSM in this instance has led us to reinvestigate the
same high} intruder orbitals(in this case thé,y;, orbital). : . . ;
. ; . . nature of the particle alignment in these odd-mass isotopes.
The proton Fermi surface is located in the léregion of

. . . This has been carried out by means of extended total
the hy4, shell, while for the neutrons it evolves from high- Routhian surfacéTRS) calculationg13]
to mid-) states with c_zlecreasmg neutron numkdge= _78 to .. Previous calculations have either treated the pairing inter-
70. The yrast bands in the odd Pr and Pm nuclei are bu"&c

. tion self-consistently, with a fixed value for the deforma-
upon a decoupled;, proton[1] and consequently the first Lion, or conversely have modeled a given pairing gap with

hya/2 proton alignment, pr_edicted by standard cranked shel elf-consistent deformatidi4,15. In the extended TRS cal-

model. (CSN?. kE|2] lc(:a(ljculathgg to oceur ango'.?’_o'% culations, both pairing and deformation are determined self-
Mey, 'S Pau |(2)oc ed. Rapi Increases in ng”l]ég {Qomem%onsistently. In addition, the pairing interaction contains both
of inertia (7?) of the mhyy, bands in the™**5%%Pm monopole and a quadrupole force. Moreover, the time odd

133,131,122 i ~
[3-6] and Pr [7-12 nuclei, at h©=0.35-0.45 c5mponent of the quadrupole pairing field is found to be
MeV have been attributed to the alignment of the second andgpecially important in order to quantitatively describe the

third hyy/, protons. CSM calculations have been used 10 iy, oments of inertia. Each configuration of a given parity and
terpret additional variations in the dynamic moment of iner-

) > a7 13 signature is minimized self-consistently, in addition, the state
tia of the mhy;, bands in *Pm [3] and 'Pr[9] at ~of the odd particle is blocked self-consistently, which is es-
hw~0.50-0.6 MeV as resulting from the alignment of a pairsential when describing crossing frequencies and polariza-
of hyy neutrons. In addition, for the previously known odd- tion effects. This approach has been used successfully to
mass Pr and Pm isotopes standard CSM calculations hascribe the superdeformed bands of @ddwclei in the
been able to predict the correct magnitude of the experimena=190 region[16] and intruder states iA=110[13] mass
tally observed alignment gaim\(,) for the (7h,,)? cross- region.
ing. The extended TRS calculations for the nuctéiPr and
In the present work, we have extended the systematics off!Pm produce much better agreement with experimental re-
the odd praseodymium and promethium nuclei through aults, both for extracted values of the dynamic moments of
study of the most neutron-deficient isotopes populated tinertia 7 (®> and spin alignmenti() than the standard
date: 35'Prss and &>'Pmy,. From analysis of the data, it is cranked shell model. Furthermore, this model indicates that
the proton contribution towardg ® andi, for these light
odd proton nuclei is considerably less than that fromhthe
*Present address: Oliver Lodge Laboratory, University of Liver-neutrons, which is contrary to the predictions of previous

pool, Liverpool, L69 3BX, UK. standard CSM calculations. The present results indicate that
"Present address: Nuclear Science Division, Lawrence Berkelein the most neutron-deficient odd-mass Pm and Pr nuclei the
National Laboratory, Berkeley, California. first alignment is primarily due to a pair df;1,, neutrons,
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with only a small contribution from thé,,, protons. This FIG. 2. Total projection for theap gated matrix from the
9‘%3u+ 40Ca reaction with 2.4% of the total projection from thp 3

suggests that the alignment process in these isotopes is som
99 g P P %Pm) gated matrix removedy rays from the remaining channels

i i (
what more complicated than previously thought. are identified, the major contaminant remaining betAd\d.

B. Population of ¥1Pm

Il. EXPERIMENTAL PROCEDURE The ¥Pm nucleus was populated using the
%Ru(*°Ca,ep) and %Ru(®*K,2p2n) reactions at the
a7 ) TASCC facility at the Chalk River Laboratory, Canada. The
o Thg5 odd-proton nupleu Pr was populated using the target used was 50@g/cn? of enriched ®Ru on a 2 mg/
Ru(*Cl,2p2n) reaction at a beam energy of 164 MeV, cm2 gold support. The gold was situated upstream of the
using the PEX(Pre Euroball Experimen{17] array at the target so that the beam passed through this first. The beam
Neils Bohr Institute, RisoDenmark. The array comprised energy for the calcium reaction was 195 MeV before passing
four Compton suppressed bismuth-germariB8O) cluster  through the gold and approximately 180 MeV when incident
detectors[18], each cluster housing sevéii0—80 % effi- upon the Ru target. In the potassium reaction the initial beam
ciend hyperpure germanium detectors. The detectors werenergy was 200 MeV, which corresponds tal86 MeV
located at averaged angles of 105° and 165°, either side afhen incident on the targei rays were detected using the
the target position. Additional channel selection was8w detector array23] which has two distinct parts; the outer
achieved by use of a segmented silicon ball detdd®ffor  array houses 20 Compton-suppressed HPGe detectors
detection of evaporated charged particles, and a,Bafl-  (~25% efficient and the inner array consists of 71 BGO
tiplicity filter. The target was comprised of two 250g/cn?  Scintillation detectors, providing sum energkiX and fold
highly enriched self-supportind’Ru metal foils. The typical (K) information. The & array was used in conjunction with
beam intensity during the experiment was around 3—4 pard 47 modular array of Cesium iodide detectors, collectively
ticle nA. Data were written to Exabyte tape and analyzedown as the ALF minibal24], which allowed for charged-
off-line by sorting the data into kix 4k particle-gatedy-y particle identification and thus accurate reaction channel se-

coincidence matrices. Background-subtracted particle-gatelﬁcuon' Data were written to Exabyte tape for off-line analy-

spectra were then produced in order to construct a level's: During this analysis it was possible to set gates on the

scheme for the nucleus. Threerays of energies 237, 390, sum energy and/or fold so asto enhance reaction channels of
nd 640 keV had been oreviously assianed®r from a interest. In_the present experiment, tests sho_wed thgt _gates on
a . P y 9 H were slightly better than gates df for differentiating
y-recoil mass spectrometéRMS) experiment[20,21. In  poyeen 23, and 4 particle reaction channels. In off-line
the present experiment, gp2yated spectrum showed these g, ing 4 high value off was chosen for the Ca reaction so
same threey rays. These transitions were not observedpn 3 45 tg enhance any possible two-particle output chartes,
or ap gated spectra. This information, when combined with 131ppy, populated via thep channel, at the expense of the
the RMS experiment, confirms that thegerays belong to  three and four-particle reactions channels. A matrix was cre-
127Pr. Setting gates on these thrgerays on the B gated  ated with this highH cut and a demand made that there was
matrix (which contained approximately 8«l(° eventy,  1a and Ip present in the ALF miniball. This matrix con-
produced the spectrum shown in Fig. 1. Gating on theseained approximately 1.& 10° y -y coincident events. The
same threey rays in the » and ap mass gated spectra resulting total projection predominantly contained
showed no evidence of any band structure, thereby confirm*®*Nd(a2p) and *3m(3p) channels. A small fraction
ing the assignment t&?’Pr. Systematics for the odd mass Pr (=2.4% of the total projection from the 8 gated matrix
nuclei suggest that this decoupled band is built uporhthe  was subtracted from this spectrum, so as to eliminate the
proton orbital. The particle gated matrices were found tocontamination from the very strong*Pm channel; the re-
contain too few statistics to enable directional correlation ofsulting spectrum is shown in Fig. 2. It was evident that the
oriented state$DCO) [22] analysis to be carried out. In the majority of the previously unassignedrays, labeled"**Pm
following discussion we have assumed that these transitioris Fig. 2 were not coincident with any of those fror¥™Nd or
are stretched electric quadrupolds2(s). 12%r, nor were they coincident with any known bands in

A. Population of ?"Pr
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from the ap (high H) gated matrix observed from th8Ru+“°Ca 078 /Z 3
reaction. Contaminants frod?Nd are marked with an asterigkee @z, -
. 47/ § 43/2-
text for detail3. 1030
(1099)
other Pm or Pr nuclei. Gating on these transitions producec 1005 oZy b
the new band shown in Fig. 3. This spectrum shows some ©¥21¢-- . s/r y
evidence of contamination front*Nd, which arises solely %5
as a result of using the 656 keV transition in the gate list. (1a6) o so/r 830
This is close to the 664 key ray from band 1 in*Nd [25], s/ | 35/
which is populated via thep channel, and results in signifi- N /L 8% 1
cant broadening of the associatgeray transitions. Spectra o | A . 760
gated on the 273 and 407 keV transitions show no evidence 1 vz §
of this contamination. We therefore suggest that these newly 21 35/2 47
observed transitions belong to theh,;, yrast band of 3 897
131pm. It should be noted at this point that the sayneays % T e 2/
were also found to be present in the Bated matrix from s M;} o0 1
the 39K+ 9®Ru reaction. In this case, the'Pm is populated i X u . o
via the Z2n reaction channel. This supports the present : -
assignment of the band 5%Pm. Once again DCO analysis /2 749 B/
was not possible for this band as the transitions were toc 656 &6 23/
weak and insufficient statistics were available. The cascade 2z 1
is therefore assumed to be composed of stretched electri Lo o = 19/
guadrupole transitions. /2 i 550
15/2- F 5/2 8/
I1l. EXPERIMENTAL RESULTS AND ANALYSIS 11/ 11/ 11/

OF DATA
131 133 135 137
From systematics we assign the new bafdgs. 1 and 3 Pm Pm Pm Pm

as therh,,, yrast bands of**'Pm and?’Pr, respectively.
Partial decay schemes for the nuckiPm and 2%Pr are FIG. 4. Partial decay scheme fof'Pm deduced from the
shown in Figs. 4 and 5, respectively, alongside those for thB'€Sent work. Also shown for comparison are ey, yrast struc-
yrast bands in the heavier Pm and Pr isotopes. The orderirttjges of 715 m. The data are taken frof8,4] (*Pm), [4]

of the y rays in 3Pm and'?’Pr has been deduced from the Pm), and[5,6,31 (**Pm.

coincidence relationships between therays and from the . .

intensities of the obser\?ed transitionz. Ar): interesting featurd 2 of achieving this is to apply the methodology of Bengts-

. X ) ... 8on and Frauendof26]. In the intrinsic frame of reference
of these data is that whilst the energy of the first transition M e quasiparticle alianed anaular momenttiy) pecomes
7hy, bands of*2Pr and2%Pr remains essentially constant, ¢ d- 2> g 9

- 31,13 15— 11— O - .
in the case of*113Pm, the¥ ~— 4~ transition in the light = (@) =y e @), )

est isotope has a somewhat higher end@j3 keV as op-

posed to 252 ke) The next three transitions, however, in where I,, the angular momentum on the rotation axis is
the 3Pm band have a lower energy than equivalgys  given semiclassically as

in 3%m; a feature expected from systematics, since the

guadrupole deformation is predicted to continue to increase 2 )

asN decreases. These results suggest thatithestate in Ix(w)= (|+ 5) —K%, @)
131Pm may be perturbed by the presence of an unseen state

of the same spin and parity. andl, . is a reference angular momentum found using the

To compare experimental results with those derived fromHarris formula[27]
calculations, it is desirable to transform the results from the
laboratory frame to the rotating nuclear frame. The usual I ref( @) = 0 Trei= 0(Jo+ w?7J). 3
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This has been previously attributed to the alignment of a pair
- /2_7°I9 of hyy, protons from comparison with standard CSM calcu-
| lations. In the lighter nuclei, this hump is spread out over
152 several states indicating the presence of a strong interaction
s

133
Pr

FIG. 5. Partial decay scheme f&Pr deduced from the present
work. Also shown for comparison are theh, 4, yrast structures of
133.13112pr  The data are taken frorfi7,8,32 (*%r), [10,11]

[29]. A strong interaction is also predicted by standard
cranking calculations to occur in the;, bands of 1¥1Pm

and ?Pr. On extracting the alignment gain for tHé'Pm

and ?’Pr 7rh,,,, bands, we find that the experimentally de-
rived value is of the order of 1.5—ZQwhich is significantly
less than the 5 to 7 predicted by the standard CSM calcu-
lations. If the proton pairing is reduced in the standard CSM
calculations then the alignment gain seen experimentally can
be reproduced. However, the pairing has to be reduced to
unrealistically low levels in order to achieve thig.g.,A,

were originally derived from fitting transitions above the first ~0.20 MeV). An alternative approach was therefore re-
band crossing in the yrast structure B6fCe[28].
Figures 6 and 7 show the dynamic moments of inertigment gain. The self-consistent TRS was found to give much
(7 @=44?/AE ), and alignments for the yrast bands of the better agreemenfsee below in the very neutron deficient
odd Pm and Pr isotopes, respectively, as a function of rotanuclei. Thus, the next logical progression was to see how
tional frequency; the different behavior of the newly ob- well the extended TRS calculations compared with experi-
served ¥'Pm and ?Pr is clearly evident. The rise in the mental results for heavier Pm and Pr isotopes. Once again,

J @ seen to occur at arounlw~0.35—-0.40 MeV for

quired for an explanation of this discrepancy in the align-

the self-consistent model was found to provide a good agree-

13513Ppm and 2% 13y, is indicative of a band crossing. ment, but raised some interesting points.
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FIG. 8. (@) Dynamic moments of inertia as a function of rota-
tional frequency for therh,;,, band in 1¥¥Pm. The experimental
6T values are represented by the dots. Theoretical values from the neu-
trons are shown as the dashed line, protons as dotted. The overall
; - . . . contribution from the neutrons and protons is shown as the solid
40_1 0.2 0.3 0.4 0.5 0.6 0.7 line. The alignment of theg,,, neutrons at arountlw=0.8 MeV is

fio (MeV) clearly visible.(b) Alignment gain as a function of rotational fre-
quency of then;;,, yrast band of-3'Pm. The symbols and lines have

FIG. 7. (8) Dynamic moments of inertia{ @) as a function of ~ the same meaning as defined(@.

rotational frequency for therh,,,, yrast bands in?7:12913L1% (p)
Alignment as a function of rotational frequency for thé,,,, yrast
bands in*?7129134L1%r, the values of, are well reproduced.
Clearly, it is important to ensure that this self-consistent
model can account for the behavior across a series of iso-
IV. DISCUSSION OF RESULTS topes. When we apply the standard CSM to the heavier iso-
topes very good agreement is generally observed with the
experimental results. These calculations predict the
1yAFG) proton alignment to occur before thg,fef)

The data for'*®Pm show quite different characteristics in
the variation of alignment and dynamic moment of inertia
with rotational frequency compared to the heavier odd P . ; )
nuclei. As Fig. §a) shows, the dynamic moment of inertia ngutron alignment and this was the reason why the first
plot becomes much flatter for the lighter Pm nuclei. Thedlighment had been solely attributed to tha, protons[5].
alignment plofFig. 6b)] supports this by showing no rapid As an example of the calculations, known data ##Pm are

increase atiw~ 0.4 MeV. Standard CSM calculations, with shown in Fig. 10 along with predictions from the latest self-
B,=0.29, y=—1°, and Ap=0.75 MeV (values obtained consistent calculations. In this case, it is observed that there

from TRS calculationd30] for the (m,a)=(—,—3) con- IS an almost equal contribution from the protons and the

figuration in 131Pm), predict an h11/2 proton a"gnment at heutrons athw~0.45-0.5 MeV, with the proton CrOSSing ocC-
0.45 MeV with 5—6 units of alignment gain. This clearly curring at the slightly higher frequency. Thus the previous
does not agree with the experimental results. A similar situsuggestion that the alignment at this point was coming purely
ation is predicted to occur if?Pr, and again is not observed from the alignment of a pair di;,/, protons would appear to

in the experimental data, see Fig 7. However, when we combe too simple a picture. The calculations suggest that the
pare results from the extended TRS calculations for both thalignment mechanism is not just derived from the protons on
131pm and the®™Pth,,,, bands, the shape of the dynamic their own, but is in fact a far more subtle process.

moment of inertia plots and the value igfgive much better On application of the self-consistent model to thg
agreement with experiment, see Figs. 8 and 9. These figurdmnd in 1*3Pm, we once again observe a reduction in the
show the individual contributions made by the;,, protons  contribution from the protons, this time to a greater extent
and neutrons and clearly indicate that in both cases the cohan seen in**Pm, and again the alignment is predomi-
tribution to the 7 ) at Zw~0.4—0.5 MeV results primarily nantly hy;, neutron driven, with a small#h,,,,)? contribu-
from the alignment of théa,;,, neutrons. This feature is not tion. A systematic investigation of the data and the self-
reproduced by standard cranking calculations. In both nucleionsistent model calculations shows an interesting effect,
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FIG. 9. (8 Dynamic moment of inertia as a function of rota- FIG. 10. (a) Dynamic moment of inertia as a function of rota-
tional frequency for therh,,, band in 2'Pr as a function of the tional frequency for therhy,,, yrast band in**Pm. The experimen-
rotational frequency. The experimental values are represented kgl gain in 7 @ is well reproduced by the self-consistent model
the dots. Theoretical values from the neutrons are shown as thealculations. The symbols used for the calculations are the same as
dashed line, protons as dotted. The overall contribution from thehose defined in Figs. 7 and 8. In this heavier nucleus the gain in
neutrons and protons is shown as the solid line. The theoreticalignment is seen to arise from badbh,,, protons and neutrons. A
calculations show an alignment occurring 0.5 MeV, which  second alignment, which results from both pairsgef, neutrons
arises primarily from the alignment of a pair bf;,, neutrons. The and protons, is predicted to occur at aroubd=0.8 MeV. (b)

h,1/, proton alignment is not so heavily suppressed asim. The  Alignment gain as a function of rotational frequency for thie;
self-consistent cranked shell model calculations also indicate &and in*3%Pm. Again the individual contributions from the neutrons
vgy,, alignment occurring at=0.9 MeV. (b) Alignment gain as a and protons is shown. The symbols and lines have the same mean-
function of the rotational frequency for theh,,, in *Pr. The  ing as defined ira).

symbols and lines have the same meaning as definé.in

that is, that as the neutron number decreases, the contributi
from the protons to the overall magnitude of the? de-
creases quite considerably, and the mechanism driving t

Ploved to give good agreement with the experimental results
across a series of isotopes. Moreover, the results suggest that
) ; ) L . ht‘F\e alignment process at this frequency is much more com-
alignment is derived primarily from the neutron contribution, plicated than previously thought. The self-consistent model

Indeed the alignment of thh“’? protons is suppressed ¥ has shown that for the two most neutron-deficient Pr and Pm
such an extent that they have little or no effect at all in these . . )
otopes the alignment of a pair bf,;, neutrons dominates

very neutron-deficient isotopes. Similar effects are observel? . .
to occur in the odd Pr isotopes. over the alignment of ah,,,, proton pair. However, as the

mass increases in the oddisotopes of Pm and Pr, the self-
consistent model predicts that the alignmenthai-0.40—
0.45 MeV becomes increasingly dominated by lthe, pro-

The negative-parity yrast states of the odd Pr and Pnton contribution, and that then;y, neutron alignment
nuclei result from the odd proton occupying a Iévh,,, 9radually moves to higher rotational frequency.
orbital. In the present work, we have identified the negative The failure of the standard cranked shell model to explain
parity yrast bands in*¥Pm and?’Pr for the first time, ob- certain features in this mass region, such as the nonobserva-
serving them up tdy ~. The properties of these two nuclei tion of anh,,,, proton alignment in some of the bands seen in
have been investigated and have been observed to différ>Sm [5] has been previously discussed in terms of a re-
from those of heavier odd-mass Pr and Pm isotopes and trsdualn-p interaction. However studies have shown that the
predictions of the standard cranked shell model. In particulan-p effect, although present in several mass regions, is gen-
the gain in the spin alignment Atv~0.40-0.45 MeV for the erally too small to explain all the observed discrepancies.
h11 bands in'?’Pr and ¥%Pm is far less than the standard More recent work[13] seems to suggest that it is the
CSM predicts. To further investigate this effect an extendedjuadrupole-quadrupole pairing which plays the dominant
cranked shell model has been used to explain the experimemsle. Clearly more data are required on the very neutron-
tal results. This self-consistent cranked shell model hasleficient isotopes in order to test our hypothesis.

V. CONCLUSIONS
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