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LEVEL STRUCTURE OF THE TRANSITIONAL 0DD-MASS NUCLEI '#1~14%m

Abstract

141-149Pm have

The Tevel structures of the five odd-mass nuclei
been studied by methods of in-beam y-ray and electron spectroscopy
using (p,xn) and (3He,xn) reactions. Over twenty new levels were
observed in each of the nuclei investigated. The spins of the levels
range between 1/2 and 21/2. The missing isomeric h”/2 state

(T]/2 = 12 ns) was observed in 147

Pm. Comparisons between experimental
and theoretical results have been made. Calculations for all isotopes
have been performed using the quasiparticle-vibration model with

an intermediate coupling. Positive-parity levels can be interpreted

as members of multiplets of the last odd proton coupled to the
quadrupole vibrations of the core. The cluster-vibration model has

been applied to Pm isotopes, specially to ]45Pm

, under the assumption
of the Z = 64 subshell closure. Positive-parity levels are explained
very well when the cluster consists of three proton holes in the-g7/2
and d5/2 shells. The results strongly support the assumption that
the Z = 64 closure persists also for the Z = 61 promethium nuclei.
The probable band structures of 149Pm are discussed on the basis

of ecalculations made using an axial particle-rotor model.

The results on negative-parity levels are also compared with the
predictions of the triaxial particle-rotor model.
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1. INTRODUCTION

The odd-mass promethium isotopes are situated in the region
(A < 150 and around the N = 82 shell) where the shape of nuclei is
assumed to be transitional between spherical and deformed. The odd-A
Pm nuclei investigated in this work have proton number Z = 61 and
the neutron number varies between 80 and 88. In this region the isotopes
behave very different waysand, as we shall see, no theoretical model can
explain the characteristics of all the Pm nuclei. The nuclei which have
the closed neutron shell N = 82 are supposed to be nearly spherical, and
the lowest excitations are characterized by almost pure single-particle
states. On the other hand, the N = 88 nuclei come near to
being deformed because a sudden increase in deformation occurs in the
neighbourhood of N= 89 and the N = 90 nuclei are strongly deformed with
typical rotational bands.

The even-even nuclei in the transitional region are supposed to
be vibrational nuclei performing small surface oscillations about
a spherical equilibrium shape. The spectra of transitional odd-A
nuclei are usually interpreted so that the last odd nucleon or hole
is coupled to the core vibrations. The strength of the coupling is
assumed to be something between weak and strong. Such an intermediate-
coupling approach in the unified nuclear model has been used by various

investigators in the region of A < 150. This model has been applied

o 145,147,149 147,149 2)

t Pm by Choudhury]) and to Pm by Héyde and Brussaard ‘.
However, both these groups have had few experimental results to
adjust the parameters needed for the model and to make ccmparisons
between experimental and theoretical results.

Another applicable vibrational model is the cluster-vibration mode13’4)
which extends the above approach to nuclei with a few particles or holes out-

side & «irzle closed shell. Here we have applied this model to odd 6]Pm
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isotopes under the assumption of a Z = 64 subshell c]osures) which
persists even for nuclei with three protons off (Z = 61). The cluster
consists of three proton holes in the Z = 50 - 64 shell.

An opposite approach to nuclei in this transitional region is to
couple the particle motion to the rotations of the core nucleuse).
The coupling of the particle to the rotor gives rise to rotational
bands modified by the Coriolis interaction. The rotational approach is
applied to odd-A transitional nuclei especially for unique-parity states
which are based on high-spin single-particle configurations such as h]]/Z’
h9/2’ i]3/2, etc. These groups are easily identified experimentally
since they are strongly populated in (a,xn) and (heavy ion, xn) reactions.
The level spectra can alternatively be interpreted by coupling an odd
nucleon in a single j shell to a triaxially deformed c0re7). Since
axially symmetric nuclei cannot rotate around their symmetry axis, one
obtains in the axially deformed nuclei normal-ordered rotational bands
with AT = 1 based on Nilsson states. The triaxial odd-A rotors can rotate
around all intrinsic axes and the spectrum is composed of Al = 1 and
Al = 2 bands. This triaxial model seems to be very suitable for interpreting
the so-called decoupled bands with Al = 2 which are built on unique-parity
states. When the particle and core angular momenta are nearly aligned,
the Coriolis force becomes very small and there is no longer an appreciable
coupling between the particle and the core. Thus the differences in
energy of these levels are just those of the core itself and Al = 2.
The unfavoured states with AI = 1 are shifted to higher energies.

Knowledge of the structure of the odd-A Pm isotopes has been poor
both experimentally and theoretically. Thus in the present study, by
means of in-beam gamma and electron spectroscopy, we have collected

data on these Pm nuclei for systematic comparisons. These experimental



measurements and results comprise the first part of the present work.
The experimental situation before this work is explained in connection
with each nuclens investigated.

The last part of this study consists of theoretical predictions
for Pm nuclei. These results we have calculated by using the quasiparticle-
vibration model with an intermediate coupling, the cluster-vibration model,
the axial particle-rotor model and the triaxial particle-rotor model.
Main attention is paid to the intermediate-coupling model where the extra
proton is coupled to the quadrupole vibrations of the core. The 97/2°
d5/2, d3/2, S1/2 and h”/2 orbitals are allowed for the particle. 1In
the calculation of the matrix elements of the interaction between
the core and the last proton we have taken into account the quasiparticle
character of the active nucleons by including a factor ujuj. - Vjvj"
These particle and hole amplitudes are taken from stripping and pick-up

reaction experiments. In the previously mentioned calcu]ations]’2>

only
the 97/2 and d5/2 orbitals were allowed for the odd proton, and also

the effects of pairing were ignored. With the aid of the calculated

wave functions we have determined magnetic dipole and electric quadrupole
moments, transition rates and spectroscopic factors. The calculations
using the cluster-vibration model are presented in chapter 4.

In addition, we have calculated for %9

Pm, which behaves as

a nearly stable deformed nucleus, excitations and electromagnetic
transition rates by using an axial particle-rotor modelg). The Towest
experimental positive-parity states have been interpreted as the Towest
excitations of the 1/2%[411], 3/27[411] + 5/2"[402), 5/27[413] + 7/2" [404]
and 7/2+[413]r0Lat10na1 bands. Most of the negative-parity states

belong to the h band and these are compared

11/2



with predictions of the axial particle-rotor model. We have also

calculated the level order for the h.”/2 band using the triaxial particle-

7)'

rotor model of Meyer-ter-Vehn The results of this calculation are

presented in chapter 4.
This thesis is based on the following published papers and research

reports:
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2. EXPERIMENTAL PROCEDURE

2.1. Singles y-ray spectra and excitation functions

0dd-mass Pm nuclei were produced by (p,2n), (p,3n) and (3He,3n)

reactions using p and 3He beams from the 90 cm cyclotron of the University

of Jyvdaskyla. Self-supporting (0.8 - 1.1 mg/cmz) targets of Nd and

]4]Pr and also thicker (= 10 mg/cmz) targets of Nd203 and Pr203, mounted

on mylar foils, were used. The target materials were enriched to 98 %

in ]42Nd, t0 93 % in 144 145 146

148

Nd, to 94 % in
]SONd.

Nd, to 95 - 98 % in ""Nd, to

95 % in
]4]Pr.

Nd and to 96 % in Natural Pr is isotopically pure
In order to study excitation functions of in-beam y rays the energy
of the proton heam was varied from 11.8 MeV to 20.4 MeV depending
on the target. The energy of the 3He beam was ranged from 19.0 MeV to
26.8 MeV.
The y-ray spectra were measured employing 40, 55 and 70 cm3 Ge(L1)
and 0.5, 1.0 and 7.5 cm3 hyperpure Ge detectors. The resolutions of
the large coaxial Ge(Li) detectors were 1.9 - 2.7 keV FWHM at 1.33 MeV
and that of the smail Ge detectors was 600 eV FWHM at 122 keV energy.
The energies of the y rays arising from the reactions were

determined with the aid of the 1°2 133

Eu and Ba sources, the transition
energies of which are accurately knowng). The peaks in both y-ray and
electron spectra were fitted to a convoluted Gaussian-plus-exponential

function using the computer program KAMPI1O),

2.2. Angular distribution experiments

Angular distributions of y rays were measured at six angles between
8 = 90° and 6 = 161° with respect to the beam i#ne. The spectra were

recorded with a large Ge(Li) or a hyperpure Ge detector positioned at



a distance of 18 cm from the target. Another Ge(Li) detector was kept at
a fixed 90° angle to the beam axis and served as a monitor detector.
Two different methods were used for the normalization of the y-ray
spectra collected at various angles by the movable detectors: (i)
normalization to the peak of an isomeric, isotropic y-ray transition
recorded by the movable detectors; and (ii) normalization to selected
y peaks in the monitor spectra measured simultaneously.

Many of these y-ray angular distributions show large anisotropics
(cf. fig. 3) that may be interpreted and well understood in terms of
nuclear alignments. The incoming projectile together with the target
forms an excited compound nucleus with a large component of angular
momentum in the plane perpendicular to the beam direction. The decay
of the compound system, initially by evaporation of neutrons and
subsequently through the emission of y rays, has little influence on
this alignment so that the lower-lying states of the final nucleus still
possess a large alignment. This gives a possibility to measure angular
distributions of the y transitions from these states.

The angular distribution of vy rays emitted from the aligned nuclear

state can be expressed in terms of Legendre po1ynom1a1s]]),

W(e) = A0 + QzAsz(cose) + Q4A4P4(cose),

where 6 is the angle of the detector with respect to the beam axis.

The quantities 02 and Q4 are geometrical coefficients due to

the finite size of the detectors. The function W(6) was fitted by

the least-squares procedure to the experimental data using the program
ANDIST]Z). The magnitude and sign of the measured angular distribution
coefficients A2/A0 and A4/AO are sensitive to the spins involved in

the transition. For example, pure dipole Al = 0 transitions are

characterized by a large positive A2/A0 and zero A4/A0,but Al = £1 by



a negative AZ/AO and zero A4/A0, and the pure quadrupole Al = 2
transitions by a positive AZ/AO and a smaller negative A4/A0. However,
if the transition is not pure, the angular distribution coefficients
are very sensitive to the multipole mixing ratio §.

Attenuation of nuclear alignment is described by a parameter o
which characterizes the width of an assumed Gaussian distribution for
the magnetic substates of each partially aligned nuclear state fcrmed

in (p,2n) and (3He,3n) reactions. The attenuation coefficients o
11)

2 and 0y

are determined by the relative width (0/11) of the Gaussian

distribution.

2.3. In-beam electron measurements

The electron spectra were measured using an intermediate-image

13)_

magnetic plus Si(Li) electron spectrometer The resolution for

300 - 700 keV electrons was better than 3.5 keV. Energy and efficiency

calibrations were performed using thin radioactive sources of 152Eu and

]33Ba. In addition to the prompt in-beam spectra, delayed components
were also measured using the rf timing method described in sect. 2.5.
The electron and y-ray intensities were normalized to each other with
the aid of some transition of known multipolarity. Since the mean
acceptance angle of the electron spectrometer is 6 = 500, the effects

caused by angular distributions of electrons can be ignored when the

corresponding y-ray spectra are measured at 125° to the beam line.



2.4. Gamma-gamma coincidence experiments

In order to establish the level schemes,three-parameter yy-time
coincidence spectra were measured using two large-volume Ge(Li) detectors.
In these experiments the two Ge(Li) detectors were placed at £1259 to
the beam direction. The detectors were shielded with lead in order to
reduce the scattering of y rays from one detector into the other.

The parameters were the two y-ray energies and the time between the

vy rays. The data were recorded event by event on magnetic tape during
the experiment using]4) the computer PDP-11/45. The yy coincidence
spectra are obtained from subsequent off-line sorting of the tapes by
setting gates on photopeaks. The events caused by the Compton contimuum

and chance coincidences were subtracted.

2.5. Lifetime measurements

Lifetime measurements of the excited states in the Pm nuclei were
performed in the nanosecond region. Two different methods were applied
for determining half-lives. The first method makes use of the natural
beam structure of the cyclotron beam. A time-to-amplitude converter
was started by the y ray and stopped by the cyclotron radio-frequency
(rf) signal, and the delay of y rays between cyclotron beam pulses was
measured. The data were stored in a two-parameter mode event by event
on magnetic tape. The parameters are the y-ray energy and the time
between the y ray and the beam burst. Both the small Ge and the large
Ge(Li) detectors were used. With the 1 cm3 Ge detector a slope of
~ 0.7 ns in the time spectrum was obtained. The second method corresponds

to the conventional delayed yy coincidence technique. The signal of



a Nal scintillation counter was used instead of the rf signal. In
addition to the time spectra of certain y rays we measured also delayed

Y-ray spectra by setting several gates on the time spectrum.

3. MEASUREMENTS AND CONSTRUCTION OF LEVEL SEHEMES

3.1. The nucleus ]4]Pm

The level structure of the ]4]Pm nucleus has been previously studied

only by the B decay]s) of ]4]mSm and IA]QSm. No reaction data on

141 141

Pm have been published. The ground-state spin of Pm has been

measured to be 5/2 with an atomic beam method]G), and positive parity is
strongly favoured by the shell model. Spins and parities for some

Tow energy levels are proposed in ref. 15.

14 141Pm

Singles y-ray spectra were measured from the 2Nd(p,Zny)

reaction at bombarding energies Ep= 14.9, 15.8, 16.8, 17.8, 19.0 and

20.2 MeV and from the ' Hpr(3 141

He,3ny) ' Pr reaction at E3He = 19.0, 21.6,
23.9, 26.0 and 26.8 MeV. Fig. 1 shows a portion of one typical y-ray
spectrum measured at 125° with respect to the beam direction.
Three-parameter (yyt) coincidence experiments were performed
using two large Ge(Li) detectors. Coincidence measurements were made
at 20.2 MeV in the (p,2ny) reaction and at 26.8 MeV in the (3He,3ny)
reaction. Four typical coincidence spectra are shown in fig. 2.
Measurements of short lifetimes were performed between natural
cyclotron beam bursts using 1.0 and 7.5 cm3 Ge detectors. We did not
find any lifetimes measurablewith this system (approximately 1-50 ns);

the only delay we could find in ]4]Pm was caused by the h

11/2
level at 628.8 keV. The half-life of this 1eve115) is known to be 0.59 =

0.02 ys. Our lifetime result for the 777.4 keV transition from
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the 974.3 keV level; TVZ < 1.0 ns, strongly disagrees with the earlier
7)

result of 56 + 11 ns measured using the delayed coincidence techm‘que]
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Fig. 1 A portion of a singles y-ray spectrum arising from the

M1Pr(3 147

He,3ny) " 'Pm reaction measured at a 125° angle
employing the 40 cm3 Ge(Li) detector. Only prominent
peaks are marked by energies; B = peaks caused by radio-
activities or impurities in the target.

Two sets of y-ray angular distribution experiments were made

at angles of 90°, 110%, 1252, 140°, 150° and 161° with respect to

the beam direction. The reactions and bombarding energies were the same as

inthecoincidence experiments. Some examples of experimental angular

distributions of y rays from the Msz(p,Zny)M]Pm reaction are shown

in fig. 3.
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Fig. 3. Some typical y-ray angular distributions from
the ]42Nd(p,2ny) ! reaction

Singles, prompt and delayed in-beam electron spectra were measured
from the ]4]Pr(3He,3ne) reaction at an energy of 26.8 MeV. The conversion-

electron spectra were normalized to y-ray spectra with the aid of

the 525.1 keV 4% = 2* E2 transition in 142

14 1

Nd (from the reaction

1

42Nd) and the 756.5 keV M4 transition in 41Nd (from

141

Pr(3He,pn)
the reaction‘]4]Pr(3He,2pn) Nd). The multipolarities of the transitions
were determined with the aid of conversion and angular distribution
coefficients. The E2/M1 mixing ratio for a transition is given only

if the conversion coefficient and the angular ‘distribution results are

in agreement.

Summaries of the y-ray data and the measured ag values are presented

in tables 1 and 2.
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Table 1. Energies E_, relative y-ray intensities I_ at 125°
in the ]42Nd(p,2ny)]4]Pm and ]4]Pr(3Hea3nY)]4]Pm reactions
and assignments of the transitions in the ]4]Pm level scheme.

The uncertainties of the last figures are in parentheses.

Y Relative y intensity Assignment
(keV) (p,201) (%He, 3nv) E, - E
E = 20 MeV E =27 MeV

170.1 (3) 19(4)

196.88(5) 1860(90) 1392(70) 196.9 - 0
197.5 (5)% 6(4)2 1510.8 - 1313.3
247.5 (4) 15(4) 8(3) 1414.5 - 1167.0
260.3 (4) 14(3) 1573.6 - 1313.3
324.53(15) 93(9) 25(4) 728.3 - 403.9
347.6 (L) 19(3)

354.8 (5) 11(3)

381.2 (3) 22(3) 1892.0 - 1510.8
391.3 (3) 18(3) 2361.4 - 1970.1
401.5 (3) 22(3) 2640.4 - 2238.9
403.85(10) 426(22) 106(10) ko3.9 - 0
431.9 (3) 1000 1000 628.8 - 196.9
438.45(20) 107(10) 15(3) 438.5 - 0
531.4 (&) 37(7) 13(3) 728.3 - 196.9
538.2 (3) 184(2L) 89(14) 1167.0 - 628.8
604.4 (h) 22(5) 1008.3 - 403.9
608.3 (3) 56(6) 33(4) 805.2 - 196.9
628.7 (3) 59(6) 63(6) 628.8 - 0
639.2 (5) 21(L) 2531.2 - 1892.0
640.2 (5) 24(5) 837.0 - 196.9
653.4 (5) 35(4) 2623.,5 - 1970.1
661.7 (5) 2L(5) 7(3) 858.6 - 196.9
684.49(10) 193(12) 305(18) 1313.3 - 628.8
701.8 (3) 28(6) 49(6) 2015.1 - 1313.3
707.6 (5) 17(3) 21(3)

725.4 (4) 141(11) 19(5)

728.1 (3) 102(8) 29(6)? 1132.0 - 403.9

728.1 (3) 206(14) 2238.9 -~ 1510.8



Table 1. (cont)
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EY Relative y intensity Assignment
(keV) (p,2ny) (e, 3nv) E, - E
E = 20 MeV E = 27 MeV

749.0 (4) 54(9) 1152.7 - L403.9
777.38(10) 340(24) 306(18) 974.3 - 196.9
785.6 (5)°  121(20) 77(11) 2098.9 - 1313.3
837.00(10) 387(27) 181(14) 837.0 - 0
858.55(15) 190(15) 54(8) 858.6 - 0
882.03(15) 177(14) 584 (40) 1510.8 - 628.8
911.33(20) 172(14) 91(8) 1108.2 - 196.9
955.7 (6)b 72(14) 25(7) 1152.7 - 196.9
962.6 (5) 22(4) 10(3)
995.8 (3) Lo(6) 125(11) 1970.1 - 974.3
998.9 (4) 20(L) 74(7) 2509.7 - 1510.8
1037.2 (5) 52(8) 42(6) 1874.2 - 837.0
1067.9 (6) 32(5) 2381.2 - 1313.3
1108.2 (6) 2L(5) 15(3) 1108.2 - 0
1112.6 (5) 46(7) 2623.5 - 1510.8
1163.0 (10)° 87(17) 64(12) 2137.3 - 974.3

a) From coincidence data; interfering 1ines in singles spectra.

b) Doublet peak.



Tanle ¢. Esperimental conversion coefficients ty measured in the ]4]Pr(3ﬂe.3n)]“Pm reaction, angular
distribution coefficients of transitions in the MZNd(p,Zny)]“Pm and M]Pr(aHe,Iiny)]“Pm reactions,
and inferred transition muitipotarities and E2/M1 mixing ratios. The uncertainties of the last
figures are in parentheses.

€, o 4244 (p,2ny) "'em W15, (3ye,3nv) ' 1Pm Hulti- s(E2/m1)

(keV) (x1072)  asA A /A, AylA, A /A, polarity

196.9 -0.01(1) 0.00(1) -0.0112) 0.02(3) w2

324.5 -0.11(3) 0.05(4) (M1)

403.9 2.5 (&) -0.11(1) 0.02(2) -0.07(3) -0.04(4) M1+E2

431.9 7.7015) 0.00(1) 0.02(2) 0.01(1) 0.01(1) M2

438.5 -0.07(7) 0.05(10) £2® .
531.4 0.23(4) -0.14(5) (M1+£2) -0.9(3) =
538.2° 1.2(3) -0.35(2) =0 -0.26(2) =0 HI4E2 .
608.3 0.5(2) (€2)
628.7 1.4(2) 0.07(8) 0.11(12) €3
653.4 0.64(12) E2(+M1)

684.5 0.62(8) -0.83(3) 0.09(2) -0.71(3) 0.09(2) M1+E2 -0.87(8)

701.8 0.61(11) -0.66(6) 0.26(16) M1+E2 -1.8 (3)

728.1 0.40(7) 0.07(2) 0.02(3) E2

777.4 0.38(5) 0.32(2) -0.06(3) 0.18(2) -0.00(2) E2

785.6 -0.35(3) 0.08(4) -0.48(5) ~0.05(9) M1+E2 -0.19(8)

837.0 0.21(5) 0.24(2) ~0.00(2) . E2

858.6 0.37(7) 0.30(2) =0 M1+E2 1.2 (2)

882.0 .24 (k) 0.27(4) -0.06(6) 0.23(2) -0.05(3) €2

911.3 0.16(5) 0.06(4) 0.08(5) (€2)

955.7 -0.20(6) =0 M1+E2 <0.07(5) or4.0(3)

995.8 0.42(9) =0 (€2)

998.9 }0.15(6)

a) Assignments from ref. 15.
b) Contains a contribution from Msz, which is of E1 character (ref. 18).
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The construction of the level scheme was based primarily on the yy
coincidence data, the transition intensities and on the excitation
functions of the y rays. The spins and parities of the states are based
on conversion-electron measurements and angular distributions of the y

141

rays. The level scheme of Pm is shown in fig. 4. The observed

coincidences are marked by dots. The two lTowest states in 141

Pm are
5/2+ and 7/2+ with main configurations of d5/2 and 97/2 At 403.9
and 438.5 keV Kennedy et a].]g) have reported 3/2% and (1/2)+ levels
which are confirmed in this work. The excitation functions favour
the spin assignment 1/2 for the 438.5 keV level.

An isomeric level of 0.59 + 0.02 us has been known]s) in ]41Pm at
628.8 keV and it has been assigned to the h”/2 level mainly from the
systematics of odd-mass Pm nuclei. Now we can confirm the spin assignment
from the inferred M2 and E3 multipoles of the 432.1 and 628.7 keV
transitions depopulating the 628.8 keV level.

Kennedy et a].]g) have reported a level at 728.3 keV decaying to
the ground state and to the 403.9 keV level. We assign 5/2+ to this
level which decays also to the 196.9 keV level. The decay mode 728.3 keV
+ 0 we cannot confirm because the strong 728.1 keV 1ine has been placed

twice in the level scheme of 141

Pm on the basis of the coincidence
relationships.
The 974.3 keV level we have assigned as 11/2+. Eppley et a]_20)
have reported a weak 974.3 keV -~ 0 transition, but we cannot find this
y ray, and our spin and parity assignment “is strongly against
the existence of this transition because it should be of an M3 character.
We have located several high-spin negative-parity levels in 14]Pm.
At least the 13/27 level at 1313.3 keV, the 15/27 level at 1510.8 keV
and the (19/2)" level at 2238.9 keV most probably belong to a band

built on the h”/2 state.
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3.2. The nucleus 143Pm

When we started our study we had knowledge of only six excited

states in |"5Pm. From the g decay and from the 141 143,

21,22,23)

Pr(a,2ny)

reaction the following levels were known: 7/2+ at 272, 11/2°

at 960, 3/2" at 1057 and (13/2)" at 1664 keV. Furthermore, Wildenthal

et a].24) have proposed a 1/2%1evel at 1170 and a 3/2% level at 1400 keV

144Sm 143 142Nd 143

from the (d,3He) Pm and (3He,d) Pm reactions. Recently

Nagai et al.25) have published their in-beam conversion-electron study.

They suggest a spin 11/2% to the 1664 keV level. The ground-state spin

of ]43Pm has been determined to be 5/2 with the method of low-temperature

nuclear orientation26).

Singles y-ray spectra were measured from the ]44Nd(p,2ny)]43Pm reaction

at energies Ep= 15.8, 17.8, 19.0, 19.6, 20.2 and 20.4 MeV and from the

]45Nd(p,3ny)143Pm reaction at Ep= 20.4 MeV. Some excitation functions

of y transitions from the first reaction are shown in fig. 5.

Gamma-gamma coincidence measurements were performed using 40 and
55 cm3 Ge(Li) detectors at a proton energy of 20.2 MeV. Four of these co-
incidence spectra are shown in fig. 6.

The time measurements were performed by using 1.0 cm3 Ge and 40 cm3
Ge(Li) detectors. We measured the half-1ife 24.0 + 1.0 ns for the h”/2
level at 959.8 keV, and the 234.9 keV transition gave a half-life of
T]/2 = 10.3 £ 0.5 ns for the 1663.5 keV level. Both  results are in
agreement with the previous values measured by Fromm et a1.23).

The angular distribution experiments were made at angles of
90°%, 110°, 125°, 140°, 150° and 161°. The proton energy was 20.4 MeV.
The angular distribution coefficients of the most intense single y rays

144N 143

from the d(p,2ny) "“Pm reaction are presented in table 3.
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Fig. 5. Excitation functions of some y transitions from

the ]44Nd(p,2n) reaction

In-beam conversion-electron spectra were measured at Ep = 20.0 MeV.
Fig. 7 presents a portion of a singles spectrum. The intensities of

conversion electrons were normalized to y-ray spectra with the aid of

the 618.0 keV 4* + 2" transition in ]44Nd, present in the spectra from

o 144

th Nd(p,p') reaction. The experimental K conversion coefficient

27). The multipolarities

«K(EZ) - 5.7+ 0.8) X 10_3 was used for normalization
of the transitions were determined with the aid of conversion and angular
distribution coefficients. The results of the y-ray and electron data

are presented in table 3.
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Table 3. Energies EY’ relative y-ray intensities IY at i25°, conversion coefficients Oy » angular distribution
coefficients and multipciarities of transitions in the l44Nd(p,Zny)?'I"':iPm reaction. The uncertazinties
of the iast figures are in parentheses.
EY iY oy AA/Ao Multi~- Assignment

{xeY) (£, = 20.2 MeV) ) polarity £, - E., J = Jf

83.41(8) 1.9 (10) 3013.3 - 2929.9.(21/2) > 19/2
104.70(7) 2.4 {10)

145.55(9) 4.5 (10)

154.0(1) 1.9 (10}

193.5{1) 3.5 {10) . .
234.93(6) 130 (10) 6(9) E2 1898.4 - 1663.5, 15/2° > 1172 '
272.10(5) 1000 .5(8) -0.013(9) M1+E2 272.1 -0, 772~ 5{2 . ~
287.32(8) 33(5) .2(3) zgQ E1 1950.8 - 1663.5, 9/2 - 11/2 !
296.0(1) 5.6(10)

357.4(1) 4.8(6) - -
376.54(10) 27(5) L1(5) =0 El 1942.5 - 1566.0,(7/2,9/2)>{5/2,7/2)
385.10(12) 45(5) 2.2(5) ~0 M1(+£2) 2287.5 - 1898.4, 17/2 > 15/2*
356.85(12) 25(5) 0.6(2) -0.05(4) El 2060.3 - 1665.5, 13/2 » 1172

bsk. 1(2) 19(5) 1.3(%) (E2411)

518.3{2) 13(4) - +
642.4(2) 23(5) & = Ei 2929.9 - 2287.5, 19/2 > 17/2

687.2(4) 50(15)2) .

687.7(4) 310(56) 8(5) M2 959.8 - 272.1, 12 ~ 7/2°
767.8(2) 18(4) 1824.3 ~ 1056.5,(3/2,5/2)~ 3/2 )
797.4(2) 10(3) 1853.9 - 1056.5, 53/2’5i2)" e
359.8(2) 70(10) 3201 -0.03(3) £3 959.8 = 0, 11/2 > 5/2



Table 3. (econy)

EY !Y oy AziAo Aﬁle Huigl- Azsignment T
) (€, = 20.2 hev) x18 polarity E, - Eg, 57 -9

583.2(2) 20{8)} 5.312{1%) 0.02(2)

351.1(2) 9(3) 1950.8 - 955.8, S/2 + 1172”
1056.5(3) 116{15) 0.12{6} -0.05(1) -6.03{2) E2({+H1} 1056.5 - 0 , 3727 » 5727
1173.1(3) 21(5) 1173.1 - 0, 1727 > 572%
$184.3(3) 12{3) k56,4 - 272.%
1262743} 10(2 1535.0 - 272.1, (542,7/2)7 4772
1278 .53} 1613}

1286.4(3) 40(8} 6.69(z2) g2 (g1} 1558.5 - 272.1, {3/2.5/2) = /2"
1283.9(3) 68(10) 5.07(2) -0.24(2) -0.03(4) E2+M] 1586.0 - 272.1, (5/2,7/2)% L7/2"
1342.0(3) 507 16141 - 2721, (3/2,5/2) - 720 g
1391.4({3) 2£G{50) 6.69{2) g.20(1) -3.05(2) E2 1663.5 - 272.1, /2t 772
1492.5(8) 38(5) 9.08{2) £2 1582.5 - 5, {3/2,5/2)7 »5/27
1456.4{4} 115{15) 0.06{2) 8.22(1) ~5,02{2} {£2,£3} 1456,k - €

th77.4(4) 32(8B) 6.063(2} G.39(4) =0 £2 2437.2 - 959.8, 157z ~13/27
1515.04%) 25(7} £.10(3) Mi+EZ 1515.0 - ¢, {5/2,7/2) .572%
1527.4(3) 15(3)

1544, 3(5) 1806} 1816.4 - 272.1, {3/2,5/2) »7/2%
1566.0(5) 28(6} 9.10(3) M1+E2 1586.5 - 0, (5/2,7/2)% » 5727
1667.4¢(5) 26(5)

1697.5(3) 32(%) 1565.6 - 272.1
1735.7(6) 30(2) 2007.8 - 272.1
1824.8(5) 43(8) 1824.3 - ¢, (3/2,5/2) » 5727
1836.2(6) 50(10) 2108.3 - 272.1, {3/2,572) + 772"
1960.4(6) 35{10) 2232.5 - 272.1, (3/2,5/2) + 7/2"

1377.6(6) 28(10)




The ‘tevel scheme of ]43Pm is shown in fig. 8. Al1 the levels were
established by observed yy coincidences except the 3013.3 Tevel.
The spins and parities of the states are based on conversion-eiectron
measurements. angular distributions and excitation functions of the y rays.
An isomeric level at 959.8 keV has been known in 143Pm and it has

been assigned to the h”/2 state on the basis of (3He,d) and (d,BHe)

roaction524),

We can confirm this spin because we obtained from the
electron measurements an M2 and E3 multipolarity for the 687.7 and 359.8 keV
transitions, respectively, which depopulate the 959.8 keV Tevel.

Schibata et a].ZZ)

have reported a 13/2° state at 1664 keV. The
spin was proposed on the basis of the E3 character of the 1392 keV
transition from this level. Both their angular distribution and
the conversion coefficients gave  support to the 13/2" assumption.
However, we measured the conversion coefficient oy = (0.9 + 0.2) X 10“3
and the angular distribution coefficients A2/AO = 0.20 + 0.01 and
A4/A0 = ~0.05 £ 0.02 for the 1391.4 keV transition. ATl these coefficients
support an E2 character for this transition and a spin 11/2+f0r the
1663.5 keV level. The 11/2+ assignment is in agreement with the measurements
of Nagai et a1.25).
Shibata =t a1.22) and Nagai et a].ZS) have preposed a level at
2054 keV which decays by the 389 keV y ray. Ue cannot confirm this
level because the 389.1 keV transition is in coincidence with the 234.9 keV
Y ray which depopulates the isomeric Tevel at 1898.4 keV (T1/2 = 10.3 + 0.5 ns).

We have observed several high-spin negative-parity states in 143

Pmi.

The 13727 level at 2060.3 keV, the 15/27 level at 2437.2 1eV and the 19/2°
level at 2929.9 keV most probably belong to a band built on

the h”/2 level. MWe also find a strong cascade connecting the positive-parity

states 17/2% (22875 keV), 15/2% (1898.4 keV) and 11/2% (1663.5 keV).
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Q
During the course of this work Andrejtschefi et 31,2“) have reported

- 143 143 14 143

their study of Pm by the ]QbNd(d,Zn) Pm and 1Pr(u,2n) Pm

reactions. Their polarization experiments establish an £E2 character

for tne 1391.4 keV transition. Their other results containing

the Javel scheme of 143Pm are consistent with ours except for the 1286.7
keV Tlevel. We observed that the 1286.4 keV v ray is in coincidence

with the 272.1 keV transition and we therefore suggest a 1558.5 keV

fevel. The 3013.3 keV high~spin state that was suggested only on the

hesis of the excitation function is contirmed in ref. 28.

145

3.3. The nucleus Pm

145

The level structure of the nucleus Pm has been wery poorly known

From the B decay of ]455m only four levels were proposedzgsSU): 5/?(+)
ground state, (7/2+) at 61.2 ke¥, an uncertain level at 120.8 keV and

4 79 . 14,
(B/Z)F at 492.3 keV. In a studyd‘) of the reactions ]44Nd(3Hegd) 5Pm

145 145

and ]44Nd(ayt) Pm, the energies of 13 lavels in ~ "Pm were listed

without any spin or parity assignments. Uuring the course of this work

145

ST . 31 . . ML, . 5
Shibata et ﬂi.3 ) have published their study of P from the Na (i)

145 144, .3, 145
Nd( hTE/Z

isomer at 794.9 keV with a half-1ife of 18.3 ns and five other new jovels.

Pm and le .d) reactions. They Tocatad the missing

L 25) 1 e ) ;
Recently Magai et al. ! have published their in-beam conversion~electron

study of several nuclei. They have gained only a few new resuits on

!45N 145

»
]4JPm from the d(p,ne) Pm reaction.

[
Singles v-ray spectra were measured from the M6Nd(p,2ny)m“Pm

reaction at bombarding energies Ep: 14.9, 15.8, 16.8, 17.0, 19.0 and

20.2 MeV. Fig. 9 shows a portion of a typical y-ray spectrum measured

at 125°, Three-parameter (yyt) coincidence experiments were performed
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using two Ge{Li) detectors. The energy of the boam was Ep = 14.9 MeV.

Three cof these coincidence spectira are shown in fig. 10.
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Fig, 9. A portion of a singies y-ray spectrum arising from the 146Nd(p,2n'y)
14
"5Pm reaction measured at a 125° angie, employing the 7.5 cm3

hyperpure Ge detector. Only prominent peaks are marked by energies;

B = peaks caused ty radioactivities or impurities in the target.

145
in 145

the nangsecond lifetime experiment on Pue, the 733.4 and

750.4 keV transitions gave a half-life of T]/2 = 16.3+ 1.5 ns for

the 794.6 keV 11,27 level, which is consistent with the result of

2
Shibata et a}.“]). The 61.2 keV transition gave a half-1ife of

2.5+ 0.3 ns for the 61.2 keV level, consistent with the adopted
29)

value 2.62 ns  irom earlier measurements
The anguiar distribution experiments were made at the same angles
as those mentioned in the preceding section. The beam energy was

16.8 MeV.
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Singles, prompt and delayed in-beam electron spectra were measured

from the 146

Nd(p.2ne} reaction using an energy of 14.9 MeV. Fig. 11
shows an example cf the singles electron spectra. The conversion~
electron spectra were normalized to y-ray spectra with the aid of

the 750.4 keY transition which was supposed to he of a pure £2
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Frg. i1. A porticn of in-beam singles cenversion-electron spectra from

¢ -
the ‘QJNd(p,Ene)]Ame reaction

A summary of the y-ray dats and the measured conversion coefficients
is presentad in tabie 4. The multipolarities of the transitions were
determined with the aid of conversion and angular distribution
coefiicients. The £2/M1 mixing ratio for a transitinn is given only
if the conversion coefficient and the angular distribution results are

in agresment.



Table 4, Energies E.Y’ relative y-ray intensities I_ at 1250, experimental conversion coefficients Qy s
K/L ratios, angular distribution coefficients and multipolarities of transitions from
the MsNd(p,Zny}Mst reaction. The uncertainties of the last figures are in parentheses.

£ 'y aK_z K/L Ay /A Ay /A Multi- 6{E2/M1) Assignment
{kev) (Ep = 15.8 MeV) (x10 ) polarity E, - &
61.23(5)  410(50) -0.05(1)  -0.03(2) M1+E2 61.2 - @
80.76(5) 35(5) 750.4 - 669.7
112.10(5) 8(2)
122.80(5) 15(2) (836.5 - 713.
146.9(2) 10(2)
153.78(5) 21(3) 823.5 - £69.7
155.15(4) 27(3) 1502.0 - 1346.9
168.04(5) 63(5) 660.5 - L492.5
190.35(5)  106(10} -0.15(3) =0 M1 1397.2 - 1206.8
223.50(8) 47 (%) 883.8 - £50.5
726.5 - 492.5

234.00{6) 80(10)
246.5 (1) 20(4)

251.48{(7) 105(10) -0.16(1) 0.09(2) 1648.7 - 1397.
283.17(7} §3(4) 7.0(12) M1+E2 1384, - 1301,
307.26(8)  Bo(10) 6.2(9) -0.26(3)  -0.12(5) M1+E2 6.34(5) 1101.8 = 34,
331.00(8) 150(15) 5.6(7) 6.8(6) M1{+E2) 823.5 - k92,
370.3(4) 26(7) 1206.8 ~ 836,
388.1 (%) 28(7) 101.8 - 713
L1, 4(2) 60(10) 1.9(4) E2{+M1) 1233.9 - B23.
432.1(2) 120(12) 0.8{(2) -0.11(6) =0 £1 1101.8 - 669.
456 . 4(2) 250(15) 2.5(4) -0.07(2) =0 M1+E2 0.07(1) 1206.8 - 750.

958.0 - 492

465.5(4) 35(8)

Vo NN O Oy o N



Table 4. {cont.;

e, » GK*Z RIL B /R AN Multi-  $(E2/M1) Assignment
{keV) (zp = 15.8 MeV) (x10 °) polarity £, - E¢

568.5(3) 35(8) 1231.9 823.5
492.5(3) 1000 1.7(2)  6.2{5) -¢.004(9) o M1{+E2) 492.5 0
493.2(5} 55(7)° 1206.8 - 713.6
510.4(8)° 90(15)%  1.7(4) (M1+E2) 1346.9 = 836.5
529.4(3) 425} 1365.9 836.5
537.0(%) 587 1206.8 669.7
545.5(4) 21{5) 1215.2 669.7
564.8(3) 135018y 1.1(2) -0.06{6)  0.09(3) MI+E2 1057.3 492.5
570.4(3) 180(15)  0.3{1) -0.09(8) =0 £1 1284, 0 713.6
599.1(5) s60{s8)  0.79{i5) (M1+E2) 669.5 61.2
508.5(4) 182(15) £69.7 61.2
616.4 {4} 260{z0)  ©.38(i2} -0.04(2}) =0 £1

522.3{h) 50(7} 1291.9 669.7
633.3(3) 120{15)  0.4{2) 0.23(3)  ©.63(5) 22 (+M1) 1346.9 - 713.6
546.8{4) 120(15) 0.18(6) -0.05(8) E2 1397.2 750.4
652.4(4) 95(i5)® 1365.9 - 713.6
652.4(k) 13o0(100) 0.46(15) 7.6(5) 0.25(1)  0.00(1) M1+E2 6.63(3) 713.6 61.2
$57.1(5) 10510} -0.25(6)  5.08(9) M1(+E2) 1493.6 836.5
£60.5(5) 160(15) -0.19{5) =0 M1(+E2) 660.5 0
665.5(4) 240{z0) 0.26(h4) =0 £Z {+M1) 1502.0 836.5
663.7(3) g45(50)  0.80{10) 6.8(8) 0.13{1) -0.00(2} Mi+E2 0.44(7) 6639.7 0
$74.915) Lol1e) 1388.5 713.%
711, 1{4) 146(15)

721.8(5} 56{10) 1558.3 836.5
733.4(3) so0(50)  2.0(3} 9.06{3) =0 M2 794.6 61.2

- 02“



: N « K/L AJA, AR Multi- &(E2/M1) Assignment

(sav) {E_ = 15.8 Hev) (x1072) polarity E. - g
742,1(5) 50(10) 1455.7 - 713.6
750.5(3)  1550(80)  0.3765 6.2(12) og.134(k) -0.022(5)  E2° 750.4 = 0
762.3 (5} 110(15) 0.56(12) M1+E2 823.5 ~ 61.2
775.3(3) 1250(603 0.45¢10) 0.18(1y =0.05(1) E2 836.5 - 61.2
794.6(5) 25(10)° 795.6 = 0
799.4(5) Lo(8) 1291.9 - k32.5
213.2(5) 120(15) 1311.7 = 492.5
§22.7(5) 210{20) 0.37(10) E2+M1 883.8 - 81.2
883.8(3) 250(30) 0.38(1¢) 0.31{3} -0.05(5) E2+M1 1.1{4) 883.8 -  #
358, 0(4) 390(40) 0.30(10) -0.06(3) 0.06(k) M1+E2 958.0 - @

045, 7(5) 140(15) 1101.8 - ?"?

1154, 1{5) 42 (8) 1215.2 - 5.2

1215.2(5) 150{15) 1215.2 = 8

1224.7(5) 50(15)

1228.8(5) $40(20)

1232.%(5) 115(15) 1233.9 - 0

1284, 4(5) 155(20)

1300.5(5) 160{20)

1311.7(6) 65(10) 1311.7 = 0

a

fo)

From ele

i

(=P

Assignme

ctron measurements.

nt from refs. 25 and 31.

From coincidence data; interfering lines in singles spectra.

)
i
} Theoretical conversion coefficient (ref. 38) for E2 transition.
y

Used for normaiization.

2} from a delayed y-ray spectrum; interfering lines in singles spectra.

- LE._



The level scheme of ]45Pm is presented in fig, 12. A1l the levels

shown in fig. 12 are based con the yy coincidence data. We have cenfirmed

14 29)

5Pm known from radiocactive decay and from

3N

all the levels -in

e 145 MSPm reaction

th Nd{p.ny) , except that no sign of the tentative
Ievelzg) at 120.8 keV has been seen in this work,

New low-lying levels established in this work are a (5/2, 7/2)+
Tevel at 660.5 keV, a 7/7° level at 669.7 keV, a level at 726.5 keV

and a 5/2° level at 823.5 keV. Preliminary results from the ]44Nd

4 144 2)

(jHe,d) an Nd{o,t) react%ons3 give a spin assignment 1/2+ for

the 720.5 and 1057.3 keV lavels.

31) . 145

The iscmeric 11/2° level 5t 794.6 k2V has been known in Pm.

We have remeasured a  16.3t1.5 ns half-1ife for this level in

agreement with the earlier result of Shibata et a1.3]).

The isomer
decays via E1, M2 and E3 transitions to the second 9/2+ level at

750.4 keV, to the 7/2+ level at 61.2 keV and to the 5/2+ ground state.
The small E3 branch was not known before and it was identified in this
work from the delayed y-ray spectrum. The E3 branch has also been seen
in a recent conversion-electron experimentgs). The intensity reported

in ref. 25 for this transitiocn is about twice as large as ours. This

may be due to the fact that, at lrast in our singles spectra, the 794 keV
pecak was a complex Tine and our intensity estimate was taken from the
delayed spectra. The 44.1 keV €1 transition itself was not seen because
of interference with strong x-iray peaks,but the transiticn has been
placed because the following 750.4 keV transition has a detayed component
with the same half-1ife as the 11/2° level. Another possible 1
transition from the 11/27 level to the first 9/2" state at 713.6 keV

was also searched for. An upper limit of 3 % of the total decay of

the 11/2° level was obtained for the intensity of the 794.6 (11/2")

> 713.6 (9/2%) €1 transition.
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25)

: ) . - it
Nagsi et al. have reported an 835 keV transition from the 11/2

835 keV level o the 5/2+ ground state. This M3 transition we could

not confirm.

145

Surprisingly, in Pm we were not abie to find any band structure

of negative-parity levels based on the h”/2 tevel at 794.6 keV

as in ]41’]4“Pm. A strong cascade in ]QSPm establishes a positive-parity

sequence of 9/2%, 1172%, 13/2% and (15/2)" levels at 750.4, 1206.8,
1397.2 and 1548.7 %eV, respectively.

bl

3.4, The nucleus M’Pm

]47Pm has been investigated

33353
by several am’;ho»‘s"’g >) from the 8 decay of ]47Nd. However, only

The structure of tha low-iying leveis of

s$ix excited states have hesn established: 5/2° at 91, 3/27 at 410, (5/2%)

at 489, 5/2+ at 531, a level at 68! and .‘;3/2+ at 686 keV. The ground

147 . .
state of H’Pm has bzen propcsed to be 7/? on the basis of the para-

g 36 . ' 147
magnetic resonance method ), No reaction data on ' Pm have been

pubiished hefore our work,

148 )147

He have measured singles y-ray spectra from the Nd(p,2ny Prl

reaction at €p= 12.1, 15.0, 15.8, 16.8, 17.8 and 20.2 MeV. Fig. 13
shows portiuns of representative y-ray spectra measured at 125° with

respect to the proton beam. Three-parameter (yyt) coincidence
experiments were performed at Ep = 15.0 MaV using 40 cm3 and 55 cm3
Ge(Li} detectors. Three of these spectra are presented in fig. 14.

147

Nanosecond isomers in Pm were measured with the aid of the small

Ge and large Ge{li) detectors using the rf method. For the half-life

of the lowest excited state at 91.1 keV our result 2.6 + 0.2 ns is in

agreement with the previous value3’) of 2.57 + 0,02 ns. The time
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distributions for the 649.2, 241.2 and 408.2 keV y rays establish
a half-1ife of 12 + 2 ns for the 649.3 level. We have showed that level
to be the missing h]l/Z isomeric state. Two time spectra measured

employing the 55 cm3 Ge(Li) detector are shown in fig. 15.

10 4 N o 4 i L . .
484 (p. 20 “Pm
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Fig. 13. Portions of singles y-ray spectra from the Nd(p,2ny) "'Pm

reaction measured employing a) the 1.0 cm3 Ge detector and
b) the 55 cm3 Ge(Li) detector. Only prominent peaks are marked
by energies; B = peaks caused by radioactivities or

impurities in the target.

Angular distributions of y rays were measured at the same angles
as mentioned earlier at a proton energy of 16.8 MeV. The AZ/AO and
A4/A0 coefficients are given in table 5, as well as the other y-ray results.

Because of the great complexity of the y-ray spectra, only the distributions



%o~

of the most intense single peaks were analyzed. The A4/A0 coefficient was

assumed to be zero if its uncertainty was larger than |A4/A0| and

a x2 test gave a smaller value without the P4(cose) term.
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M8Nd(p,2ny ) "'Pm reaction.

Fig. 14. yy coincidence spectra from the
Spectra gated by the 241.2 and 241.4 keV y rays, by
the 398.24 and 401.85 keV y rays and by the 408.20 keV
Yy ray are presented.
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Fig. 15. Time distributions of v rays frowm the 148Nd(p,2ny) reaction,
The 649.2 keV v ray shows only the delayed component, while
the 408.20 keV y ray is mainly prompt, and a delayed component
is caused by the 241.7 keV transition between the 649.3 and
408.2 keV levels. The nalf-1ife of the 649.3 keV state is

12 + 2 ns. The time calibration for the spectre is 1.10 ns/ch.

We have performed singles, prompt and deiayed electron measurements

148

from the Nd(p,2ne) reaction at Ep = 15.0 MeV. Fig. 16 presents

partions of singles and delayed spectira. The electron spectra ware
normalized to y-ray spectra with the aid of the intense 301.8 keV

148 144

e + o, . .
7 > 0" trénsition in

Nd, present in the spectra from the Nd(p,p*)
reaction. The theorelical K conversion coefficient oy (E2) = 0.0412 was
used in norma]izatinn38)q The measured oy and K/L ratios are shown

in table 5. The multipolarities of the transitions we have determined
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with the aid of conversion and angular distribution coefficients.

The £2/M1 mixing ratio for & transition is given only if the conversion
ceefficient and the angular distributien results are in agreement. For
example, the angular distribution of the 401.85 kaV v ray is better
fitted with the 15/2(E2)11/2 sequence,but the measured oy = ©.026 + 0.006
is slightly larger than the theoretica?SB) aK(EZ) = 0.0184, and therefore
the mizing ratio is not given. Some & values, accurately kncwn from

33,38)

. . . R . .35
directional correlation and nuciear orientation ) measurements,

are also shown in table 5.
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at 125°, experimental conversion coefficients

Table 5. Energies Ey, relative y-ray intensities IY a,, K/L ratios,
angular distribution coefficients and multipolarities of transitions in the 4 d(p,?m)“’?m reaction.
The uncertainties of the last figures are in parentheses.
Iy L% K/L AZMG Ad“‘u Multi- S(E2/M1) Assignment

(keV) (€515 Mev) (x1072) polarity E; + Ef

91.10(4)  640(50) -0.021(8) =0 M1+E2 0.13(2)%) 9.1- O
120.49(6) 6(2) MI+E2%)  0.158(15)%)  531.1 - 4i0.6
194.57(5) 21(2) 1245.8 - 1051.2
196.6(3) 16(4)") 686.1 - 489.3
230.77(8) 71(8) 10(2) 6.2{(13)  -0.16(2) =0 M1(+E2) 641.3 - 410.6
241.2(2) 430(40)") 2.3(3)  6.9(1) E1 649.3 - 408.2
241.4(3) 140(30)b) 8(3) M1,E2 730.7 - 489.3
247.0(2) 18(2) 2.2(4) El 1406.4 - 1159.5
259.01(8) 72(7) 6.5(12) 0.106(15) 0.06(2) E2+M1 7.4(6) 667.2 - 408.2
272.2(2) 32(10)°) 680.4 - 408.2
275.47(8) 70(6) 8.5(12) -0.16(2) =0 MI+E2 686.1 - 410.6
218.0{3) 28(7)°) - 807.3 - 489.3
319.47(5) 400(20) 5.2(5) 7.0{i0) 0.027(15) =0 M1+E2 -0.34(7) 410.6 - 91.1
333.82(10) 36(4) -0.13(3) =0 1406.4 - 1072.5
346.81(10)  51(5) 4.4(5) -0.043(14) =0 M1 1077.5 - 730.7
356.5(2) 17(3) 1434.0 - 1077.5
363.1(4) 20(5)°) 1049.2 - 686.1
398.2415) 360(20) 3.0(3)  7.5(12) 0.076(4)  -0.040(6) MI+E2 0.30(1) 489.3 - 91.1
401.85(8) 144(12) 2.6(6) 0.266(11) =-0.09(2) E2{+Mi) 1051.2 - 649.3
405.34(12) 40(8) 1072.5 - 667.2
408.20(7) 1000 2.6(3) 7.0(9) 0.233(11) -0.021(35) MI+E2 0.57(3) 408.2 - 0
410.6(2) 30(8) 40,6 - O
436.0(5) 17¢5)?) 1406.4 - 970.2
438.8(4) 20(5)") 1M19.2 - 680.4
439.9(4) 20(5)%) M14£2 0.6(1)%) 531.1 - 91.1
407,005 12(3)®) 1319.2 - 667.2
2357.0,%) 0(8)%) 865.1 - 408.2
189.4{2) 84(12) 1.7(3; Mi(+£2) 2893 - 0
492.3(2) 64(12)%)  0.5(2) -0.15(4) =0 El 1150.5 - 667.2
518.1(5) 16(4) 1049.2 - 531.1
531.05(10) 206(15) 1.3(2) +0.05(2) -0.02(3) M1+E2 -0.95{30)°) §31.1 - 9
540.4(6) 46(15)%)
541.7(3) 180(2)®) £2¢) 632.8 - 9.1
562.0(2) 100(8) 0.24(5) -0.12(3) =0 3] 970.2 - 4C8.2
572.6(3) 20(4) 0.28(6) 3] 1213.9 - 641.3
576 0(5) 2a{6)°) 984.0 - 408.2

-6 -



Ey i ay koL LVEN LIYEN Aulti- S{E2/MT) Assignment
{kev) {[y=15 MeY) (x10°2) solarity £, »E¢
576.6(5} 22(6)") 1627.8 -
586.1(4) 32(5)%) 1077.5 -
589.3(3; 91(155%) 680.4 -
595.0(4) 26{9)%) 1.01%) MisE£2 +0.44%) 686.1 -
596.6(4) 38(9)Y) 0.5(3) F2(4M1) 1245.8 -
$30.6¢2) 36(3) 1041.2 -
539.60(15) 164(13) 0.59(8) 9.17(3) -0.04(5) E2 730.7 -
649.2(3} 96(8) 2.3(3)  5.1{8) m2 549.3 - ¢
564.3(3) 95{10) C.51(13; 5.32(2) - 0.13(3) 2 2,03} 1072.5 - 408.2
667.2(2) 35020} 0.54(2} §.0(12} 0.23(3) -0.10{5} E2 667.2 - O
679.3(3} 50(12} 0.58(12) E2{-#1}
685.08{15) 75{7) 0.7(2; - WI+E2 -9.38(36}°%) 586.1 -
715.2{2) 848} 0.21(4) -3.05(2) =0 £l 807.3 - 9i.]
725.6(3) 43(6} 0.35(5) 0.26{3) -0.08(3) &2 ’ 1392.8 - 667.2
807.2(2; 76(8) 0.11(3) -0.02(2) =T £ 307.3- 0
103/9; 0.17(5) -0.02(3) =0 EMER) 265.1 - €
38(5)
41(7)
25(3) 1961.2 - 91.d
60{12) 376.2 - 0
32(12)%) 1382.1 - 410.5
77(9) -0.09(3) =0 984.0 - O
25(5) wa.2- 0

- 0p -

a) Ref. 33,

b) Frow coincidence data; interfering lines in singles spectra.

d) Transition from the 172 level {ref. 40} to the 5/2* level.

e) Theoreticai oy using 6 value of ref.33.
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1750 4s presented in fig. 17. A1l the levels were

The level scheme of
established by observed yy coincidences; in some cases the order of
cascading y rays was fixed by their intensity ratios. The spins and
parities of the states are based on conversion-electron measurements,
angular distributions and excitation functions of the y rays.

The new 9/2" level at 408.2 keV. is the second excited state in
]47Pm. This level is populated by the E£1 transition from the 649.3 keV
state, which also decays to the ground state via an M2 transition.

The spin and parity of 11/2” have been established for-this isomeric
649.3 keV level, which is obviously the h”/2 quasibarticle state
known in the other odd-A Pm nuclei. An 11/2" level at 649 keV has

]46Nd 146 147Pm

been recently seen also in the (3He,d) and Nd(a,t)

experiments40), which also give the spin 1/2+ for the 632.8 keV level.
The angular distribution of the 398.24 keV y ray did not give a § value

33,34) in the case

agreeing with directional correlation measurements
of spin 5/2 for the 489.3 keV level. However, for the spin 7/2 our
result 6 = 0.30 + 0.01 is in good agreement with the directional

38) 4L

correlation result (398.24 keV) = 0.31 + 0.08, where the spin 7/2

was assumed for the 489.3 keV level. The spin aséignment 772" for

the 489.3 keV level was confirmed by Al-Janebi et al1.*!)

in work
published after our paper 1.

The half-lives of some excited states given in fig. 17 are from‘
refs. 34 and 37, except that of the 649.3 keV level. None of the new
levels at 182, 228.5, 275, 319.5 and 725 keV suggested in ref. 35 could

be observed in the present study.
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Pm based on the present study of the Nd(p,2ny) and
Nd{p,2ne) reactions. Energies of levels and transitions are in keV.
The observed yy coincidences are marked by dots.
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3.5. The nucleus ]49Pm

The nuclear structure of 149 142)

149
of Nd, and using 148

149

Pm has been investigated
148

in the decay

43)

Nd(3He,d) and '*8Nd(a,t) reactions™S). The

ground-state spin of

4
method4 )

Pm has been measured by the atomic-beam resonance
and found to be 7/2. The spins of some lTow-lying levels have
42,43) . . y .

. Also the isomeric h11/2 state (T]/2 = 35 us)

42) in ]49Pm,

been determined

has been observed

150 ]49P

We have measured singles y-ray spectra from the Nd(p,2ny) in
reaction at proton energies of 12.1, 13.6, 14.3, 14.8 and 15.8 MeV.
Fig. 18 presents a typical spectrum, which was measured at a 125O angle,

employing the 7.5 cm3 Ge detector.
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Fig. 18. A representative part of a singles y-ray spectrum arising from
the 190d(p,2ny) 4
Ge detector. Only prominent peaks are marked by energies.

Pm reaction measured employing the 7.5 cm
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Three-parameter (yyt) coincidence experiments were performed using
55 cm3 and 40 cm3 Ge(Li) detectors. The energy of the proton beam was
13.6 MeV. Three typical coincidence spectra are shown in fig. 19.
The density of the y rays in singles spectra is very high and in many
cases the y-ray intensities were determined with the aid of the

coincidence spectra,as can be seen in table 6.

) L 1 i
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300 s e
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Fig. 19. Typical yy coincidence spectra from the ]SONd(D,ZnY)]49Pm
reaction

A nanosecond lifetime experiment was performed using 1.0 and 7.5 cm3
Ge detectors. The results for y rays at 114.3 keV (T]/2 = 2.7+ 0.2ns),

at 188.6 and 74.3 keV ( » = 3.1 % 0.2 ns) and at 270.1 and 155.8 keV

LVZ
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(TV2 = 2.8+ 0.2 ns) are in good agreement with the known ha]f-]ivesdz)

of the 114.3, 188.6 and 270.1 keV states.

The angular distribution experiments were performed at six angles
between 90° and 1610. In one run we used a Ge(Li) detector and a 15.8 MeV
proton energy, in the other the 7.5 cm3 detector and a 14.3 MeV proton
energy. The A2/A0 coefficients are given in table 6, where a summary
of y-ray data is presented.

The level scheme of 149

Pm in fig. 20 is based on the

Yy coincidence data, the transition intensities and on the excitation
functions of the y rays. The angular distributions and the excitation
functions were used to determine the spins and parities of the levels.
We suggest a spin 3/2+ forthe 188.6 keV state in agreement with Straume
et a1.%3) and contradictory with ref. 42. To the 288.2 keV level we

have given the spin values (7/2", 9/2%),of which the 9/2" is most
probable on the basis of the excitation function. For the 515.6 keV

level we suggest a spin (9/2)m because the 275.4 keV y transition is of an
M1 + E2 character. The new levels at 497.8 and 510.0 keV have a spin
(11/2)+ and (13/27, 15/27), respectively, on grounds of excitation
functions, angular distribution coefficients and coincidence relations.
Most of the levels above 400 keV have not beenpublishedearlier.

However, many of these have now been observed also in the decay45)

]49Nd.

of

We have described the level structure of 149

149

Pm on the basis of

a rotational picture because the Pm nucleus is more deformed than

the lighter Pm isotopes. In the other N = 88 nuclei 153

151E

Tb (ref. 46) and

151pm

u (ref. 47), and also in the more deformed nucleus (ref. 48)

rotational band structures have been observed. We are not able to see

149

clear rotational bands in Pm, but comparing the experimental and

the calculated level order and transition rates, we can observe certain



Table 6. Energies E » relative y-ray intensities |

at 1258° , anguiar distribution coefficients and multipolarities

of transxtwons in the ]°cNd(p,2ny)]4ng reaction. The uncertainties of the last figures are in parentheses.

EY iY AZ/AO Ak/AU Multipolar=iy Assignment
(keV) (€ = 4.3 Mev) itvb) E, - Eg 3 - J’;.

$8.81(5) 45(5) 3 270.1 - 211.3, /27 - 5/2°

4.3 (1) 155(30) 188.6 - 114.3, 3/2% - 572%

97.04(5) 25(5) 0.05(3) -0.02(4) M1+ E2 211.3 - 1143, 572% - 572%

114.35(5) 1000 -0.04(1) x Mi + E2 Mh.3 -0, 5727 - 2%

126.59(6) 9(2) -0.12{8) =0 El 396.7 - 270.1, 5/2% - 7727

137.01{6) 15(3) 425.3 - 288.2, (5/2,7/2)%-(7/2,9/2}" .
155.85(6) 210(20) -0.06(1) -0.02(1) 3 270.% - 14,3, 772" - 5/2° 2
185.42(8) 10(2) 396.7 - 211.3, 5/2% - 5727 '
188.58(8) 205(20) E2 188.6 -0, 3727 - 32"

191.97¢8} 36{6) E2 462.1 - 270.1, 3/2° - 2

198.1(1) u548) ) 558.1 - 360.0, (7/2,9/2)- /2

198.9(1) 200(40) M1 387.5 - 188.6, 1/2% - 3/2*

208.15(9) 260(30) ~0.03(2) . ~0 M1 396.7 - 188.6, 5/2% - 3/2%

209.2(2) 50{10) 497.8 - 288.2, {i1/2)* - /2%

211.27{10) 610(50) 0.03(1) =0 M1 + E2 211.3-0 , 52t -2t

213.96(10) 98(10) 0.13(2) 0.03(3) M1 + E2 425.3 - 211.3, {5/2,772" - 5/2*

226.80(12) 56(6) Ws.5 - 188.6, 3/2%- 3j2%

240.19(12) 1050(50) M2 240.2 -0, 172" - 2"

241.2(3) 40(15)2) 666.5 - 425.3

245.5(3) 80(20) 2 515.6 - 270.1, (9/2)" - /2
245,72(3) 370(30) -0.01(1) 0.01(2) (M1 + E2) 360.0 - 114.3, 7/2% - 5/2*



250.

254,
261.

267.
269.
270.
272.
273.
275
276.
281.
282.
288.
301
301.
311.
326.
349,
360.
361.
367.
380.
396.

3(2)

17(12)
25(12)

68(15)

8(3)
1(3)
0(1)
2(1)

.§o(15)

95(15)
3{1)
4(1)
22(15)

.2(2)

2(2)
85(15)
5(1)
2(1)
1(2)
4(2)
2{2)
8(2)
u(3)

42(8)

65(8)
54(8)

78(7)
430(50)
380(50)

Ly (8)

24(5)
235(20)
185(15)

22(b)

61(5)
650(50)
130(30)

35(10)2)
145(15)

56(8)

20(5)

70(12)

27(6)

25(12)

50(8)

7(3)

-0.13(3)
0.17(2)
0.08(1)

=0.19(1)
-0.04(2)
0.08(2)
0.32(1)

0.10(1)

=0

0.02(2)
=0

=

-0.02(2)
=0
0.02(1)

0.02(1)

M1

(M1 + E2)
€1

M1,E2
M1 + E2

M1 + E2
M1 + E2

Ml + E2
El
E1l

808.

650.
m.

537.
510.
270.

387.
515.
547.
778.
396.
288.
bis,
716.
425,
537.
537.
360.
721,
655.
650.
396.

7

- O 0 N o

N O N O O OOW W WVMNSN VW o oOMnm

558

396.
510.

270.
240.

0

14
240

270.
h97.

14

14
415

14,

211
188

360
288
270

» 0

.1

0

7, (5/2,172) - s/2*

1, 572" - 1/2°
2, (13/27,15/27)-11/27

, 172 - 12t

.3, /2 - 52t
.2, (9/2)° - ww2”

8

1, (5/2,7/2) - 1/2°

.3, /2% - s72*
, (r2,972)* - 12*
. + +
.3, 32 -5/2

.5

.3, 5/2°

.6, 5/2°
TN

.0

.2, 172

3, (s72,772)% - 1/72*

5/2~

32*
+

/2

(772,9/2)*

A, (5/2,7/2) - 127
, 52% - 12t

-lb-



Table &. (cont.)

i*r ', AZ/"‘O ARy Muitipolar= Assignment
{keV) ey neV) ) ityb} € - ST - 9%
396.4(3) 58(2) 666.5 - 270.1
u23.6(2) 93(10) £ $37.8 - 143, 552 - 572°
125, 4(2} 80015} ws5.3-0  J(5/2,2/2)" - /2"
426.3(2 80(15} 666.5 - 240.2
432.8{2) 15(5) 547.0 - 114.3,{5/2,7/2) - 5/2"
£39.4(2) 30(7) 650.8 - 211.3, (5/2,7/2} - 5/2°
Wbk, 1(5) 30(20) 0.13(3) -0.03(4} 558.1 - 114.3, (7/2,9/2) - 5/3°
4hb.1(3) 10(3) 4] 655.2 - 211.3, 727 - 5/2%
446.7(3) $3(12) 0. 38(4) -0.13(6} 716.8 - 270.%
448.7(3) 1€5(15) 0.25(s5} 0.07(73 £38.7 - 360.0
455.1(3) 30(6)
455.3(2) 45(8) 666.5 - 211.3
162.3(2) 25(5) 650.5 - 183.6, (5/2,7/2) - 32"
480.6(2) 82{10) -0.13(4) 9.05(6) 759.7 - 270.1
4906.7{2) 137012) 0.2613) 0.07(4) 778.9 - 288.2
497.8(2) 330(20) 6.24(2) =0 (€2) 47.8 -0 , (w2)* - 172°
502.8(2) 90(12) -6.08(7) =0 731.0 - 282.2
531.2{3} 82(12} 771.2 - 240.2
538.5(3) 28(19) 778.9 - 240.2
540.8(3) 50(12) £1 655.2 - 114.3, 772" ~ 5/2*
547.8(3) 32(7)
556.5(5) 50(15) 767.8 - 211.3
597.5(5) 130(20) 885.8 - 288.2
696.5(4) 55{12)
€35.0(5) 50(10)
§51.4(5) 72(15)
854.9(5) 75(15) 3] 655.2 -0, 72" - 12"
787.1(5) 63(12)
790.1(5) 45(3)
795.7(5) 85(10)
§12.8(5} 35(7)

a) From coincidence data.

b) Based on ref. 42 and the present data.
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tevels to be correlated. In section 5.1 +thess bands are discussed
in detail,

Bicklin et a1.%9)

have suggested the 5/2° level at 537.8 keV and
the 7/2° level at 655.2 keY to be the band head and the first rotational
state of the 5/2” [532] Nilsson state. In addition to these levels

we have interpreted the othar negative-parity states to be formed from

the h”/2 state.

'qum, besides

Another way to describe the level structure of
the above rotational approach, is to explain that excited states are
created of quadrupole vibrations of the core nucleuswith the last odd

proton coupied to them {cf. 4.1.4 ).

4.  THEORETICAL MODELS AND CALCULATIONS

4.1. Intermediate~coupiing model

4.1.1. Descriptien of the model

In this part of the work I shail report on the theoretical models
that we have used to describe the level structure of odd-A Pm nuclei.

Since the excited states of the doubly even Nd nuciei (A-1) show a
vibrational character it seems possible to describe each cdd-mass
Pm nucleus in terms of the neighbouring doubly even Nd nucleus plus
the last odd proton in a shell-model single-particle state. This
coupled system consists of a doubly even core susceptible of guadrupele
vibrations plus the last odd proton which has several single-particie states
available to it. It is further assumed that the siagle-particle states
of the odd proton arve neither weakly nor strongly coupled to the

quadrugnle vibrations of the core, and it is iaken inin account



that a single-particle state may be partly occupied. The above picture

is an intermediate-coupling approach in the unified nuclear model out-

50,51) 2

~—

g
and afterwards developed by Choudhury”
1,2,41,53-56)

lined by Bohr and Mottelson
Such an approach has been used by various authors to study
the properties of the low-lying levels of odd-mass nuclei in the
neighbourhood of the Pm nuclei. The first parameter of the intermediate-
coupling model is the phonon energy fiw, associated with the collective
surface vibrations of the core. The second parameter is the strength
of the coupling between the single-particle motion and the core vibrations.
The remaining parameters are the energies of the proton states.

In subsect. 4.1.2 is presented a brief description of the basic
formulae needed in our calculation. We have programmed these formulae
of the model for the PDP-11/45 computer at JYFL. The results of our
calculations are given in subsects. 4.1.4-7 and they are compared with our

experimental results.

4.1.2. Mathematical formulation

The total Hamiltonian for the system of a doubly even core plus

an extra nucleon is assumed to be separable into three parts,

(n H = HC + Hp + Hint’
where Hc’ Hp and Hint are the Hamiltonians associated, respectively,
with the harmonic quadrupole vibrations of the core, the motion of
the odd nucleon in an effective average potential and the surface-

particle interaction. Hint is given by

(2) Hing = = 5 &0 T D% e (1M T (05,00



where fiw is the phonon excitation energy of the core, b and b:
the annihilation and creation operators for the quadrupole phonon
with z-component p and qu a spherical harmonic. The dimensionless

parameter
(3) g = k/57(2mhaC)

has been introduced for the interaction strength, where C is the surface
deformation parameter and the coupling constant k is the average of
radial integrals. The wave functions for the odd-proton nuclei will

be expanded in the basis

(4) [, NR; IM>= 7§ <jijMR|IM>]jmj>|NRMR>,

mj’MR

where the N-phonon state of the core with total angular momentum R and
projection MR along the z-axis is coupled with the single-particle state
|jmj> to give a total angular momentum I and its projection M. The basis

eigenvectors satisfy the eigenvalue equation

(5) (Hg + H )15 NRS T = [ho(N + 5+ ] 13MR; T

C

where Ej is the energy of the single particle in the quantum state of
angular momentum j (other quantum numbers not indicated).
The only off-diagonal matrix elements of the total Hamiltonian are

given by the interaction part (ref. 2)

(6) <GUNRIMIH, MR TN = = (-1)T P I T 1/2
. I i'2 J
. R I J
x 25+ N7+ ) %ﬂ-j?}(-lo L)
2 2

x LR MR IBYINRS + (-1)RNR] [T IN'RUT65E X (usugimvivs,),

even JJ
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where { } and ( ) are 6j- and 3j-symbols. The reduced matrix elements

of the creation operator differ by a factor (-1)R+R from the values

57)

tabulated by Raz"'’. The factoru.u.,-v.v., is added to the formula of

JJ 3
re7. 2 and here u‘j and Vj represent the quasiparticle non-occupation
and occupation amplitudes in the state j, respectively. The selection
rules are AN = 1, AR 5 2, Aj < 2 and & = @ or 2.
The eigenvalues and the expansion coefficients of the eigenvectors
are obtained by diagonalizing the total Hamiltonian whose diagonal and
off-diagonal matrix elements are given in eqs.(5) and(6). The eigen-

vectors of the total Hamiltonian are then a linear combination of the

basis eigenvectors and can be expressed as

7 1) = 5 (0dNR:1)[5,NR;IM
j,N,R

where ca(ﬁj,NR;I) are the expansion coefficients and E the eigenvalues.

The above wave functions will be wused to calculate the magnetic
and electric transition rates. For the coupled system consisting of
a single particle and the quadrupole oscillations of the surface of
the core the magnetic dipole operator expressed in the spherical tensor

representation is

N y. ) 1.
(8) V%(M] RIDEE /35 [gfclu + gSSU + gRR;j’ sy -

From the general definition of the reduced transition probability

(9) BOual » e1') = wrer 3 A £

3
F iy

one obtains for the magnetic-dipole casezi
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(10) B(MIsal » 81') = 2 u (21" + 1)’ 5o (23 NR3IN)C (R3,MR5T)
23i5'NR B a
= J ! J ] e o e e o et s 3 R 2 ]
x{(—])R+I+J L § % Va3 (5T 75 (-2 :
1 'R ied

i1 .
/2(2+1)(22+1) + (-1 )J vezz ‘ ./3/2]x(uu.+vjv;)
13 J

R (N])R+I’+j3R R 12

11'5( R VRR + T)TZ—R*‘ 1) 6jj‘}|2’

where LIy denotes the nuciear magneton. The g factors for orbital angular
momentum, spin and the core are denoted by 9> 9 and 9 = /A,
respectively.

The electric guadrupole operator is given by

. 2 . .
(1 M (E2,) = 2 zeR /g%[(—l)“b My b;] + Y (e + fg)rfvz(ri),
1

where the summation is extended over the extra-core protons (ei = ep).

So, if there is one proton outside the core, we obtain for the electric-

quadrupole reduced transition probability the formu]az)

(12) B(E23al » BI') = (21' + 1)| ST (R NRSI e, (R5NRT)

; 2 j+1' JR R'2 R' Y
] 7 zer [T (1) 31.1 y s[(~1) <NRIIBYIN'R'> +

R 1 3 ze, L g ReT12
CDRNR BT INRS] 6,855 +~\£;; (e + £)ad" (1 Zlagottt (Relal/

even

ST Jrioejrit 2 o
x V(25 + N(2i' + 1) L TR <;% o %' ujuj,- vjvj‘)éNN’éRR'}l s
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where the symbols are the same as above. For the radial matrix element
<£'j'|r2|£j> we have used in our calculation the Weisskopf approximation
<|r2|> = gRoz.

A multipole moment calculated from a nuclear model serves
as another test of the theory. Here are given general expressions for
the magnetic dipole and electric quadrupole moments in terms of the
calculated coefficients of the nuclear wave functions. The magnetic

dipole moment for the state |E;IM> is defined in units of Wy as

(13)  w = <300 |VEn73dlMr u=0)| €512
1/2
= % A ensn - 1)] /

In an analogous way the electric quadrupole moment is defined in units

of eb as

(14) Q= <E;II’V!6ﬂ75J“(E2,u=0)|E;II>

- [ ity B(E2l 1)]1/2

It thus follows that the computer program written to calculate B(M1)
and B(E2) values can be used directly to obtain dipole and quadrupole
moments.

The wave functions previously obtained have been used to calculate
spectroscopic factors for a stripping reaction leading from the core
nucleus to a state of spin I = j. The spectroscopic factor is the over-
lap integral between the parent and the nuclear system composed of

the daughter nucleus and the stripped nucleons. Therefore the spectroscopic
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factor is the absolute square of that coefficient in its wave function
which corresponds to a pure particle state multiplied by ujz,

2
1=,

(15)  Sy(0a3) = u,fle,(3,005)

J
In subsect. 4.1.7 these calculated spectroscopic factors are
presented for odd-A Pm nuclei together with the corresponding experimental
values from stripping reactions.

We have now obtained the basic formulae for the present calculation.
The corresponding expressions for Hint’ B(M1) and B(E2) are identical to

those given in ref. 2 except for a multiplicative factor in the particle

part involving u. and v,.
J 3

4.1.3. Assumptions made in the calculation

The calculation of the low-energy nuclear properties of the
1‘!H’M3’]45’]47"“1'9Pm nuclei is performed using the formulation given
in the preceding subsection. We assume that the above nuclei can be
dezcribed as doubly even cores of 60 protons and 80, 82, 84, 86 and
88 neutreons, respectively. For the 61st proton the five states 97,27
d5/2, h11/2, d3/2 and s]/2 are available. The cores perform quadrupole
surface vibrations and are coupled to the single-particle states.

Core states with more than three phonons are excluded from the calculations.

The quadrupole energies are taken from the spectra of the corresponding

even Nd nuclei (the energy of the first excited state). This energy
fie is then slightly adjusted as a parameter. The next parameters are

the energy differences AJ = Ej - E5/2 {or Aj = £ ), instead of

37
the five single-particle energies. The last parameter is the dimensionless
coupling strength & which is varied within reasonable 1limits to obtain

the best fit to the experimental spectra. The particle (uj) and hole (v.

j)
c
amplitude for the state j are taken from (3He.d) and (a,t) reaction324’3]’43’°8).
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Table 7 gives the values for the parameters that have been used in
the calculations. The u and v values are taken from experiments
whenever possible and the Tacking values are linear interpolations
from the neighbouring Pm nuclei. Such experimental values are now

available for the odd nuclei o 1%pn.

Table 7. Values of the parameters used in the calculation of energy
levels of odd-mass Pm nuclei

141 143 145 147 149

Parameter Pm Pm Pm Pm Pm
£ 4.0 2.0 4.5 10.5 9.9
fiw  (keV) 770 1550 690 450 300
€72 (keV) 348 300 101 0 0
€52 (keV) 0 0 0 45 128
€32 (keV) 1556 1660 1365 1050 302
€12 (keV) 3140 2875 4000 4500 4500
u 0.49 0.56 0.62 0.64 0.76
8772
Uy 0.71 0.73 0.73 0.75 0.76
5/2
Ug 1.00 1.00 0.92 0.72 0.59
3/2
Ug 0.99 0.98 0.86 0.77 0.77
1/2
up 0.91 0.89 0.90 0.82 0.75
1172
v 0.87 0.83 0.78 0.77 0.65
97/2
vy 0.70 0.68 0.68 0.66 0.64
5/2
vy 0.10 0.30 0.38 0.69 0.81
3/2
Y 0.14 0.28 0.51 0.64 0.64
5172
0.41 0.45 0.44 0.56 0.66

Vv
h11/2
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4.1.4. Energy levels and eigenfunctions

The Hamiltonian given by eq. (1) in subsection 4.1.2 is diagonalized
for each I. 1 varies between 1/2 and 15/2 for positive-parity levels and
between 3/2 and 19/2 for negative-parity states. As a result of the
diagonalization procedure we obtain the energy eigenvalues and expansion
coefficients of the eigenvectors for every value of 1. As an example, the
largest matrices to be diagonalized are 26 x 26 for I = 7/2 and 5/2.

Figs. 21-25 show the experimental and calculated level scheme of
the odd-A Pm nuclei which have been obtained in the present work. In
the fitting procedure the energies of the three lowest excited states
were brought as close to the experimental values as was practical (except

for 4

Pm, see below). We chose this procedure instead of least-squares
fitting, because the character of the lowest levels is well known.
The agreement between the calculated and experimental value is then <1 keV

1850 10 15y

for the three lowest states in all the Pm nuclei except
one should take a larger value for £ to get a better agreement but then the
first 3/2+ level goes too far down. The experimental and theoretical
levels have been connected in the figures with dashed lines. The spin
order has been the main argument in this identification, but in seme cases
the electromagnetic decay properties have been taken into account.

In figs. 21-25 calculated levels are shown in the following way:
for "pm a1l Tevels <1300 keV and the lowest 13/2% and 15/2" states; for

143 145

Pm all levels <3000 keV and the Towest 13/2+ and 15/2+ states; for Pm

all levels <1200 keV and in the region 1200 - 1600 keV only states with

r ]47Pm all levels <1100 keV and for 149

I> 9/2+; fo Pm all levels <700 keV.
Tables 8-12 1ist the amplitudes of the basis states for selected energy
levels in every Pm nucleus. Wave functions are of a rather mixed character,
and the expansion coefficients larger than 0.01 have been listed in tables
8-12. In the present tables the basis states are denoted by !Qj; NR>, where
Zj is the single-particle state, N is the number of phonons and R the angular

momentum of the core.
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Figs. 21-25.
Comparisons between the experimental positive-parity energy levels

and the theoretical calculations using the intermadiate-coupling model
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Table 8. Expansion coefficients of the eigenvectors for selected states in the M]Pm nucleus.
E(ke\)) Ay o T

iy R 0wzt o2t w00y sz Teesizt s ezt waadt

112 5 00> 0.3263

15172 5 12> 0.1330 -0.1717 -0.0488

[$1/ + 20> 9.1751

[s1/2 3 22> -0.0200 0.1199 0.1664

15972 5 20 0.0355 0.1796 0.0675

§s]/2 5 30> -0.0378

1512 3 32> 0.0148 -0.0493 -0.0238

isq, * 33 -0.0183

159/ * 3% ~0.0198

isy/p + 36> 0.0488

143, & 00> -0.5368

ldyyp 3 12> 0.1316 0.1711 0.3203  -0.3337  -0.036} 0.0375
42 5 20> ~0.2040

iy, 3 22 0.0118 0.0435  -0.0313 0.1913 0.0717 -0.1037

lig; # 2> ~0.0785  -0.0473 0.0927 0.1717 0.0826 0.2333

:’d3/2 3 30>

iy, 3 32 0.0141 0.0210 0.0751  -0.0931  -0.0152

iy 3 33 0.0124 0.0208

ldg)p + 3% 0.0161 -0.0760 0.0475 0.0408

ldy/p ¢+ 36> -0.1038 :0.0602

i¢5,p 3 00> 0.971% 0.0579

ldg, 5 92> 90347 -0.0991 0.5183 0.8188 0.9585 0.9432 0.9715

1dg/z + 200 0.0431 ~0.0453

ldg;p 3 22 0.0553  -0.0323 0.0369  -0.092%  -0.0403 0.0178

[dgyy 5 28 0.0i31  ~0.0390  -0.1982 -0.0402  -0.0848  -G.0382 5 1443
b 30 0.0390

fdg), + 32 0.0473 0.0850 0.0363 0.0513 0.0200

bgp B 3 0.0268 0.0484 ¢.0445  -0.041 0.0175

idgp 3 3 -0.0125 0.0449 0.0399 0.0436 0.0330  -0.0348

dg), 3 36> 0.0203 0.0133 0.0200  -0.0497

'95,5 5 00> 0.3787 0.0594

1954 5 12> 0.0598 0.403%4  -0.4166 0.0782 0.1327 0.082} 0.8855

;70> 0.0881 -C.Ci10

59-,/2 i 22> 0.0258  -0.0171  -0.1060 -0,0527 0.0171  .0.0143 5.1977

99,7 3 28> 0.0320 0.0917 0.0 -0.1269 0.0540 0.0907 0.1161 0.343%

972 + 30> -G.5106

19y, ¢+ 32 0.0259  -0.0551 31.0180 C.2784

Y0 3 3% 0.0270 0.0169  -0.0183  -0.5288 0.0238

199/ + 3% 0.0103 0.018} 0.0165 0.0185 5 .0209

195/, 3 3> -0.0171 0.0321 0.0422 0.0339 095

»
roefficients larger than 0.01 are given in the tabie.
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Table 9. Expansion coefficients of the eigenvesters for selected states in the ”3Pm nucleus.

E(key) 5 17

125 N> oss/2%  212;7/27 108633/2° 1173;172% 166331172 189851872 1402318/27) 1515:(7/27) 15583(3/2°)
)51/2 i 00> 0.4480
[s972 + 122 0.0923 0,1762 -0.0146 0.0862
[s172 + 20> 0.114¢0
1512 + 22> -0.0702 0.1184 0.0537
Isy2 » 20> 0.0128 0.0444
!51/2 3 30> -0.0146
’s]/2 32> 0.0177
'51/2 * 33
fsl/z 3 34>
15172 36> 0.0206
143/, 00> 0.7646 0.2279
{dy0 5 12> 0.0657 0.0885  -0.2742  -0.2717 -0.0206 0.0164 -0,0629
|d3/2 3 20> 0.0940
ldgp + 22 0.0269  0.0992 0.0306 -0.0856 0.0987
63,0 + 24> -0.0275  -0.0134 0.1264 0.0323 0.0469
{dyp + 30>
ldyy 3 32> -0.0216  -0.0339
1dy,; & 33 -0.0113 0.0243
1y, 5 30 -0.0277 0.0152
1d3/2 + 36> -0.0205  0.1353
1d5/p + 00> 0.9920 0.0353
ldgjp 12> -0.0313  -0.0321  -0.3970 0.8338 0.9886 0.9941 0.8756
'dg;p + 20> 0.0107 -0.0234
ldgjp + 22> 0.0158 -0.0503 0.0234 -0.0137
ldg + 24> 0.0925 -0.0367 -0.0243  -0.0318 0.0435
"d5,p + 30> 0.0120
tdg g ¢ 32> -0.0101 0.0274 0.0112

dgsp + 33> 0.0169 0.0134
EVEE -0.0143 0.0132

dgp 0 36> -0.0101  -0.0417

97,2 3 00> 0.9789 0.0298

45,0 + 12> 0.0261 0.1786  0.3517 0.9727 0.0301 0.3893
Sy70 ¢ 2 0.0152 -0.0125

Gy0 ¢ 22 0.0395 0.0910 -0.0211 0.0434
"9y, 4 28> 0.0176  -0.0428  ~0.0501 0.1625  €.9713  0.0225 0.0306 0.0242
Sy7 * 30>

99,5 + 3> 0.0113 0.0171

339 ¢ 33>

¢y ¢ 3 ©.0973 2.0122
972 3 36> 0.0214 0.1608

Ccefficients 'a-~cr than 0.5}

are §iver

ir tee tamle.
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Table 10. Expansion coefficients of the eigenvectors for selected states in the 145 Pm nucleus.
E(kev) 3 1"

)5 R 03572 613772 492;3/2%  66035/2°  w70:7/28 339720 126:1/2%  75039/20  s36i/2t
'sy 5 00> 0.1253
iSy2 + 122 0.0469 -0.0650
151/2 3 20> 0.0642
15y 3 22 0.0431  0.0553
1519 3 20> 0.0136 0.0204  0.0652 -0.0144
fﬁ]/z 5 30> -0.0160
18179 + 32> -0.0157
fs172 + 3% -0.0120
0 3 3% -0.0113
!:1/2 3 36> 0.0215
tdyp 5 00> -0.4845
"y 3 12> 0.0898  0.1248  0.2152  0.0294 -0.1461
My 3 20> -0.1432
layg + 22 0.0155 0.0706  -0.0828 0.1124
ldgp 3 26> -0.0288  -0.0252 -0.0314  0.0663  0.1278 0.0521 0.1757
)y 5 3
tdy,, s 32> 0.0382 -0.0373
143 + 33 0.0119 0.0233
tagy + 30> -0.0271  0.0225  0.011 0.019  0.0148
ld3 + 36> -0.0440 -0.0367
|dgyp + 00> 0.9895 0.0793
ldg)p 3 12> -0.0882  -0.0326  0.5399  0.9699  0.983¢  0.958] 0.9601  -0.2264
ldg/p + 20> 0.0145 -0.0494
ldgp 3 22> 0.0119  -0.0145  0.0258  0.0312  0.0689 -0.0326 -0.1287  0.0408
Hdg)p 3 24> -0.0157  -0.0837  -0.0795  -0.0838  -0.0909 -0.0370
ldgyp 3 30> 0.013
15,y & 3> 0.0240  0.0126  0.0118  0.0192  0.0267
'ty + B> -0.0109  0.0169
gy s 3 0.0119 0.0122 -0.0176
¢y p 4 36 -0.0124  -0.0213
"9772 3 00> 0.9630 0.0489
"8y 3 12> 0.0306  0.2283  -0.6116 0.1687  -0.0565  0.2091 0.9285  0.9530
“egyp 3 20> 0.0314 -0.0243
‘Gyyp 8 22 0.0148 -0.1026 -0.1617  0.1156
97,0 + 2 0.0167  0.0346  0.0679  0.0540  0.0251 0.0663  -0.0676  0.2291 0.2000
97/ + 3

S0 3 ®> -0.0370 0.0113 0.0249  0.0355
9y ¢ 3 0.0100 -0.0164  -0.0127  0.0150  -0.0111

9 + W 0.0161 0.0126  0.0182  -0.0219  0.0185
9yp > 0.0108  0.0161 0.0257 0.0333  0.0404

Coefficients larger than (.81 are given in the table.



- 67 -

Jable 11. Expansion coefficients of the eigenvectors for selected states in the 147y, nucleus,

1 .
,lJ 3 KR>

Elkev) 5 17

0:7/2*

95zt a08i9/2°

410;3/2%

489;7/2"

53135/2° 633;1/2"

667;11/2%

73139/2%

!s‘/2 3 00>
ISI/Z 3 12>
20>
22>
24>

30>

18172 %
15172 %
fs1/2 3
fs9,2 +
Is]/2 3 32>
!51/2 3 33>
151,2 3 34>
151/2 3 36>
143/, + 00>

12>

143/,
1d3,5 & 20>
22
24>
30>

19372
ldy2 &
ld32
!“3/2 ;32
ld3/2 3

34>
36>

|d3/2 :
ld3/2

00>

195/2

Id 12>

5/2 ¢
1dg
ld5/2
idS/Z B

20>
22>
24>

!dS/Z 3 30>

ldg/p &
145 &
g, ¢
Hg/a &
992 ¢
192 %

32>
33>
34>
36>
00>
12>
597/2 v 20>
932 3 22
{97/2 V26>
93,2 4
f97/2 3 32>
992 4
92 ¢
972 %

b

-0.0473

-0.0169

-0.0160

0.9064
0.4036
0.0614
~0.0491
0.0777

0.0186

0.0339

-0.0122

0.0314

-0.0302

-0.0193

0.9530
-0.2929
0.0346
-0.0120 0.0114

0.0363 -0.0129

0.0278 0.8784
-0.2593
0.3782

0.0630
-0.0221
-0.0813

0.0732

-0.1415
-0.0185
~0.0450
-0.0189

-0.0160

0.0454

-0.0211

0.8890

0.3995
0.1138

0.0577
-0.0804
0.039%6

0.0248

-0.0507

-0.0159

0.2821

0.0574
-0.0882

0.0104

-0.3797
0.7352
0.2459

-0.2292
0.3005

-0.0365
0.1134

-0.0379
0.0412

~0.0323

-0.0468

-0.0148
0.0370

-0.0148

0.9536

0.1129
0.2594

0.0218
-0.0525
0.0409
0.0197

0.0673

0.0384

-0.0143

-0.0312

0.0250

0.9365

-0.3340

0.0464

-0.0297

0.0225

~0.0658

-0.0206

-0.0189

0.8973

0.1978
0.3699

0.0538
0.0497

0.0923

Coefficients Targer than 0.01 are given in tne tadle

0.0477

-0.0145

0.0384

-0.0104

0.9444

-0.1301
-0.2874

0.0353
0.0129

0.0485

0.0221
0.0160
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Table 12. Expansien coeffrcients of the eigenvectors for selected states in the 144, nucleus.
'E(kev) . o
12, 3 KR> 07720 Mayss2t esy32t 21m;5/2° 28839720 36032/2° 372t a1s32°  a97,11/2°
tsy,p 3 00> ' 0.0456
!51/2 2 12> 0.0239
251/2 i 20> (.0285
'51/2 3 22> -0.0107
5,0 3 2 0.0109
{51/2 5 30> -0.0121
451/2 ) 32>
{51/2 3 3 -0.0133
151/2 3 3
551/2 3 36>
[d3pp + 00> 0.7361 0.4109
|d e 12> -0.0925 -0.0587 0.3555 0.1348 0.1515 0.3439
!d3/2 3 20> 0.1101
363/2 5 22> 0.0179 0.0334 0.0144 -0.1286 0.0673 0.0379 -0.0348
ldyp + 24> -0.01%6 0.0289  -0.0602  -0.0400 -0.1299
id3/2 . 30 0.0186
‘d3/2 3 32> 0.0260 0.0291 -0.0145 0.0244 0.0183
|d_.’/2 3 33 0.0197 0.0222 0.0236 0.0121
!d3,2 3 34> -0.0124 0.0193 0.0259 0.0182
1d3/p 3 36> -0.0115 -0.0299
Ed5/2 3 00> 0.9064 0.2063
|d5/2 V12> 0.0856  -0.3418 0.1182 ~0.1065 0.8582 -0.8795 0.0283
|d5/2 3y 20> 0.0568 ~0.0545
[d5/2 3 22> -0.0346 ~0.0680 0.0669 ~0.0694 0.2381 -0.3926 0.0370
‘105/2 5 24> ~0.0260 0.0435 0.0595 -0.3179 0.0297 0.1017
lag/g 5 30> 0.0752
|d5/2 ) 32 -0.0143 0.0104 0.0139 0.0652 0.0587
MSI? 3 33> ~0.0136 0.0145 -0.0127
!dS/Z 3 34> -0.0264 0.0197 -0.0503  -0.0562 -0.0160
1dg,p 3 36> -0.0217 0.0338 -0.0354
297,2 3 00> 0.9349 -0.1423
§97/Z y 12> -0.3222 -0.2134 -0.5279 0.9167 0.9131 -0.1425 0.7389 0.9245
397/2 ; 20> 0.0455 0.1602
Eg]’/? 3 22> -0.0294 0.1330 -0.1102 0.213% -0.3399 -0.1596
'97/2 3 24 0.0633  -0.0536 -0.2049 -0.3129 -0.1325 -0.1796 -0.1948
97/2 3 30> -0.2909
97/2 3 32> -0.0101 -0.0264 0.0258 0.0473 -0.0348 0.0404 0.0438
'97/2 4 33> -0.0243 -0.0147 -0.0216 -0.0570 -0.0625 0.0243
9y ¢ 3 0.0345  -0.0463  -0.0351 0.0462 £.0459
‘97/2 3 36> 0.0467 0.0531 0.653%
12 "
Coefficients larger +har 0.0Y are Given 1n the lable.
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4.1.5. Electromagnetic transition rates

We can now calculate the electromagnetic transition rates with
the aid of the wave functions obtained in the preceding subsection.
The calculation for the M1 and E2 transition rates have been performed
using the general expressions given by eqs. (10) and (12). In
the present calculation of B(M1) transition rates we have used the

values of gyromagnetic ratios gL =1, 9, = 0.7 g:ree

and 9 = Z/A for the
orbital angular momentum, the spin and the core, respectively. In the
calculation of B(E2) transition rates the stiffness parameter C for

each nucleus is needed. These C values were derived from the experimental
2; - OT reduced transition probabilities in the neighbouring Nd isotones
assuming that those nuclei could be described by pure harmonic oscillator

motion59) with

(16) B(E2; 0V » 2%) = 5 Zz‘iél (= ZeR02)2

The following values were obtained: C(141Pm) = 124 MeV, C(]43Pm) = 303 MeV,
¢(Mpm) = 115 Mev, ¢("¥pm) = 57 Mev and C("*%m) = 26 Mev. For the
radial matrix element in eq. (12) we have used the approximation

<|r2]> = %ROZ and R0 = 1.2 A]/3 fm. In order to take into account

polarization effects of the core?:60)

we have used the effective proton
charge ep = 2e.

The results of our calculation of B(M1) and B(E2) transition
rates are presented in tables 13-17. 1In addition to the B(M1) and
B(E2) values are given Aot and branching ratios of certain Tevels.
In addition to the experimental branching ratics in tables 13-17, we also
give theoretical valueswhichhave been obtained with the aid of
theoretical B(M1) and B(E2) transition rates and experimental transition

energies in the Pm isotopes. The small branches given by the calculation

are ignored if they are not known experimentally. Table 15



143

Table 13. Electromagnetic transition rates and branching ratios in Pm. The uncertainties of the last

figures are in parentheses.

g o, L7 E. s i £ B(M1) B(E2) Aot Branching ratio
(kev) (keV) (kev) (x 10730 (e?m®) (1/s) Exp Theory
a) a) aj
19.9 ; 772" 0 ;52 196.9 2.9 x107°  35.0 1.264 x 107 1 1.000
103.9 ; 3/2" 0o ;52 403.9 307.8 666.0 3.65 x 1000 1 0.999
138.5 3 (1/2)° 0 ;5/2" 438.5 - 1627.4 2.823 x 100 1 0.997
728.3 3 5/2° 0o ;52 728.1 0.39  992.7 2505 x 1011 0.26(3) ) 0.481
19.9 ; 7/2° 531.4 8.90 10.1 2.402 x 10'C  0.23(2) 0.046
403.9 ; 3/2° 324.5 409.3 0.618  2.461 x 10'"  0.53(6) 0.473
837.0 5 972" 0 ;572" 837.0 - 1032.7 5.176 x 101 0.94{4) 0.930
19%.9 ; 772" 640.2 7.12 46.3 3.896 x 100 0.06(1) 0.070
858.6 5 (7/2)" 0 s/ 858.6 3.22  972.4 5.804 x 100 0.89(7) 0.817
196.9 5 7/2°" 661.7 21.3 23.2 1020 x 1017 0.11(2) 0.155
974.3 3 11/2" 196.9 5 7/2" 777.4 - 1147.5 3.975 x 107 4 0.999
1152.7 5 (5/2)°  196.9 ; 7/2° 955.7 3.84  549.2 5.932 x 10'7  0.57{1) 0.359
203.9 5 3/2" 749.0 1.65  689.4 2.104 x 10" 0.43(1) 0.127
1970.1 5 (15/2)7  974.3 3 11/2°  995.8 - 2093.9 2501 x 102 4 1.000

a) Calculated in the present work using the intermediate-coupling model.
b) Ref. 19.

mOLH



Table 14. Electromagnetic transiticn rates and branching ratios in Y3pp.  The uncertainties of the last
figures are in parentheses.

E; s Ii“ Be s IfTr EY B(M1) B(E2) Aot Branching ratio
(keV) (keV) (kev) (x 1072 (ePm¥) (1/s) Exp Theory
a) a) a)

272.1 5 7172° 0 ;5/2° 272.1 £.00035 5.54 1.021 x 107 1 1.000
1056.5 5 372 o ;52 1056..5 694.6 298.7 1.482 x 10'3 1 0.992
1731 5 172t 0 ;52 1173.1 - 1088.8 2.951 x 1012 1 0.999
1402.5 5 (3/2, 5/2)" 0 ;52" 1402.5 0.192 831.7 5.515 x 102 1 0.999 ,
1515.0 5 (5/2, 7/2)° 0 3 5/2" 1515.0 0.583 848.6 8.298 x 10'2 0.72(7)  0.98%

272.7 5 772" 1242.7 3.985 0.539  1.365 x 10" 0.28(3)  0.016 :
1558.5 3 (3/2, 5/2)  272.1 ; 7/2° 1286.4 - 185.4 7.968 x 10" 1 0.077
1566.0 & (5/2, 7/2)" 0 572" 1566..0 0.020 0.168  3.287 x 10° 0.29(3)  0.00095

272.1 5 172 1292.9 0.192 775.1 3.437 x 102 0.71(7)  0.999
614.1 5 (3/2, 5/2) 2721 3 7/25 13820 1.623 760.9 4.0 x 0% 0.968
1663.5 5 1172 2721 5 17" 1391.4 - 851.5 5.418 x 102 1 0.999

a; Calculated in the present work using the intermediate-ccupling model.



Teble 15, Clectromegratic transition rstes and brenching ratios in 93, The uncertainlies of the last

fiqures sre in paranthiges.

$ranching ratio
Theory Theory

) )

1.000

o

283
809
.047

o o o

143

0.2 c.2%

0.935

126.5 1 32t 4925 4 37 2375 208.3 5500 x 10'° 1 0172
50.2 5 9/2" o g5t s - 978.8 2.861 x 1011 o35y 0814 G.97i
817 20.08 i22 ves7x0f so2(n s.0x 1070 0.926
5235 2.2 3.7 866.1 2.983 x 10" 0.752  0.184
0 45 : 2.939 x 10°C 0.075  0.735
153.8 5.85 285 3.750 x10° 9.9x 107" 0.080
5 753 - 1057.2 3.613x 30 0.999  0.997
2.8 1.20 0.086  3.916 x 10 1 %107t 0.002
3.8 ¢ (772 a5 0.026 5.3 3.820 x 30°  0.49(5)  0.009  0.680
8227 9.456 925.7 a.300 x 10" glaa(si 0977 0.313

2235 0,78 21 218 x 08 0.09(1)  0.005
YT T S SN ASE T W) .75 0.064 1200 x 10''  0.92(3) 0.355  0.971
wzh g w2t agsy 5.672 1166.3 3.233%10'°  0.oe(i;  0.01  0.02

e 12" a2 0 re s 1311 L a.985 x 10'T 0.881
st 537.5 - 1367.9 7052 x 100 0131 c.869 0.0%0
193.2 5150 597.8 2159 x 10" 0.i202)  e.194 0.293
2.4¢ 25.9 2.800 x 10°  0.67¢2)  0.043  0.199
E IR 57.0 1os2x 1'% 0.07¢2) .00 0.478

&) Calculated in the

intermediate-coupling model.

b) Cefculated by Paar using the cluster-vibratien zodel (ref. 61).



147pm.

The uncertainties of the last

Table 16. Electromagnetic transition rates and branching ratios in
figures are in parentheses.
E, Iiﬂ E. If“ E B{M1) B(E2) Aot Branching ratio
(keV) (keV) (kev) (x 107375 (e’ (1/s) Exp Theory
a) a) a)
91.1 3 572" 5 7/2° 91.1 0.019 2.68 2.852 x 10° 1 1.000
408.2 ; 9/2" ; 772" 408.2 6.32  1668.2 3.063 x 10'0 1 0.999
410.6 ; 3/2" ;72 410.6 - 1527.9 2.175 x 100 0.07(1)  0.613
91.1 ; 572" 319.5 23.92 3.26 1.374 % 100 0.93(9) 9.387
483.3 ; 7/2* o ;72 489.4 1.25  971.0 3.583 % 10'0 0.19(2)  0.855
91.1 ; 572" 398.2 3.41 156.6 5.700 x 10° 0.81(7) 0.136
531.1 ; 5/2° o ;72" 531.0 10.0 993.5 7.752 x 1010 0.89(9) 0.966
91.1 ; 5/2" 439.9 0.96 2.22 1.483 x 10° 0.09(2) 0.018
410.6 5 3/2" 120.5 37.27 376.2 1.159 x 10° 0.03(1) 0.014
632.8 ; 172" 91.1 ; 572" 541.7 - 1584.1 9.014 x 10'° 1 0.991
641.3 3 (3/2, 5/2)" 410.6 5 3/2" 230.8 0.67 0.45 1.468 x 10° 1 2.4 x 107
667.2 5 172" o ;72 667.2 - 1435.7 2.316 x 101" 0.83(7)  0.970
408.2 ; 9;2" 259.0 22.38 226.3 7.160 x 10° 0.17(2) 0.030
686.1 3 5/2" o ;72" 686.1 9.092 0.71 6.579 x 108 0.40(4) 0.003
91.1 5 5/2" 595.0 23.8  1109.8 1.894 x 10" 0.74(3) 0.944
410.6 ; 3/2" 275.5 0.19 0.95 7.530 x 107 0.37(4) 3.7 x 107
489.3 ; 7/2° 196.6 71.23 28.0 9.536 x 10° 0.08(2) 0.047
730.7 5 9/2" 91.1 ; 5/2% 639.6 - 1420.9 1.855 x 10]‘ 0.54(5) 0.873
489.3 ; 7/2° 261.4 46.12 12.6 1.143 x 10'° 0.46(7) 0.954

a) Calculated in the present work using the

intermediate~coupling model.



Takle 17. fiecteomagnetic transition rates sn¢ branching ratios in 190y, Tre uncertainties of the last

fiqures are in parertheses,

[ !{”i B{M1) B(£?) Yot grancning ~atio
R} (hed? P TP N ST S| (178} txp Theory  Thaory
) aj aj
118.3 ;572" 0 7 14.3 0.35 225.6 1 1 1.000 1.006
188.6 5 /2" ¢ ot 188.5 - 595.5 7.983 x 10° 0.57(5) 0.097 5.3x10°%
N4.3 ; 5/2° 74.3 371.3 140.6 2.68¢ % 10° 0.43(8} 0.902 0.99
2153 5 5/2° o ;72" 211.3 6.91 1506.5 1771 x 10° 0.96(8) 0.573 0.79
118.3 5 s572% 97.0 82.0 10.2 1.317 x 10° 2.66{1) .426 0.21
8.2 5 (172, w2yt 0 2 288.2 4.50 2298.8 7.472 x 10° H 0.999 0.99
360.0 3 772" o 12" 369. 1 .75 25.2 5.76% x 10° .16(2) 0.196 0.47
4.3 3 572" 2057 85.6 22417 2.249 x 160 c.84(7 2.800 0.58
7.5 5 /2" 14.3 5 5/2° 213.2 - 2217.8 4.8 x 10 0. 6.872 0.02
128.6 5 32" 1989 3.35 287.3 5.730 x 10° °. 0.121 0.98
396.7 5 5/2" ¢ 52t 396.4 3.46 . 5.26 3.858 x 10° 0. 0.071 0.20 )
118.3 ; 5/2° 282.4 3.5 1515.6 1,579 x 10° 0.3 0.290 5.70 =
188.6 3 3/2° 208.1 216.0 125.0 3.432 x 10"0 0. 0.631 0.04 '
211.3 5 572" 185.4 0.24 59.0 2.290 x 10’ 0. 7.9 x 107 0.00
#15.5 ; 3/2" 4.3 5 5/2° 301.2 63.7 0.21 3.064 x 10'° ¢.70{12y  0.431
188.3 5 3/2° 226.8 53.0 752.5 1.143 x 100 0.30(3) 0.161
425.3 5 {8/2, 7°23" o, 127 425.4 2.19 1692.5 3.173 x 100 0.24(4} 0.702 0.39
14.3 ; 572" 3.0 10.3 140.8 5.953 x 10° 0.43{4) 0.132 0.25
211.3 5 5/2* 213.3 1.9 208.8 5.608 x i0° 0.29(3) 0.124 0.16
288.2 1 9 :" 137.0 42.2 328.4 1,929 x 10° 0.04(1) 0.043 0.20
197.8 1 1i/27 [ 17 g - 2141.6 7.987 x 10'0 0.87(5) 0.955 0.97
288.7 ; 9/2" 205.2 22.9 198.3 3.787 x 13° 0.13(2) 0.045 0.03
515.8 2 (9/2;7 240.2 5 1/2” 275.4 0.75(6) 0.62
270.% 5 7/2° 245.5 0.25(6) 0.38

A% Lalculated in the present work using the intermediate-coupling model.
¢ :altulated 1n the present work using the axiai particle-rotor model.
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145

for Pm lists also branching ratios that have been calculated on

the cluster-vibration model (CVM) by Paar6|).
149

The branching ratios for
pPm given in table 17 have been calctulated using the axial-rotor

162,63)

mode Both of thase models are described in sections 4.2 and

4.3, respectively.

4.1.6. Magnetic dipole and electric quadrupole moments

The magnetic dipole and electric quadrupole moments for the ground
state and several of the low-lying levels have been calculated for each
of the Pm nuclei. The calculations have be#n performed using eqs.(13)
and (14) and the same values of the parameters and eigenfunctions as in
the calculation of the electromagnetic transition rates. The results
of our calculations and the available experimental data on the ground
states and the first excited states are presented in table 18, The
experimental data are very poor, but in those cases where experimental
values are available the agreement with theoretical values is quite
good. In tahie 18 there are also given the values that have been
obtained using the gyromagnetic vatio 9, = 5.58 and the charge ep s e
of the free proton. As can be seen, the calculations with the effective

parameters g, = 3.91 and ep = 2e give better results.

4.1.7. Spectroscopic factors

The method of calculation of the spectroscopic factors was given in
subsect.4.1.2. In table 19 the calculated spectroscopic factors Sﬁj

for a stripping reaction leading from the core nucleus to a state of



Table 18. Magnetic dipoie moments and eleciric quadrupole mements of ground and first excited states
of odd-mass Pm nuclei. The uncertainties of the “last figures are in parenthases.
(™) q (ep)
Nucleus E I calc. calc. EXD. calc. calc. exp.
{keV} g = 5.58% g, = 3.91 ep =g ep = 2e
a) a) a) a)
181, 0 5/2* 4.67 3.85 -0.049 -5.048
196.5 7/27 1.74 2.33 .65 72
143, 0 5/2" 4.76 3.93 -0.043 -0.050
272.1 7/2* 1.72 2.36 0.28 0.34 ;
&
=
15, 0 5/2* 4.76 3.93 -0.12 -0.13 ,
61.2 7/2% 1.7 2.35 0.35 0.38
W7o 0 72" 1.71 2.34 +2.62(8) 2 0.70 0.72 +0.7(2) ®)
91.1 572" 4.69 3.87 3.6 (12 0.3 -0.44 0.6(3) ©)
149 0 72t 1.7 2.36 +3.3(5) ¢ -0.66 -0.68
114.3 5/2* 4.38 3.66 2.22(26)°) -0.562 -0.54
a) Calculated in the present work using the intermediate-coupling modei.
b) Ref. 64.

¢} Ref. 42.



Table 19. Caiculated and experimental spectroscopic factors Sli for a stripping reaction leading

J
from the core nucleus to a state of spin I in odd-mass Pm nucleus.

M 1419m 1439m 145pm 147pm ‘349Pm
calc. exp. calc. exp.a) calc. exp.b) calc. exp.c) calc. exp.d)

5/2§ 0.48 0.52 0.52 0.53 0.54 0.51 0.39 0.48 0.40
7/2? 0.18 0.29 0.32 0.38 0.34 0.21 0.50 0.27
3/2] 0.29 0.58 0.20 0.0t 0.007 0.19 0.91
1/2; 0.10 0.19 1.12 0.01 0.003 0.61 0.001 0.i4
}?i2{ 0.57 0.73 0.71 0.53 0.81 0.34 0.70 0.51 0.36
a) Ref. 24.

b) Ref. 31.

)
)

¢) Ref. 58.
} Ref. 43,

-/_L..,



spin 1 in Pm are shown. Also all experimental data available from
stripping reactions to ievels in Pm nuclei are given there. In those
cases where the experimental values are available the agreement with the
calculated values is very good for ground states and the first excited
states. Also for the.11/2 state the agreement is quite well but for the 172%
states there are very large discrepancies between experiment and
the present calczulation. The 51/2 single~particie component must be
much larger than in our theoretical wave functions (tables 8-12)
where the main component is |d5/2; 12>.

The Slj values for the 11/2° states were calculated by coupling the
h”/2 single-particle state to the quadrupole vibrations; the octu-
pole vibrations were neglected. The agreement is very good although

the calculation was simple.

4.2, Description of the cluster-vibration model

In the previous section 1 have discussed the particle-vibration
model with intermediate coupling when one particle has several
single-particle states available. In the present section I shall
describe briefly the cluster-vibration model (CvM) of Paar3’4).

The calculatiens in this sectionwere performed by Paar using our
experimental results for Pm nuclei.

In the cluster-vibration model nuclei are described by a core
and a cluster of a few particles or holes in the valence shell or
subshell. Here we apply the CVM to odd 6]Pm isotopes under the assumption
of a Z = 64 subshell closure whichh persists even for. nuclei
three protons off (Z = 61). The cluster consists of three proton

noies in the Z = 50 -~ &4 shell., 7The Z = 64 closure has been demonstrated

o

by Kleinheinz et a1.”).



The Hamiltonian of the cluster-vibration model is

+ 1) 4 yin)

-yl
Ho= Hoy' + Hypp * Hags + Hpye

5K

Here Hé;) describes the motion of n frea valence-shell particles (holes)

(in this case n = 3}, HV}l represents the quadrupole phonons and HRES

is the residual interaction hetween the valence-shell particles (holes)
of the cluster. The term Pévg
each of the n particles (holes) of the cluster and the vibration; it

represents the interaction between

is the usual particie-vibration counling summed over all particles
(holes) of the cluster. The effective strength of ihe particle-vibration
interaction is denoted hare by a in units of MeV, (The previously

mentioned £ = 2/5 affw.) The residual interaction i,

in its simplest form with only the pairing force.
In order to obtain the spectrum and wave functions, the following

parameters are necessary: single-particie (hoia) energies, phonon energy,

pairing strength and particlef(hole)-vibration coupling strongth. In

caleulating the positive~parity states in Pm nuciei the following
single-hole position was u:*uOl\ ;}2
the phonon energy ﬁm? = | ¥eV was used and Tor the zairing strength

G = 0.2 MeV; these twe values are not adjusted to Pm isotopes but are

) - e(g}z) - 0.4 VeV, For

taken as average values used for the CVH in wedium-heavy nuclei in
the region Z =~ 50,

gonaiizing the Hamiltonian are

The basis states f

. J? ) J1/3J3 J JL.BRI». The first part in thiz basis state

represents a three~hole vaience-sheli cluster; N and R are the number
and anqular momerntum ¢f phonons., The cluster angutar momentum J and
the phonon anguiar momentum R are coupled to the tolal angular
momentum 1. By diagonalizing the CVM Hamilitonian in this basis the

energy spectra and wave functions are obtainec.



In fig. 26 the calculated CVYM spectra are presented, obtained for the
parameters given above and for different values of the particle-
vibration coupling strength a. 1In the zeroth-order approximation

st ctates ‘he © P 4"3 Y, -2 -1
the lowest states are the clusters (u5/2)5/d, [(ds/z)o, g7/2]7/2 and

43
("’5/2)

The distance between the ciusters (dgig)S/Z and (d53?)3/2’ 9/2 is given

3/2, 9/2 in this order (see the spactrum for a = 0 in fig.26).

hy pairing. With the increase of the particle-vibration coupling
strength a the theoretical 7/2; state, which in the present para-
metrization for a = O lies above the 5/2; state, 1is Tlowered with
respect to 5/2?. For a =~ 0.5 they cross and 7/2¥ becomes the ground
state. This appears as a consequence of the matrix elements
<g;}zl|Y2!ig;}2> > <d;}2]|Y2||d;}2>, which appear in the corresponding
matrix elements of the particle-vibration interaction. The gap between
the doublet 5/2], 7/2 and the neighbouring higher states 3/2, 9/2},
which is due to pairing, persists with the increase of the particle-
vibration coupling strength a. The 3/2; state is Tower than the 9/2;;
this is due to the effect of the so called I = j-1 anomaly in the CVM
(refs. 4, 65, 66), which leads to a loweririg of the state I(j"3)I = j-1>.
However, due to the presence of close-lying clusters involving the g7/2
configuration (the lowest are [(dgfz)z, g;}é]9/2 and [(d;;2)4, 95}2]9/2),
for large a the 9/2} state is more strongly pushed down than the 3/2;.

Far a = 0.7 the 9/2; and 3/2; states cross and for a > 0.7, the 9/2;

lies below the 3/2; (see fig. 26). Furthermore, for the cluster

states discussed so far, in the z2eroth-orde: approximation there is

a one-phonon multiplet based on the (d;;?)S/Z cluster state:
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Fig. 26. Calculated positive-parity spectra for Z = €4-3 nuclei as
& function of the particle-vibration coupling strength a. For
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1(4;32)5/27 12,1 =12, 3/2,%/2, 7/2, 9/2>, and the seniority-
three cluster states dé;z 9;)2' [(d;;z)Z, Q;JZ]I = 3/2, 5/2, 7/2, 9/2, 11/2;
[(d;fz)dw g;}éll = 1/2, 3/2, 5/2, 7/2, 9/2, 13/2, 15/2. For a > 0.3,

e fre”

a group of states 5/25, 7/25. 9/2y, 11/2], 325, 112y, /23, 5/2%

is formed abeve and close to the doublet 3/2:, 9/2:,

Above this group of states there is a gap of a few hundred keV.

Addit ional admixtures in the wave functicns of the low-lying positive-
parity states calcuiated in the nresent work are due to 4 hole -

1 particle clusters (with respect to the 7 = €4 closure). Especially,
the contributions of | (d5y,)0, dyp3 3/25> and [(d5)5)0, sq/95 1/2°>
states are sizeable.

For negative-parity states the 4 hole - 1 particle clusters should
be included. The CVM calculation was performed by approximating the 4 hole ~
i particle cluster by a 2 hole -~ 1 particle cluster, and taking the
G700 d5/2 configuration space for holes and only the hﬂ/2 configuration
for particles. In this way the lewest calculated ncgative-parity state
is 11/27 follcwed by a grous consisting of states 7/2°, 9/27, 11727,

/2 .

Comparing with the experimental <pectra, it appears that for

a = 0.4 the thearetical results qualitatively resemble xg}PmSO and
145 , a7
g{ngﬂ, and for a = 0.7, 61 Mg -

More detailed calculations have been performed so far only for

45 . ) .
1 Pm {see ref. 61). By using the calculated wave functions

the branching ratios were caiculated and compared with the experimental

values in table 15. 1In this calculation the usual values for the

. . . . Ay, SP

effective charges and gyromagnetic ratios were used 7 e P 1.5 e,
VIB . o, . L _ B , free _

e =2.5e, gy = /A, 9 = 1, 9 = 0.7 9 = 3,91,
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rowever, for the transition 7/2: > 5/2; it is necessary to include
also the tensor component gp(‘{2 #S) in the i1 operator because it
gives the main coniributicn in this case. In the zeroth-crder
approximation {a = 0) the 7/2: & 5/2: E2 transition is of the spin-
T1ip type and therefore hindered, while for the standard 11 operator
the 7/2] > 5/2 Wi transition is 2-forbidden. Therefore, the additional
tensor terni in the M1 operator is important. By inciuding the tensor
term the vesult is B{Ml; 7/2% > 5/2;) = 0.057 UNQ

4 (cf, table 18). 1In this way, the calculated

n the other hand
B(E2: 7/2 » 5/2%) = 44 e“fm
half-tife is T1/?(7/?1) = 3 n3, in agreement with the experimental vaiue

of 2.6 £ 0.1 ns,

For more detailed results calculated using the cluster-vibration

medels see ref. 61,

n 149

4.3, Interpretation of band structure Pm on the basis of the axial

particie~rotor and the triaxial particle-rotor models

With increasing neutron number in the Pm nuclei the energy of
the nuadrupole phonon decreases, as was seen in the previous subsect.
4.1.4. So it can be suppesed that (quasi-)rotational bands appear in

149

the Tow-lying spectrumof the '~ 7Pm nucleus because in the nucleus

151 . . . . ;
“Pm the rotational bands are quite obvious. In the prasent
. Y . ; 148 ,
section I shall review the results for Pm that we have obtained
applying the axial and triaxial particle-rotor models.

At first | describe the calculation using the axial particie-roter

mode |, This model is presented in some detail in refs. 62 and 63.



A comprehensive description of the particie-rotor model is given
in ref. 8. The total Hamiltonian in this model consists of the particie

motion and the collective rotation of a nucleus:

Bmod ™ qu + qu rot

The rotational part is further divided into three different contributions,

H H, + H + H..

qp rot =M rpc N

where HI is asscciated with the adiabatic rotor, Hrvc with the Coriolis

interaction and Hj is the recoil term.
The single-particle energies which are needed in the particie

part of the Hamiltonian (qu) are calculated with Woods-

7
]

Saxon potentials. The single-~particle Hamiltonian (HPf) contains nine
parameters. Six of them are so-called potential parameters.

2 X {ro, aps az},and the remaining variables are the two potential
depths VO and the spin-orbit strangth A. In our caiculations these
potential parameters were: o ® 1.28 fm, & = a, = ay = 0.76 fm, Vo =

V, = 54.5 MeV, r

L5

= 1,09 fm, s 0.60 fin and A = 17.

Pus T %ms T %1
The nuclear shape is expressed with the quadrupole and hexadecapoie

2s

deformations n, = (4/3)82 and Ny = €45 respectively. In addition to
these deformation parameters, the model contains only two free parameters:
the rotational parameter A and the attenuation factor k for the Coriolis

Hamiltonian (H . ). We have taken the following values for these

rpc
parameters: n, = 0.15 and 0.20,ny = 0, A =50 and 25 keV and k = 1.0.

More detailed knowledge about the diagonalization of the model
Hamiltonian can be obtained from refs. 62 and 63. The formulae for the
B(M1) and B(E2) transition rates are also given there.

Fig. 28 presents the calculated and experimental levei structure

= l49p

of m. We have not performed any iteration to get this ievel order;
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only two different deformations [ﬂ2 = 0.15 and 0.20, {a) and (b) in fig. 28]
have been considered for the negative-parity band. In table 22 the decay
praperties of some states are shown as predicted by this model.

The triaxial particle~rotor model of Meyer-ter-Vehn consists of
an odd nucleon coupled to a rotating triaxial core. A comprehensive
description of this model is given in ref, 7. The free parameters of
the model are thedeformationB (0.1 < B < 0.2), the asymmetiry parametar y
(00 <y < 600) and the Fermi energy AF. B and v wiil be determined
from the lowest excited states of ihe adjacent even nucleus, and AF
will be estimated from the Nilsson level scheme. The other parameters
ks A and JO are smooth functions of the mass A; k is the strength of
the deformed field of the core (k = 206/A'/% MeV), A is the pairing
potential and JO is the inertia parameter. We have tested the validity
of this model in all odd-A Pm nuclei for the level family based on
the unique-parity h11/2 state. Fig. 28 shows the theoretical negative-

parity states of 149

Pm, together with the experimentally known Tlevels.
The compatibility between experiment and the triaxial rotor
model is satisfactory. The Tevel order agrees with experiment

whan the parameters are y = 21.40, B =0.212, 4 = 0.91 MeY and XF: 1.0,

The Fermi energy AF is given in the form ;F= (AF - 51)/(a2 - El)* where

£ with i =1,2,...5 + 1/2 are the single-particle energies of the j shelil.
These were obtained after a fitting procedure. However, the energy

fit is rather poor and gets worse when the excitaticn energy
increases. The situation in the other Pm nuclei is similar with

respect to the enerqy fit,and this is evidence that the rigid

triaxial rotor is not & good description of the odd-A Pm nuclei
investigated in this work. It seems to be necessary to take into

account the idea of a veriable moment of inertia which could lower

the energies of the high-spin members of the band567).

The negative~-parity states of the other Pm nuclei are shown

in figs. 31 and 32. They show the experimental and eaicuiated
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level schemes using both the intermediate-coupiing model [theory (af

and the triaxiai rotor model [theory (b)].

5. DISCUSSTGN  AND CONCLUSIONS

5.1. Pesitive-parity states

Fig. 2% presents our experimental result:z on level schemes of
odd-# Pm isotopes measured in the present work. Fig. 29 shows only
those tevels for which the spin has been determined. The corresponding
levels have been connected with dashed lines. The compariscns setween
the experimental and the theoretical results obtained using the inter-
mediate-coupting model are given in figs. 21-25. As can be seen from

¥ /] m"_l:'
fig. 29, the 5/2% Tevel is the ground state in 7' %y byt

. 3 e Y 143 ! .
hecomes the first excited state in Pm and pm. At the same time
4 41-345 4
the first 7/27 excited state in 141 ‘4°Pm crosses the 5/2° level

and becomes the ground state in M7Pm and ]49Pm, In the [#C calculation
the spin of the ground state is obiained cerrectly because it is chosen
to agree with  experiment, Tables 8-12 also show that the ground
and first excited states ¢f all the Pm isotopes investigated in the
present work are highly pure. The 5/2+ states pave d5/2 admixtures
teveer than 95 %, and in the 72" siates the 9579 componernits are also

i

>95 < in &1l the isotopes. The spectroscopic factors obtained from

stripping reactions and given in tabie 19 also verify these assumptions.

; , : e i e et 147, ot
fhe second sxcited state in all the iscotopes except 47Pm is 3/2 .
" + . . Y , 149,
This 3/2 state has dﬁ/? as its main component in Pm and Pm,
a4
but the other isotopes have also comparabie d and 972

5/2
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147
components. In Pm a 9/2" state becomes the second excited

state. This 9/2; state Bélongs to the 97/2 multiplet and has a higher

energy 1in the other Pm isotopes. There is also another 9/2;

state observéd experimentally in ]45Pm and 147

n 145

Pm but it belongs to
the d5/2 multiplet. I Pm these 9/2+ states have an energy
difference of only about 40 keV, and according to the decay properties
the member of the 97/2 multiplet is higher in energy.

141 143

The third excited state in Pm and Pm is 1/2+ consisting of

about 14 % of s]/2 and about 68 % of d5/2 admixtures in ]4]Pm,and of

about 21 % of $1/2 and about 69 % of d5/2 admixtures in ]43Pm.
The other three Pm isotopes have also a 1/2+ state,but it is higher in energy
and these 1/,2+ states consist of over 93 % of ds/zcomponentsin each
case.

If one looks at figs. 21-25 one can draw the conclusion that the
agreement is excellent between experimental and theoretical level schemes
as regards the energies and spin order of the states discussed
above. There are also a few discrepancies between theory and experiment .
In ]49Pm the 5/2; state comes too low in energy but this can be explained
by a rotational structure,and the energy of the 5/2; state is in agree-
ment with the results of the axial rotor-model. In ]49Pm the first
experimental 11/2+ state is too high in energy compared with the IMC-
model calculation but this can &gain be explained by a rotational
band structure. In ]47Pm the calculated energy of the 11/2+ state is

n 145 141Pm

200 keV too Tow, i Pm the ]/2+ comes 100 keV too Tow and in

the calculated level order of 9/2; and 5/2; states is exchanged.

The cluster-vibration model (CVM) described in section 4.2 gives
level schemes similar to those of the IMC model. In section 4.2 1
already discussed the level sequences in general and the particle-

vibration strength in each Pm nucleus. The detailed calculation for
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]45Pm by using the CVM model (ref. 61) gives results comparable with
those of the IMC model, but the 1/2+ state does not come so Tow.

]45Pm in the region of

Experimentally there are nine states in
0.7 - 0.9 MeV. Eight of the nine calculated states of the mu1tip1et‘
seem to have their experimental counterparts. The exception is the
3/2+ state at 0.9 MeV. If we compare these theoretical results of

the CVM (fig. 27) to those of the IMC model (fig. 23), we see that
both calculations give the same spins but the level order is different.
However, in general there are no appreciable differences between

the results of these two particle-vibration models.

To interpret the level structure of 149

Pm we have applied the
axially symmetric particle-rotor model to both positive- and negative-
parity states, and the triaxial particle-rotor model to the negative-
parity states. Here 1 discuss the positive-parity states on the basis
of the band structure given by the axial particle-rotor mode162’63).
According to the Nilsson scheme for odd-proton nuclei with Z = 61,

there are 5/2"[413], 3/2*[a11], 7/2"[404], 5/27[402] and 1/27[411]
levels available for the lowest excitations in the region of deformation
parameter 8 = 0.1 - 0.2. We have taken the parameters needed in this
model (cf. 4.3) as averages used for small deformations and we have
calculated the level structure shown in fig. 28. We have selected

the experimental states to correspond to the theoretical levels according
to the B(M1) and B(E2) transition rates. We have interpreted the four

mixed rotational bands in ]49Pm (

fig. 28) accordingly. The suggested
bands are : the 7/2+[4041 ground-state band consisting of the 7/2+ ground
state, the 288.2 keV (9/2)+ state and the 497.8 keV 11/2+ state.

This band is mixed with the 5/2° [413] band whose ground state is

the 211.3 keV 5/2% state and the first rotational state is the 425.3

)+

keV (7/2)" level. To the 3/2*[411] band mixed with the 5/27[402] band
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belong  the 114.3 keV 5/2%, 188.6 keV 3/2", 360.0 keV 7/2" and
588.1 keV (9/21d states. The 387.5 keV 1/2" and the 415.5 keV
3/2% states we have proposed to belong to -the 1/2+[411] band; this

is, however, very uncertain, because there are no supporting transitions.

153

In another N = 88 nucleus, '>°>Tb, the 7/2*[404], 5/2%[813], 3/2*[a11]

bands and, furthermore, a 5/2"[402] band have been observed®®) as

47) . 151,

has been also a 5/27[413] band The 3/27[411] and

5/2[413] rotational bands are identified in the more deformed ]51Pm

nuc]eus48).

in

]49Pm to some extent

We can conclude that the level structure of
can be explained on the basis of its vibrational character and partly
on the basis of its rotational character. The rotational character
can be seen especially in negative-parity states which seem to have

a larger deformation.

5.2. Negative-parity states

Fig. 30 shows all negative-parity states observed experimentally
in the present work. In addition, there are shown negative-parity

]39Pm obtained from ref. 68. In all of these Pm nuclei

states in
the lowest negative-parity level is an isomeric 11/2° state with
decreasing energy as the number of neutrons decreases and increases
from N = 82. The other states have spins of 5/2° to 19/2°. The levels
with high  spin values are populated weakly in (p,2n) and (3He,3n)

reactions due to the low bombarding energy.
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The Fermi level in slightly deformed Pm nuclei is near
Tow-Q orbits of the h”/2 proton shell. It is therefore possible
that decoupled bands could be built on the 11/2° levels. These band
structures have in general been interpreted using the triaxial rotor model
(cf. 4.3). For these moderate deformations the Coriolis force
decouples the particle from the core, and for high-spin states the
particle and core angular momenta are nearly aligned, which gives rise

to the typical Al = 2 bands. Such band structures have been found in

several lighter odd-proton nuclei: ]25-123La (ref. 69), ]35’123Pr
(refs. 70, 71) and '33Pm (ref. 68) and also in heavier 1*7>149121g,
(refs. 72, 73). In ]4]Pm and 143Pm the 13/2 level is lowered below the

152" level, showing that the structure is not of the decoupled type.
In "o we cannot say surely which one of the 13/2° or 15/2" levels
is lower in energy.

In figs. 31 and 32 the experimental negative-parity level schemes
are compared with the calculated states from the triaxial particle-
rotor TPR [theory (b)] and the IMC model [theory (a)]. In fig. 28 there
are also results of the axial particle-rotor calculation (theory Ia, b).
The parameters that are needed in the TPR model are given in the figure
captions. The parameters in the IMC model are the same as those used with
positive-parity states. The agreement between experiment and both
theories is rather poor. In the TPR model the lowest states agree
quite well but the higher spin states go too high. Therefore the VMI
(variable-moment-of-inertia) prescription, as applied by Toki and
Faess]er67), should be extended to the present model. This procedure
lowers the states at higher energy in agreement with experiment.

The changed order of the 13/2” and 15/2  levels in ]4]Pm, as

mentioned before, can be exp]ained74) if a triaxial shape is allowed

for the N = 80 core. The theory indicates that the level spectrum would
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change gradually from a decoupled level order at vy = 0° to a strongly
coupled level order at y = 60° when passing through the triaxial p]ane7).
This transition to a‘triaxial shape seems to happen in Pr and Pm nuclei

at N = 80 when the neutron number increases betow the N = 82 shell.

This is analogous to the case of Ir, AuandT1 nuclei below the Z = 82 closed
shell, where the hg/2 particle families also change gradually from a
decoupled type to a strongly coupled level system and the 11/2” level is
lowered below the 13/2” level in 12 Au (ref. 75).

In the IMC model the level spectrum of negative-parity states was
calculated by coupling only the h”/2 quasiparticle to the quadrupole
vibrations of the core. Therefore for the negative-parity states it would be
necessary to take into account also the octupole vibrations of the core,
although the energy of the octupole vibration quantum is twice as large as
the energy of quadrupole phonons.

Furthermore,a rotational description is needed expecially for149Pm,
where the 5/2° level at 537.8 keV and 7/2" level at 655.2 keV are supposed
to be the band head and the first excited state of the rotational

band  built on the 6/27[532] Nilsson state.

5.3. Electromagnetic transition rates

Experimental data on transition rates between the ﬂg7/2 and nd5/2
states in odd-A Pm nuclei are collected in table 20. Also given are

the E2 enhancements and M1 hindrances, relative to the Weisskopf single-

particle estimates. Without a tensor term in the M1 operator (see
below), M1 transitions between single-particle states for which the
orbital angular momenta differ by two units are strictly forbidden,

so that the transitions 97,2 pS d5/2 are pure E2 in this picture.



Table 20. Experimental data on ng7/2 p "d5/2 transitions in odd-A Pm nuclei. The uncertainties of the last
figures are in parentheses.

E T, a(exp) E2 B(M1) B(E2) H(M1) E(2) T, calc.
Nucleus Y . -3 2 2, 4
(keV) (ns) adm1;ture (x 10 i) (e“fm™) a) b) c) (ns)
1415, 196.9 <19 - > 4.2 - < 430 N 44.3
143 e) £)
Pm 272.1 1.06(8) 32015)7)  1.15(46) 105(42) 1560(600) 2.4 (8)  62.2
1450 61.2 2.6 (1) 0.14(5)9) 8.75(25) 47(15) 204(70) 1.05(35) 2226
(L 91.1 2.6(1) 1.6 ()M 6.44(16) 182(45) 278(70) 3.97(10) 794 .
o
149, 114.3 2.6(1) 2.8 (8)V) 4.79018) 145(41) 373(106) 3.1 (9)  22.8 '

a) Hindrance factor H = T]/2 (exp)/T]/2 (W.e.). W.e. is the Weisskopf single-particle estimate.
) Enhancement factor E = T]/2 (w.e.)/T]/2 (exp).

) Calculated using the intermediate-coupling model; corrected for internal conversion.

)
)
)

Estimated from our measurements.

Ref. 21.

From o and 62 measured in the present work.
Ref. 29.

Ref. 34.

Ref. 42.

e
£

> «Qa

)
)
)

3
1
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However, the 97/2 s d5/2 transitions are observed to be mainly of an M1
“character, although strongly retarded. Generally, 2-forbidden M1

transitions have been found to be hindered by more than a factor of a hundred
as compared with the single-particle estimate. This can be seen in

table A in Appendix 1, where all experimental data on 97/2 S'd5/2

transition rates in the region Z = 57 - 63 and N = 80 - 88 are

presented. Therefore, for 2-forbidden transitions the tensor term

gp(Y2 ®S) of the Ml operator is considered to be 1mportant76’77).

As we mentioned earlier in €onnection .with the calculation for ]45Pm

by Paars]), a half-1ife of 3 ns is obtained for the 7/2+ state by

including the tensor term, while the experimental T]/2 is 2.6 ns. In

the ICM-model calculation the tensor component is not included, and the

calculated results disagree with the experiménta1 half-lives (cf. table 20).
Experimental half-1ife values for other excited states than the 7/2;

147 ]49Pm. In table 21

147

or 5/2? are available only for Pm and

we compare the experimental B(M1) and B(E2) values for

the IMC calculation. The corresponding results for ]49Pm are given in

Pm with

table 223 in addition there are also the calculated values predicted by
the axial particle-rotor model. As a general conclusion we can say that
the theoretical B(M1) and B(E2) values do not agree well with the
experimental results, but for the branching ratios of y rays (cf. tables
13-17 and 21) the situation is much better. The agreement between

experiment and the IMC model is very good for ]4]Pm and ]43P

145

m. One can
say the same for Pm, except for the (7/2); 883.8 keV level. For ]47Pm

the agreement is good except for the 641.3 keV 3/2; and 686.1 keV 5/2;

levels. for 149

Pm both the IMC model and ASR model give similar branching
ratios which are in good agreement with experiment . Which one of the models

is better cannot be said on these grounds. The CVM model removes the disagreement



Table 21. Experimental and theoretical reduced transition probabilities B(M1), B(E2) and

147

branching ratios in m. The uncertainties of the last figures are in parentheses. Theoretica?

ay values from ref. 38 are used when experimental values are not available.

Level T]/2 a) Transition Multipolarity B(M1) exg. B(M1) th?; B(E2) exp. B(Eg) Eh?) Branching ratios
energy (keV) (ns) energy (keV) (x 1073 uy) (X 1073 ) (ezfm4) (e“fm") exp.f) th.®)

91.1 2.57 91.1 M+ 1.6%E22) 6.4 (9) 0.019  182(25) 2.7 1 1

410.6 0.14 319.5 MT + 11 % E2 6.7 (9) 23.9 118(16) 3.3 0.93(9) 0.39
410.6 £2 ©) - - 23(3) 1528 0.07(1)  0.61

531.1 0.13 1205 M1 +0.2% E2 S) 4.3 (6) 37.3 8.5(12) 376 0.03(1) 0.014
439.9 M1 +27% E2D) 0.21(3) 0.96  5.9(8) 2.2 0.09(2) 0.018
531.05 M1 +47% g2 9 0.91(13) 10.0 42(6) 993 0.89(9) 0.97

686.1 0.25 196.6 Ml + 3.8 % E2 ©) 1.06(14) 71.2 15.7(22)  28.0  0.08(2) 0.047
275,55 M1 +1.9%€E2C 1.7 (2) 0.19  6.3(9) 0.95 0.37(4) 3.7 x 10°
595.0 M1 + 16 % E2 0.26(4) 23.9 2.1(3) 1110 0.14(3) 0.94
686.7 M1 + 47 % E2 0.065(9)  0.092  1.8(2) 0.71  0.40(4)  0.003

Calculated in the present work using the intermediate-coupling model.

Present work

- 00L -



Table 22. Experimental and theoretical reduced transition probabilities B(M1) and B(E2) in
The uncertainties of the last figures are in parentheses.
Level T Transition Multipolarity B(M1) exp. B(E2) exp. B(M1) B(E2) B(M1) B{E2)
1/2 - 32 2. 4 3 2y 2.4 3 2y 2.4
energy (keV) (ns) energy (keV) c) (x 10 uy") (efm™) (x 1077 pu,°) )(e fm')(x 10 by ))(e fm')
c) b
114.3 2.58 114.3 M1 + 2.8 % E2 4.8(7) 145(25) 0.35 225 0.45 55
188.6 3.24 74.3 M1 +33% E2 3.4(7) 4400(700) 372 141 1323 9.4
188.6 E2 + <18 % M1 <0.08 > 130 - 996 - 18
211.3 0.08 97.0 Ml + <6 % E2 >23 < 2500 82 10 51 50
211.3 Ml + 14 % E2 32 (9) 1700( 500) 6.0 1506 24 486
387.5 0.6 198.9 M1 + <20 % E2 >7.4 <10850 3.3 288 64 1790
273.2 E2 - 72(24) - 2218 - 86

a) Calculated in the present work using the intermediate-coupling model.
b) Calculatad in the present work using the axial particle-rotor model.

c) Ref. 42.

- Lot -
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for ]45Pm mentioned above and in this respect the CVM model is better than

the IMC-model.

There is in all odd-A Pm nuclei observed an isomeric h11/2 level which

in most cases decays via M2 and E3 transitions to the ground state

n ]49Pm and ]47Pm no E3 transition

147

and to the first excited state. I

145

is observed. Furthermore, in Pm and Pm the 11/2° level decays

to the 9/2+ level by a hindered E1 transition. The hindrance factors

relative to the Weisskopf estimate are F 4

n 145

LETS 840 keV) = (1.7 £ 0.3) x 10
Pm and F,(E1, 241.2 keV) = (8.6 1.4) x 10° in "pp.

The experimental B(M2) and B(E3) transition rates measured in the

i

present work are presented in table 23 for the Pm isotopes. The other
available experimental data on B(E2) and B(E3) values in the region

Z =57 -65and N = 80 - 88 are collected in table B in Appendix 2.

The B(M2) values seem in the Pm isotopes, as also in the other nuclei,
to decrease very nicely when the neutron number is increasing or
decreasing from the closed N = 82 shell. The situation is of the same

kind for the B(E3) values. Also the B(}M2) and B(E3) values seem to decrease

when the proton number increases.
Theoretical predictions for the B(M2) and B(E3) transition rates for
N = 82 nuclei are obtained on the basis of pure one-quasiparticle wave

functions as well as by taking into account one- and three-quasiparticle

78) 143

components In the case of Pm, the three-quasiparticle admixture

lowers the reduced electromagnetic transition rate78) by about 30 %, which

gives the theoretical value B(M2) = 11.41 uszmz, when our experimental

value is B(M2) = (11.4 = 1.2) uszmz. The calculated value for B(E3) is

3.54 x 103 ezfm6, which has to be compared with our experimental result

(12.3 = 2.0) x 10° &fnd. Ejiri et a1.22:2%:30,79)

143Pm and ]45Pm to determine effective coupling

have used the B(M2)/
B(E3) branching ratio for

constants on the basis of pure one-quasiparticle excitations. They
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ascribed the reduction of the B(M2) transition probability to

the isovector component of the spin-isospin core polarization.
Electric octupole transitions between single-particle states may be
enfianced due to the constructive effect of the octupole core
polarization. This is because the attractive interaction pushes down
the collective states adding some strength to the transitions between

low-lying states.

Table 23. Experimental B(M2) and B(E3) transition rates, M2 hindrances
and E3 enhancements for transitions from the h”/2 level in
odd-A Pm nuclei. The uncertainties of the last figures are
in parentheses.

B(M2) B(E3) H(M2) E(E3)
Nucleus (uszmZ) (x 103 ezfm6)

14, 5.0(2) 2.8(3) 9.0(4) 2.4(3)
1430, 1.4(12) 12.3(20) 4.0(5) 10.2(15)
1450y, 7.2(9) 8.8(36) 6.3(8) 7.1(29)
147py, 6.6(14) . 6.9(14) -
149, 1.1(1) - 42 (4) -
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5.4. General conclusions

In the present work we have investigated transitional odd-A Pm
nuclei (A = 141 - 149) by using versatile methods of nuclear
spectroscopy. We have obtained level schemes which contain dozens
of new levels and make systematic comparisons possible. Also the half-
lives of h”/2 isomeric states have been measured and the missing h”/2
state in ]47Pm has been observed. The level schemes exhibit only low-
and medium-spin states; the high-spin states are still missing because
of too low bombardingenergies of proton and 3He beams.

The levei schemes of odd-proton Pm isotopes have been calculated
using the intermediate-coupling model (IMC), the cluster-vibration model
(CVM), the axial particle-rotor mode! (APR) and the triaxial particle-
rotor model (TPR). The IMC model was modified to include the quasiparticle
character of the active nucleons and it was programmed for the PDP-11/45
computer at JYFL. For the other models the computer codes were available.
In general we can conclude that both vibration and rotation models are

compatible in this transitional region . Bothof the vibration models reproduce

the experimentally observed level energies and also the branching ratios
of some certain levels are compatible. The CVM model has some advantages
when compared with the IMC model, especially for the branching ratios.
Using the APR model we have identified rotational band structures in
]49Pm for the first time. Both the TPR model and the APR model are
compatible for describing the negative-parity levels in the Pm isotopes.
It is shown that the coupling of the h”/2 proton to the quadrupole

vibrations of the core nucleus is not adequate to describe the negative-

parity level schemes in these nuclei.
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Appendix 1.

Table A

Experimental data on B(M1) and B(E2) transition rates,

M1 hindrances and E2 enhancements of ng7/2 he nd5/2 transitions

in odd-A nuclei in the region Z = 57 - 63 N = 80 - 88. The
uncertainties of the last figures are in parentheses.
Nucleus B(M1) B(E2) H(M) E(E2) Ref .
(x 1073 uh) (e a)
N=80
1374 2.6(1) - 676(30) - ¢) d)
13%,. 5.3(3) 157(8) 338(17) 0.27(1) c) e) f)
14p, 4.2 - <430 - 9) J)
N=82
139, 4.6(4) 4.8(5) 390(40) 0.11(1) c) h) i)
141, J(5)  12.9(26) 379(38) 0.30(10)  f) §) ¢)
143, 1.2(5) 105(42) 1560(600) 2.4 (8) g) k)
N=84
141, 8(2) - 464(30) 64 (30)  j)
143, 6.7(5) 44(4) 267(22) 1.0 (1) c) f) k)
145 7(25) 47(15) 204(70) 1.0 (3) 9) p)
147g, 15.2 42(4) 118(12) 0.9 (1) o)1)
N=86
147pp 6.4(16)  182(45) 280(70) 3.9(10) g) m
149, 24.5(25) - 73(8) - ¢) n)
N=88
149, 4.8(14)  145(41) 373(90) 3.1 (9) g) 0) n)
151, 15.5(15)  982(100) 115(12) 20.7 (21)  ©) q)

The total conversion coefficients are obtained by using the approximation

ap = oyt %aL. Experimental coefficients o are used whenever possible.
Theoretical ag are taken from ref. b below.

. 2
a) References for Cys T1/2, IY and § .
b) R.S. Hager and E.C. Seltzer, Nucl. Data A4 (1968) 1,
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c) J.S. Geiger, R.L. Graham, I. Bergstrom and F. Brown, Nucl. Phys. §§
(1965) 352.

d) A. Morinaga and K. Hisatake, J. Phys. Soc. Japan 38 (1975) 322,

e) V.S. Butsev, Ts. Vylov, V.G. Kalinnikov, N.A. Tikhonov and E. Herrmann,
Bull. Acad. Sci. USSR, Phys. Ser. 35 (1971) 1474.

f) V.S. Buttsev, Ts. Vylov, K. Ya. Gromov, V.G. Kalinnikov, I.I. Gromova,

V.A. Morozov, T.M. Muminov, Kh. Fuya and A.B. Khalikulov, Bull. Acad. Sci.

USSR, Phys. Ser. 37 (1973) 39.

) Present work.

) L.R. Greenwood, Nucl. Data Sheets 12 (1974) 139,

) H.H. Hansen and D. Mouchel, Z. Physik A276 (1976) 303.

) J.K. Tuli, Nucl. Data Sheets 23 (1978) 529.

) J.F.Flemming, Nucl. Data Sheets 13 (1974) 229.

) Ya.Vavryshchuk, V. Zhuk, E. Krupta, V.I. Razov, Ya. Sazhinski, N.A.

Tikhonov and Kh. Fuya, Bull. Acad. Sci. USSR, Phys. Ser. 35 (1971) 2115,

) T. Al-Janabi, W.D. Hamilton and D.D. Warner, J. of Phys. G3 (1977) 1415,

) G.E. Holland, Nucl. Data Sheets 19 (1976) 337.

0) A. Bdcklin, S.G. Malmskog and H. Solnhed, Arkiv Fysik 34 (1966) 495,

) T.W. Burrows, Nucl. Data Sheets 12 (1974) 203.

) B. Harmatz, Nucl. Data Sheets 19 (1976) 33,
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Appendix 2.

Table B Experimental B(M2) and B(E3) transition rates, M2 hindrances
and E3 enhancements for transitions from the h”/2 level in
odd-A nuclei in the region Z = 57 - 65, N = 80 - 88. The
uncertainties of the last figures are in parentheses.

Nucleus B(M2) B(E3) H(M2) E(E3) Ref .
(uszmz) (x 10° %fm®) a)

N=80

137, >4.8 >9.1 9.1 >8.2 0)

139%,. 6.8(4) 5.8(6) 6.5(4) 5.1(5) d) e)

Won 5.0(2) 2.8(3) 9.0(4) 2.4(3) f)

%3y 4.2(2) 0.93(5) 10.6(5) 0.77(4) 9) h)
N=82

139, >8.6 . <5.2 - )

1415, 11.0(6)  11.6(22) 4.1(8) 9.9(19) i) e)

[ 11.4(12)  12.3(20) 4.0(5) 10.2(15) f)

145¢ 8.6(9) 4.1(8) 2(9) 3.3(9) )
N=84

1855y 7.2(9) 8(36) 6.3(8) 7.1(29) f)

147gy 5.3(4) 4.8(3) 8.7(7) 3.8(4) 3) k)
N=86

470 6.6(14) - 6.9(14) - £)

149y 3.2(2) 4.3(3) 4.7(7) 3.3(3) i) 1) m)

151y, - 0.063(7) 0.047(5)  n)
N-88

149, 1.101) - 42 (4) - £) 0)

151, 1.4(2) 1.7(2) 33 (4) 1.3(2) p)

1537, 1.6(2) - 29 (3) - a)

The total conversion coefficients are obtained by using the approximation
oy = oy ¥ %aL. Experimental coefficients o, are used whenever possible.

Theoretical oy are taken from ref.b below.

I and 62.

a) Referenc
) es for a,, T1/2’ v
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b) R.S. rager and E.C. Seltzer, Nucl. Data A4 (1968) 1,

c) J.R. Van Hise, G. Chilosi and N.J. Stone, Phys. Rev. 161 (1967) 1254 .
d) G.G. Kennedy, J. Deslauriers, S.C. Gujrathi and S.K. Mark,

Phys. Rev. € 15 (1977) 792,

e)

H

. Ejiri, T. Shibata and M. Fujiwara, Phys. Rev. C 8 (1973) 1892.

f) Present work.

9)
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