PHYSICAL REVIEW C VOLUME 54, NUMBER 5 NOVEMBER 1996
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High-spin states in***Pm have been studied with TESSA3 operating at NSF Daresbury, through the
134 e(**N,4n) compound nucleus reaction using a solid xenon target. To determine conversion coefficients
and properties of low-spin excitations electrprand y-y coincidences have been measured following the
146N d(d,3n) reaction. An extended level scheme ¥PPm is proposed and interpreted in terms of single-
particle excitations with collective quadrupole and octupole vibrations coupled to them.
[S0556-281®6)02711-3

PACS numbeps): 21.10.Re, 21.10.Pc, 23.20.Lv, 27.60.

I. INTRODUCTION reported in Sec. lll. The buildup of the nuclear level scheme
of *%Pm is described in Sec. IV which is followed by inter-
The nucleus'*®Pm has a pair of valence neutrons andpretation of the results, presented in Sec. V.
three proton holes with respect to the doubly closed shell

14 . s
nucleus ?Gd. There_fore one may expect that its excitation Il EXPERIMENTAL METHODS
pattern will be dominated by single-particle configurations
and vibrationlike, collective excitations. Pronounced octu- A. 13%e(1N,xn) reaction

pole excitations observed in the neighboring nudlédie Medium-to-high spins in*%Pm were studied in the
#Tb [1]) suggest that octupole collectivity may play an 1aayg | 15y compound nucleus reaction using the 78 MeV
important roll4e in the excitation mechanism $fPm. Early 15y peam delivered by the NSF Daresbury. A target of so-
studies of *Pm [2-5], using low angular momentum itieq xenon on a Pb backing has been used for a double
(p,xn) and (He,d) reactions, provided detailed knowledge purpose:(i) reduction of the Doppler broadening ¢frays

O.f Iovy-spm excitations, interpretefb] within the cIu;ter- emited by recoil nuclei andii) high production rate of
vibration model(CVM). However, those reactions did not 14%pm by increasing target densitipr more details see Ref.
prqduce enough_angulgr momentum to study O_CtUpOIe €XCI13])). The Xe material used consisted of 90% b#Xe,
tations. Receg{ high-spin "‘g°rk§*7] produced excited levels gy, 13800 and 204 of lighter Xe isotopes. With the total
up to spinl =3 using the {°F,4n) reaction. Many states of hickness of frozen Xe of about 3 mg/&ythe partial thick-
both parities have been reported but the presence of octupoﬁ]eess for the'3*Xe isotope was about 25Qg/cm?. The -

excitations has not been discussed. Moreover, the interpreta-__ . . .
tion of some of the excited levels i#%Pm given in Refsp ¥ coincidences were measured using the TESSA3 spectrom-

[6,7] is inconsistent with the systematifk,8]. For all these eter, which consisted of 16 Compton-suppressed Ge detec-

reasons, we performed studies of medium-to-high-spin excii-orS and ay-multiplicity and sum-energy filter. Four detec-
tations in the nucleug®Pm. using “Nd-+d and ¥%e+ ors were placed at 90° and eight at 35° with respect to the

. . . beam direction, which provided the posibility to measure di-
15N compound nucleus reactions. Special attention has be P b y

N > DE&lLctional correlations ofy rays (DCO ratios. Coincidence
payed to octupole-phonon excitations but we also reinter- b rays ( 3

) . ; . -"events consisting of twe-energy signals, &-v time, and a
preted many of the multiparticle configurations observed '%utiplicity signaglj wereqrecorg)éd.gA totaai Zlmount of 2.2

14 ; : .
"Pm. This study is part of our systematic search for thex 107 coincidence events were collected, with about

octupole effect in promethium nuclg®-12). 6 . 34 (15 14
The contents of this work are following. Experimental ;ﬁa}flonelevents corresponding to the*Xe(**N,4n) “Pm

methods used in this invetigations are discussed in Sec. |
The analysis of the data and the corresponding results are 14 )
B. ®Nd(d,xn) reaction
To investigate in detail the low excited levels §PPm
“Permanent address: Institute of Experimental Physics, Warsa&nd to find their parities, an internal coversion measurement
University, ul.Hoza 69, 00681 Warsaw, Poland. has been performed at the MP tandem accelerator at Orsay,
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relative intensities of gating transitions were estimated from
Total projection the total projection of the coincidence ddte single spectra
were availablg In order to deduce the multipolarity of
rays DCO ratios were determinéske, e.g/[15]). The analy-
sis of time signals fromy-vy-time spectra did not show any
isomer with a lifetime longer than 10 ns, apart from the
794.7 keV level. Therefore apart from the 794.7 keV transi-
- Gate 653.1 keV tion, all other stretched quadrupole transitions4Pm, with
g b an energyEe <800 keV, should have aB2 character. This
o suggestion follows from the fact that no enhadéa transi-
tions are observed.
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200 B. Low-spin and electron-conversion data

Gate 775.6 keV

In order to analyze electron-conversion data, coincidence
events were sorted into two-dimensiomaly and y-y histo-
grams. Using coincidence data allowed the production of
clean electron andy-ray spectra, gated on a coincidept
line, avoiding problems caused by contamination peaks and a
Gate 750.7 keV high density of lines. Examples of corresponding gated
v-ray and electron spectra are shown in Fig. 2.

Internal conversion coefficients fory transitions in
14%Pm obtained from the analysis efy and the correspond-

ing y-y coincidence data are shown in Fig. 3 against theo-

500 1000 T T retical values[16] for various multipolarities ofy rays in
promethium. The coefficients were normalized to reproduce
theoretical values of conversion coefficients for the 454 keV
and the 590 keVE?2 transitions of'*®Nd, which are present
in the spectra due to Coulomb excitation of target nuclei.

The properties ofy transitions in 1*Pm (measured in
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FIG. 1. Examples ofy spectra measured in the ¥é°N reac-

tion at beam energy of 78 MeV. The total projection spectrum isb h i dncludi . lative intensiti
dominated by transitions ift*’Pm. The three lower spectra are oth reactions usgdncluding energies, relative intensities,

gated on transitions of**Pm (indicated in the total projection spec- t,h? Correspo!’ldlng _DCO ratios, and internal conversion coef-
trum). ficients are listed in Table I. In Table | we also show the

multipolarities of y transition deduced from the DCO and

using the'#8Nd(d,xn) reaction at a beam energy of 18 MeV. internal conversio.n coefficign}s values. In the last column the
The target used was a 26@g cm 2 foil of isotopically ~ €nergy of the excited Ievel_lﬁ *Pm depopulated by the cor-
enriched 146Nd deposited on a carbon foiB8 ugcm-2).  respondingy transition is given.

Electron<y and y-y coincidences were measured using the

electron-gamma spectrometer operating at the MP-tandem IV. LEVEL SCHEME OF *Pm

accelerator at Orsayl4] in coincidence with four Compton-
suppressed Ge detectors. A total amount ok1L0P e-y and
1.3x10° vy-y coincidence events were collected, respec
tively.

Most of the previously reported data concerning the exci-
tation scheme of**Pm [5-7] are confirmed in the present
‘work, while 20 new transitions and 10 new levels are intro-
duced in **Pm. Below we discuss the construction of the

level scheme.
I1l. DATA ANALYSIS AND RESULTS

A. High-spin data A. Low-spin excitation

For the off-line analysis the experimental data were sorted The low-spin part of the level scheme 8°Pm is shown
into three-dimensionaly-y-time and y-y-fold histograms. in Fig. 4. We confirm most levels previously repor{éd-5]
The vy-y-time cube contained events consisting of twoexcept several low-spin levels reported %3], which prob-
y-ray energies and a time signal between them. Inyhe ably were not populated in our reactions.
y-fold cube the fold information corresponded to a multiplic- To the ground state band we add the 1896.5 keV level
ity signal measured by the multiplicity filter. Two- deexciting through the 247.0 keV and 489.7 keV transitions.
dimensionaly-y histograms with gamma signals gated onThe spin and parity of this level al€=%*, based on the
detector position were produced and used to determine DCiternal conversion coefficient for the 247.0 keV transition.
ratios. The 442.2 keV decay from the 1649.5 keV level is intro-

The assignment of rays to the’*®m nucleus was based duced as well.
on a coincidence relation between the 750.7 keV, 775.4 keV, The band on top of thé"=1", 61.3 keV level has been
and 653.1 keV transitions reported in the previous in-beanupdated with the 633.5 and 497.3 keV transitions. Their
study of 1*%Pm[5-7]. Spectra gated on these lines, shown inE2 multipolarity, deduced from conversion coefficients and
Fig. 1, were used to find relative intensities pfrays. The DCO ratios, allowed positive parity assignment for the
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FIG. 2. Examples of gategt and electron spectra measured in & d(d,xn)*Pm reaction at a beam energy of 18 MeV. Energy
calibration is 0.5 keV per channel for all four spectra.

1844.8 keV level, reported in Reff6,7]. This result is sup- B. 794.7 keV isomer
ported by theay conversion coefficient for the 342.4 keV 1he 794.7 keV isomeric state has been identified in Ref.
traq3|t|on. Thqc_«K coefﬁment for the 279.9 keV transition [2] with a half-life T,;, = 18.31.9) ns and two isomeric
assigns a posmv?_parlty to the 2124.7 keV level. transitions were reported, the 734 kd\W2 transition and the

In Ref. [5] the ; ~ level at 1284.0 keV has bee+n reported, (ynobservepi44 keV,E1 transition. In Ref[3] the 794 keV,
decaying via arE1, 570.4 keV transition to thé ", 713.6  E3 isomeric transition has been found in addition. The iso-
keV level. We observe a level at 1285.0 keV and assighner has been also studied i6] where a half-lifeT,, =
negative parity to it, based on thec coefficients for the 16 315 ns has been measured. The present work gave
570.9 keV transition. For its spin we propose rather than T, = 17(2) ns and we have identified another decay branch
7 reported in Ref[5], because of the likely presence of the for the isomeric level. The 80.7 keV transition linking the
62.0 keV transition from thé’*, 1347.4 keV state. Though isomer to the 714.0 keV level is clearly seen in our data and
the 62.0 keV transition cannot be resolved from the 61.3 ke\there are arguments to show that it is different from the 80.8
one, the coincidence between the 570.9 keV and 155.0 keXeV transitions linking the 750.7 and 670.6 keV levels. Rel-
transitions suggests its presence. Let us note that if the spevant gated spectra are displayed in Fig. 5 and the decay of
of the 1285.0 keV level wa$~ as proposed ifi5], then one  the isomer is shown in Fig. 6.
should observe strong1 transition from this level to the The spectrum in Fig. ®) is a sum of spectra gated on the
61.3 keV level. Such a transition is not observed in our data456.4 keV and 647.2 keV lindsee Fig. 4. From this spec-
We also add the 1494.0, 1836.7, and 2013.4 keV levels ttrum one can estimate gamma branching between the 80.8
this part of the scheme. Although they are drawn “in band,” keV and 750.7 keV transitions depopulating the 750.7 keV
no transitions between them have been observed. level. Its value is 0.0@), in agreement with previous mea-
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ficient for the 80.7 keV transition to be @3, which is con-
Na(d,3n)"“Pm sistent with anE1 character expected for this transition.
E,= 18 MeV

>
E
*®
g
=23

123.0 keV

C. High-spin excitation

155.0 keV
168.1 keV

190.6 keV'

¥ High-spin states if“*®m have been studied previously in

the 1%+ 13%Te reaction up to spif and excitation energy of
4.7 MeV [6,7]. In the present work we have extended the
level to an excitation energy of 7.2 MeV and still higher
spins. The high-spin part of the level scheme!Pm re-
sulting from the present work is shown in Fig. 6.

247.0 keV
251.8 keV
279.9 keV

370.5 keV
O~ 4564 keV
0O
733.6 keV

794.7 keV

Internal conversion coefficient o,

] M2 Transitions and levels have been placed according to co-

% % E3 incidence relations betweef rays. In most cases it was

= IS M1 . . ..

g 2 NG E2 ossible to deduce spins from measured DCO coefficients.
o 3 5% . . . "
¥ 5 B E1 There is, however, no direct measurement providing parities

p for high-spin levels, except conversion electron coefficients
for the 653.1, 578.1, and 422.6 keV transitions. In this situ-
Gamma energy [keV] ation we suggested parity assignments based on measured
DCO ratios and observed branching ratios. Our assignments
FIG. 3. Internal conversion coefficients, obtained from the  mgostly agree with spin and parity assignments of R&S).
electrony coincidences measured using tHéNd(d,3n)**Pm re-  There are however, a few differences. The spin of the 4223.5
action at a beam energy of 18 MeV. Solid curves represent thegze\/ |evel is most likelyZ2 rather than proposed earlier
retical ay conversion coefficients in promethium taken from Ref. hacause of tha |l =1 character of the 1171.2 keV transition.
[16]. The DCO for the 1337.0 keV transition suggests s§ifor
the 4389.7 keV level instead &f proposed earlier. Conse-
surement$17]. Considering the intensities of the 750.7 keV, quently the most likely spins of the spin 3665.1 keV and the
670.0 keV, and 608.6 keV lines, the total intensity of the4086.2 keV levels aré® and %, respectively.
80.8 keV transition can be estimated as 021.2f the inten-

3+
g

sity pf the 750.7 keV Iing. This resqlt is consistent with V. INTERPRETATION
previous studies and provides an estimate of the total con- “
version coefficient for the 80.8 keV transitior{~5) con- The nucleus'**Pm has three proton holes and two neu-

sistent with itsM1/E2 character inferred from the decay trons outside the double closed shell nuclétfed. Conse-
scheme and confirmed by the coefficient obtained from dquently, one expects weak deformation and multiparticle ex-
our e-y measurement. On the other hand, the gamma brancl§itations dominating the level scheme, as observed in the
ing between the 81 keV and 750.7 keV lines in the spectrunN =284 isotones™*’Eu [18,19 and **°Th [1,8]. At low ener-
gated on the 653 keV lingFig. 5b)] has a value of 0.18),  gies, proton excitations corresponding to thg,ds,, and
indicating that there is another component in the 81 keV lineD11/> proton orbitals were reported previoudi®—5]. High-
apart from the known 80.8 keV transition. Figurdbshows  Spin, multiparticle excitations are expected to be due to neu-
that the 653 keV transition is self-gating. An 80.7 keV link trons inf;;;,hg, Or i3/, orbitals, coupled to thay,, proton
between the 794.7 keV and the 714.0 keV levels could exexcitation. Such configurations are commonly observed in
plain this fact. It should be mentioned that in RE§] the  the N=84 isotones™Nd, 1®Sm, and'*°Th. At still higher
652.4 keV transition from the 1365.9 keV level to the 714.0energies, where available neutron configurations are ex-
keV level has been introduced which could account for thhausted, one may expect excitations due to breaking of the
self-gating. We can not confirm the existence of the 1365.9roton core and promoting another proton to lthg, orbital,
keV level because the 529.4 keV transition from this level,similarly as observed if**Th [1,8]. Angular momentum can
reported in[5], is not seen in our data. Consequently, webe generated also by aligning pairs @, or g, proton
assume that the self-gating effect is due to the coincidencholes. This has been observediTh [1,8] but only at high
between the 653.1 keV and 652.7 keVrays. This is con- spins. In contrast to these observations the authors of Refs.
firmed further by gating on the 81 keV line. Figuréch  [6,7] suggest that int*Pm aligningds, or g, proton-hole
shows the gated spectrum. Again, data suggest the propospdirs takes place at quite low spin and that the breaking of
link because the intensity of the 653 keV line is larger thanthe proton core and the promoting two protons to lthe,
the intensity of the 670.0 keV line. The 608.6 keV line is orbital happen already at spin=8 in *Nd and at spin
hardly visible in the spectrum and can not account for thid = 27/2 in 14Pm.
difference. Besides the multiparticle excitations, collective excita-
From spectra gated on the 307.5 keV and 787.7 keV linefions of a vibrational character coupled to those multiparticle
we could estimate total intensity of the 80.7 keV transition,configurations are expected MPm. A very characteristic
assuming that it is equal to theintensity of the 652.7 keV  type of collective excitations in this region is octupole vibra-
line seen in this spectrum. The total intensity obtained in thidions (see, e.g., Refl20]). Octupole phonon exitations are
way is 123)% of the intensity of the 733.6 keV line. Taking expected in1*Pm, because of pronounced octupole vibra-
this total intensity and thes intensity of the 80.7 keV line tions observed in the core nucl&Nd and 146sm[21-24.
from this spectrum we could estimate total conversion coefQuadrupole vibrations should also be present but they may
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TABLE I. Energies, intensities, DCO ratios, amg internal conversion coefficients for transitions in
14%Pm measured in the present work. Errorsefay energies areAE=0.1 keV for strong transitions
(,> 30), AE=0.2 keV for transitions with 381,> 10, andAE=0.3 keV for weak transitions| (< 10).

E, (keV) 2 1P Roco ay © Multipolarity ¢ Eex (keV)
44 794.7
61.3 4Q4) 61.3
62.0 1347.6
80.7 1) 0.53) ¢ E1l 794.7
80.8 1) 2.1(9) M1+E2 750.7
123.0 3.39 1.3(7) M1+E2 836.6
138.7 51) 2.27) 4362.4
155.0 q1) 0.4210) M1+E2 1502.6
163.3 1.05) 824.1
164.5 12 2.05) 5891.6
168.1 1.13) 0.2(1) M1+E2 660.8
168.6 41) 2013.4
190.6 142) 0.226) M1+E2 1397.8
196.3 G1) 2811.5
233.8 q1) 4935.0
239.0 62) 6130.6
244.6 5.%8) 1.53) 5727.1
247.0 g1) 0.136) M1+E2 1896.5
251.8 182) 0.103) M1+E2 1649.5
253.4 13.28) 1.32) 4013.8
263.3 5.87) 3760.3
279.9 122) 1.32) 0.11(4) M1+E2 2124.7
283.1 31 1385.3
303.5 41) 4389.7
307.5 42) 5(2) 0.051) M1+E2 1102.2
311.7 122) 1.95) 4701.4
316.9 1) 5(1) 1.6(3) 0.052) M1+E2 24413
3314 3.75) 0.061) E2 824.1
334.1 1@2) 1836.7
337.2 112) 3497.0
342.2 274) 1.53) 0.041) M1+E2 1844.8
348.2 52) 3160.0
348.8 1%2) 1.4518)f 4362.4
362.9 8.37) 1.02) 2811.5
369.9 q1) 2811.5
370.5 62) 0.052) M1+E2 1207.1
388.0 1102.2
397.8 1) 0.8(3) 4760.2
4035 1.05) 6130.6
409.0 2.05) 5891.6
415.4 4.%8) 3(1) 2441.3
421.0 G1) 4086.2
422.6 723) 6(1) 0.022) E2 24485
4325 31 0.0085) E1l 1102.2
4422 41) 1649.5
4446 8.28) 0.8515) 3497.0
456.4 3%3) 0.0248) M1+E2 1207.1
490.6 1) 5(1) 1.4(4) 0.0154) M1+E2 2615.3
492.7 232) 0.0308) M1+E2 492.7
493.2 g2) 0.0225) M1+E2 1207.1

497.3 52) 0.052) E2 1844.8
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TABLE I. (Continued.

E, (keV) 1@ 1P Rbco ay © Multipolarity ¢ Eey (keV)
498.7 1.05) 1896.5
510.7 233) 0.0155) M1+E2 1347.6
516.9 4.%7) 4013.8
537.1 1) 1207.1
539.0 21) 4389.7
544.6 42) 3160.0
545.5 4935.0
570.9 213) 0.0042) El 1285.0
578.1 955) 23(3) 0.0093) E2 2025.8
599.5 660.8

600.5 2.95) 3760.3
603.8 4%2) 3052.3
608.6 31) 670.0

613.0 51) 3665.1
615.3 31) 4701.4
622.2 q1) 2124.7
633.5 133) 0.0073) E2 1347.6
647.2 102) 1397.8
652.7 182) 35(5) 714.0

653.1 1005) 50(5) E29 1447.8
657.1 1@2) 1494.0
660.7 660.8

665.7 212) 33(4) 0.903) 0.0062) E2 1502.6
670.0 7.17) 28(2) 0.0092) M1+E2 670.0

708.0 172) 2.1(3) 3760.3
711.3 1.55) 4935.0
711.6 7.%5) 1.8(4) 3160.0
718.3 51) 3160.0
724.4 41) 4389.7
733.6 513) 35(4) 0.0213) M2 794.7

750.7 423) 99(5) 0.0041) E29 750.7

762.5 31) 824.1

775.6 1005) 0.0041) E29 836.6

787.8 31) 8(2) 0.0113) 1582.5
794.7 2.25) 5.5(5) 0.01Q3) E3 794.7

806.8 2.38) 5030.3
853.8 5.27) 1.54) 3665.1
926.2 6.09) 2.0(6) 4086.2
962.0 3.18) 6853.6
1034.0 0.84) ~1 4086.2
1040.7 93) 8(2) 1102.2
1086.1 7.49) 1.63) 7216.7
1120.1 7.89) 0.92) 5482.5
11314 3.98) 1.03) 5891.6
1171.2 101) 1.92) 3851.0
1337.0 4.47) 1.95) 4389.7
1402.5 1.05) <1 3851.0

%Relative intensities measured in tHé*e(**N,4n)*Pm reaction at beam energy of 78 MeV where

1,(653.1 keV = 100.

bRelative intensities measured in tHé®™Nd(d,3n)*Pm reaction at beam energy of 18 MeV where

| (775.6 ke\f = 100.

‘ay conversion coefficients obtained froeay coincidence data, unless indicated otherwise.

dAdopted.

®Total conversion coefficient obtained from intensity balance.

fReferenceA | =2 transition.

9DCO ratio for 348.8 keV+ 348.2 keV doublet.

2269
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FIG. 4. Low-spin excitations o}**Pm observed in the present waidee Fig. 6 for feeding of the 2124.7 keV lenvélidths of arrows
are proportional to thé,, in the **Nd+d reaction.

be mixed with bandlike structures arising from decoupling oftions of the cluster-vibration model. However, one may note
pairs of particles such as‘{',z) o+ 2+ 4+ g+ OF holes such as the following.
(d5’,§) o+ 2+ 4+, Which are observed in the neighboring nuclei. (i) The cluster-vibration model reproduces the experimen-
Below we discuss in more detail various excitations intal data with a moderate accuracy. In particular it predicts
14%m observed in the present work. stronger than observed links between the two bands while
the new experimental evidence stresses the fact that the two
bands are separate.
(i) Calculations presented in Rdf5] do not take into
The ground state of*®m and the excited levels at 61.3 acccount the presence of a pair of neutrons“4Pm.
keV have been established in studiesftlecay of 2*°Sm (i) In the present work both bands are observed over a
[25] and confirmed by a number of other worksee Ref. spin range of 6 only and it seems that this truncation is not
[17] and references thergirThese states were interpreted asdue to experimental limitations.
ds;, and gy, single-particle proton levels, respectivéB;4]. Considering these observations another interpretation is
Bands ofE2 andM 1+ E2 transitions have been found on plausible, namely, that the two bands are due to a recoupling
top of the ground state and the 61.3 keV le{®], which  of the pair of neutrons in thé,, orbital, a phenomenon
have been extended in the present work up to $pify which is commonly observed in the neighboring nuclei. Such
andl=3" respectively. These bands have been describedn interpretation has been already proposed in Refg] but
in Ref.[5] in frame of the cluster-vibration model as due to it has to be discussed again because of an improper assign-
coupling between a quadrupole phonon and a cluster of threment of levels to bands done in Ref§,7]. The 3", 1347.6
proton holes inds, and g, orbitals. Since the calculations keV and% *, 1844.8 keV levels were assigned to the band
presented in Ref5] are limited to levels with spin<3%*, on top of the ground state. This produces a situation where
levels with higher spins cannot be compared with the predicboth bands contain three levels each and can be therefore

A. Excitations on top of the ds;, and g, proton levels
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FIG. 5. Spectra illustrating the presence of the 80.7 keV transition.
accounted for by coupling thef £,) o+ »+ 4+ g+ Multiplet to All three types of excitations are observed iftPm and

the ds;, or g7, proton orbitals. However, the present datatwo other structures have been identified in the present work.
show that each of the two bands contain seven levels. ThBelow we discuss these excitation in more detail.
levels in the band decay readily to each other but there is
little communication between the two bands. Coupling of the 1. wh 13, ¥* configurations

2 .
(f72) 0*,2*61*,6* S(ﬁquence lto tf|1d5_,2 or 9;]/2bpr°é°_rf‘ orbltalst_ At low excitation energy in'***Pm two valence neutrons
can reproduce all seven levels in each band if one notices, wa . orbital form a characteristicf mul-
that the “unfavored” members of the bands may result from 712 b 0+ 2+ 4 60

) . tiplet, coupled to theh;;, proton level. Levels at 794.7,
a noncomplete alignment of thef ) o 2+ 4+ 6+ Multiplet 1447.8, 20025.9, and 2448.5 keV result from this coupling,
relative to theds;, or g;, proton-hole states.

as already noticed if6]. The maximum-aligned member of
o this multiplet in 14%Pm is compared in Fig. 7 with analogous
B. Excitations on top of theh,,, proton level excitations in**’Eu and 1°Tb isotones and with the results
The close similarity of high-spin excitations on top of the of semiempirical calculations for tl"[a-rhll,zy(f72,2)6+]23,T
h,1» proton level in ¥Pm to analogous excitations in configuration in1*Pm, similar to those performed in Ref.
149Th suggests a similar interpretation to that proposed ifi].
[1,8] for *°Th. In 14°Tb three types of excitations have been At higher excitation energy one of the neutrons is pro-
identified on top of theh;, proton level: (i) a group of moted to the hg, orbital and the [whyy,
negative-parity levels right on top of the isomeric level, ® v(f;hg)g+]127/>- configuration is produced, which ac-
which were described as the,,,hg,, OF i3, Neutron con-  counts for the 3052.3 keV level i¥**Pm. In Fig. 7 the dis-
figurations coupled to thl;,,, proton level,(ii) a group of  cussed level in***Pm is compared to analogous excitations
positive parity levels coupled to the neutron configurationsn #’Eu and °Tb isotones. The good reproduction of the
mentioned in(i), and(iii) a group of high-spin states which experimental data by the calculations and systematic agree-
were interpreted as due to breaking proton core and promotnhent with excitation energies of analogous levels in the
ing another proton to thh,;,, orbital. neighboring nuclei supports the proposed interpretation for
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FIG. 6. High-spin excitations of**Pm as observed in the present work. See Fig. 4 for decay of the 2124.7 keV level and other feeding
of of the 670.0, 714.0, and 750.7 keV levels. Widths of arrows are proportional t, finethe *3*Xe-+ !N reaction.

the 2448.5 keV and 3052.3 keV levels. preted in Ref[6] as due to aligning of proton holes in the

It should be mentioned that the 3052.3 keV level wasds, and/orgy, orbitals. Although this interpretation can not
interpreted differently in two previous works. In Ré¢¥] a  be excluded, let us note that calculations assuming neutron
coupling of the § excitation in *4Nd to thehyy, proton  involvement reproduce essentially better the level energy
level was proposed as the explanation, where thiei8  [3169 keV for thev(f;hg;,) configuration as compared to
144Nd was interpreted as laﬁl,2 structure. Three protons in 3338 keV for proton holes configuratigB]]. It is possible
the hy4,, orbital can indeed couple to the maximum spin of that both §,,5hg) neutron andls, or g, proton-hole con-
|™=Z'~. However, a rough estimate of excitation energy forfigurations contribute to the 2772 3052.3 keV excitation.
such a[h3,,,],7»- configuration(3 times thehy,, proton Above the[ whyv(f7hgp) g+ 1272~ configuration more
excitation + pairing gap shows that such an excitation is angular momentum can be generated either by exciting one
expected well above the experimentally observed 27/2 of valence neutrons to thies, orbital or by aligning proton
3052.3 keV level. The same 3052.3 keV level was inter-holes. The 4223.5 keV level was interpretd@] as
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2. Possiblerrh1,#*® (w~?); configurations

Configuration : I
The levels at 3665.1, 4086.2, 4389.7, 4701.4, and 4935.0
keV have no counterparts it*°Tb. This suggests that
b vED, sips w74 - they Ir;ay be due .to proton-hole .excnatlons of7ah{ 1,v°)
ne G W dee o T — ® (7~ ?); type, which are absent i**Tb. More exact state-
ments are, however, not possible at present since we could
Thyp Vlpp b 4765 not establish the parities of these levels. If the above propo-
mhuin Vb fr)e ® 3 685 ero sition is correct, the discussed levels should have negative
MR s g parity. On the other hand, if the parity of the the 4701.4 keV
Thy v, D, ® 3 3951 N a5z g, . level is positive, it could be well described by the
T 37607 3s;32 [7hy1v(f 7/ 1310 312+ configuration, mentioned abovsee
SRR oo Fig. 7).
% hyy, Vg, £75)s. e 3052.3 2900.9 2303 2712
3. Possiblerrh?,,,® »? configurations
T hyy V(s 2510 2485 2932 o3 - Promotion of another proton to thg,,, orbital allows us

to generate still more angular momentum. ThHg ¥ ™),
54825 keV level is a candidate for the
[m(h2,,053) v(f3,)6+)] a7+ configuration. High-energy de-
cay from this level supports the idea of proton promotion. An
analogous level is observed H°Tb (see Fig. 7. On top of

2947 6253 2 this level we do observe a short cascade. A similar cascade in

by V(Eo Do cu . uz 149Tph has been interpreted as due to the recoupling of a pair
C. Xp. H — —
145 P e of proton holes in th¢ m(hiys) v(f5) 6+ (7~ 2); con-
Pm Eu Tb figuration[1].

At still higher excitation energies there are the 6853.6

FIG. 7. Systematics of multiparticle excitations in the odd- keV and 7216.7 keV levels decaying by high-energy transi-
Z,N=86 lanthanides. Data fot*°Tb and “/Eu are taken from tions. This suggests further particle promotion. It is possible
Refs.[1,18,19. Note that levels are labeled with their energies rela-that, in addition to the proton promotion discussed above,
tive to the ground state but are drawn relative to the 11¢Xcita-  one of a neutrons is promoted from thg, to thei 3/, orbital
tion. Calculated levels are drawn relative to the 794 keV level. as Suggested for an anlogous Stateym'b by the deformed

independent particle model calculations performeggih

due to aligning proton holes and assigned the
[7h11Adg3)2+) v(f5)6+]312- configuration. Considering
the new interpretation proposed above for the 3052.3 keV C. Octupole excitations

level, one may note that if the spin of the 4223.5 keV level is

31— Octupole phonon vibrations observed in the core nucleus

2 7?3 proposgd iq (6], the [mhiymw(honfrD)laie  144yq [21,23,24 are expected to form ift*Pm excitations
®(ds/2) 2+ 4+ coNfiguration could acgountgfgr the 4223.5 keV ragyiting from coupling of this phonon to multiplarticle con-
and 5030.3 keV levelgassuming spin”™= 3" for the latter  figyrations. Analogous octupole phonon excitations coupled
ong. However, the present data data suggest for the 4223, mhy1v2 configurations were recently found #%Eu[26].

keV level spinl=%, leaving open the question about its An interesting observation in this case is that besides the
nature. It has been argued that the 3142 keV level*fib 3~ octupole excitations one observes also the@upling.

has a[hyy,v(f7 130 ]a12+ configuration[1]. In Fig. 7 This results from Pauli blocking of an octupole phonon to
analogous levels in*Pm and*’Eu are shown. This sys- which the rh;;,ds, pair contributes. As a result one ob-
tematics suggests similar interpretation for the level aterves a band of positive parity levels, spacedAlby 1 in
4013.8 keV in*Pm. However, semiempirical calculations spin, which are interconnected Byl andE2 transitions.

for this configuration in'*Pm predict excitation energy of These band decay by pronoucEd transition to the yrast
4765 keV, well above the experimental value, leaving operband on top of therh,,,, state[26].

the question about the interpretation of this level. Let us note The 2441.5, 2811.5, 3160.0, 3497.0, 3760.3, 4013.8, and
that configurations containg proton holes are excluded be4362.4 keV levels in**Pm form such a band and are there-
cause aligning a pair of proton and holes on top of thefore likely candidates for octupole phonon excitations.
7Th11/21/(f72/2)6+ level produces states of negative parity Analogous excitations, interpreted as an octupole phonon
while the maximum aligned coupling of coupled to thewh;;,»? configuration, were observed in

[7(ds297,2) 172+ (f2)6+ 12912+ does not produce enough an- **°Tb [1]. Two of these levels, observed systematically
gular momentum to explain th& *, 4013.8 keV level. in %°Tb, %Eu, and ¥**¥m, are shown in Fig. 7 and
When the other neutron is excited to thg, orbital a are interpreted  as [whyy(f5)]o3-®3~  and

maximum aligned configuratiofmhy v (hgpi 139 13z i [mhyyov(f7ohe)]272-®3™  configurations,  respectively,
formed. A possible candidate for this configuration inwhich is supported by the result of semiempirical calcula-
14%m s the 4362.4 keV level. But as will be discussedtions for levels in'*Pm. The proposed octupole excitation
below this level could be due to octupole excitation. coupled to thg wh1,,v(f75hg) 1070~ configuration satisfac-
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torily describes the 4362.4 keV level but the contributionsuch a band, which, however, do not decay into each other
from the[ 7hyqov(hesi 1310 1332+ configuration, discussed in  (possibly because of the unfavored branchingssis likely
the previous section, cannot be excluded. that octupole correlations in**Pm are weaker and do not

It should be mentioned that some of the levels discusse@roduce a parity-doublet structure such as observed in
above were described in Ref6] as members of the 147pny.

[v(f5)®7 3]; multiplet. Indeed, semiempirical calcula-

tions predict an excitation energy of 3730 keV for the

[v(f7Y)6+® (72 2ds, ) ]a02+ cONfiguration, close to VI. CONCLUSIONS

the I"=2", 3760.3 keV level. Therefore, although strong

E1 decays to therh;;,»? band suggest octupole phonon We have studied medium-to-high-spin excitations in

excitations, the contribution from?7~2 cannot be ex- *Pm using the®**Xe(**N,4n) compound nucleus reaction.

cluded, especially for lower band members, which decayseveral new excited levels were introduced in the level

also to the 2124.7 keV and 2615.3 keV levels, most likely ofscheme of'**Pm, which allow a more consistent interpreta-

the v27 3 nature. tion of this nucleus. Levels it*®Pm are interpreted as mul-
In **Pm we have identified another candidate for an octiparticle excitations of the valence particles and holes as

tupole excitation, which does not have a counterpart in thevell as vibrational collective excitations coupled to them.

known level scheme of*°Tb, possibly because itf°Tb this ~ Octupole excitations observed °Pm are due to octupole

level is too nonyrast to be observed there. The 1285.0 keyhonon coupled to multiparticle configurations. This sug-

level in **Pm (see Fig. 4, which has been assigned spin gests that octupole correlations f®Pm are weaker than

| 7= 4" is an analog to the 970.0 keV level #Pm, inter-  those observed int*’Pm, where a parity-doublet structure

preted as an octupole excitation coupled to the ground stateas been observed. The present work shows thaf3m

[11]. On top of the 970.0 keV level id*Pm a regular band there are excitations due to two valence neutrons observed

is observed, interpreted as a signature of strong octupole cosystematically in the"*’Eu and *4°Tb isotones, which have

relations. In ***Pm we observe four possible members ofnot been considered in previous studies'&Pm.
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