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G AFTER . : Introduction.

It is known since some time that the 164Gd82 nucleus displays several

features characteristic of a doubly closed nucleus, in some respects similar as
208 Pb. The nuclei in the neighbourhood of such doubly closed cores are well

described in terms of the spherical shell model . Shell model analyses in heavy

nuclei have originally been developed in the 2o8Pb region, and they were

particularly successful when the single particle energies and the two-body

nucleon-nucleon interactions were extracted from experimental data. More

recently, the empirical shell model has also been applied with good success

to the nuclei around 146Gd.

In contrast to 208Pb, which is a stable nucleus, the neutron deficient 146Gd

lies far off the stability valley . Consequently, the spectroscopic data an the nuclei

around 146Gd originate to a large extend from in-beam y-ray measurements

following fusion-evaporation reactions where preferably the levels at . the yrast

line are excited . This often presents a limitation since many specific basic

excitations that are needed as input for the shell model analysis lie above the

yrast line and therefore are still largely unknown.

The only means to identify above-yrast levels in these nuclei is to excite

them in ß-decay . For allowed transitions, the ß-decay directly locates specific

configurations in the daughter nucleus, which in their -y--decay will often populate

other above-yrast configurations.

In the present thesis 1 will report results obtained from ß-decay studies

of nuclei above 146Gd, namely the decays of the 1/2 + and 11/2- activities of

the N=82 nuclei 147Tb and 149Ho, and the ß-decay brauch of the 27/2 -

3-quasiparticle isomer at 3 MeV excitation in 149Dy. These decay studies have

been carried out at acceierators with a separator an-eine, wnere the activity,

after extraction from the production target, is mass separated in a magnetic

sector field and in general deposited an a transport tape that is periodically

moved to the measuring position.

The data reported here have been obtained at the GST-, the ISOCELE II- at

Orsay, and the ISOLDE-CERN an-line mass separators .
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The mass separators and also the y-detection equipment used in these

experiments are quite similar at the three installations, but significantly different

activity production processes are employed in the three laboratories . By far

the highest yields are achieved at ISOLDE where the activity is produced

through spaliation of Tantalum with a 600 IvieV proton beam, but here iong

isobaric chains are collected giving rise to a higher y-ray background in the

spectra. At GSI, fusion-evaporation reactions close to the Coulomb barrier of

Ni-ions an various N 1 mg/cm 2 thick metallic target foils with Z-40 produce

rauch purer activities but with significantly lower yield . At ISOCELE, proton- or

3 He-beams of -200 MeV an selected targets producing the activity through

xn-reactions provide high yields of a particular Isotope free of the preceeding

decays.

The present ß-decay studies provide new results an valence-particle-phohon

coupling in the N=83 nuclei which relate in a conclusive manner to the

quadrupole moment of the core phohon . Moreover, the data quite accurately

determine the hitherto unknown Trhiv2--3. vh9/2 Gamow-Teller single particle

transition strength, and identify important empirical input information for

theoretical analyis of the GT-transition strength reduction. Finally the results

have provided an empirical determination of the ith 1r12vh9/2 two-body residual

interaction. With these results is now possible to carry out more comprehensive

shell model calculations for nuclei with several valence particles . In the last

chapter I will present examples of such parameter-free predictions for yrast

energies in N=83 and 84 nuclei with up to ten valence particles . The thlr/2vh9/2

residual interaction is also needed for analysis of the GT-decays in this region.

As an example I will discuss the strength functions for the decays of doubly

even N=82 nuclei which provide basic data for the attenuation of the

Gamow--Teller transition stren gth .
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CHA TE . 2 : 147Gd from 11/2` and 1/2+ 147Tb decays.

2 .1 Introduction and previous studies.

The 147w nucleus wich N=83 and Z=64 has one neutron outside the 146Gd

closed core. At low excitation energy (Ex< 2 MeV one expects only a lirnited

number of levels which can be devided into three categories :

(i) the single neutron states with the valence neutron occupying the

f7/2 , p3/2 , h9/2 , pr/2 (, f5/2 , and i13/2) shell modal orbitals (where

the latter two might lie somewhat above 2 MeV);

(ii) the two -particle one -hole states v d3/2 j ä, v s1/2 J o (, and vh
11/2 j 20 )

where one neutron is lifted above the N=82 energy gap;

(iii) the twelve states formed by the couplings of the f 7/2 valence neutron

with the 146Gd 3 - and 2+ core excitations at 1.6 and 2.0 MeV.

Although 147Gd has been intensively studied through radioactivity and

in-beam experiments, a number of the expected low-lying states are still missing.

Largely, these states lie well above the yrast line and are therefore not populated

in in--beam experiments . On the other hand most of them may well be indirectly

excited after ß-decay, and the combination of high detection sensitivity and the

use of mass separated samples should then allow to see these states in the decay of

the 147Tb 1/2 + and 11/2- isomers.

The [3-decay pattern of these two isomers should be significantly different.

The h11/2 valence proton of the high-spin isomer has an ideal ß-lecay partner in

the completely empty vh 912 shell into which it can decay via a fast Gamow-Teller

(GT) transition while above N=82 there is no partner for allowed decay of the s 1/2

valence proton.

The description of 147Tb as a pure one-valence-proton nucleus could be, however,

too mpl if a . lt is well l:no n that pairing forceü smear the sharp bou-,a . ary

between occupied and unoccupied orbitals which corresponds to a probability of

pair scattering across the respective shell closure. This effect is dominant in deformed

nuclei where the single particle energy separations are smaller than the pairing

interaction. In (doubly closed) spherical nuclei, this is in general not the case, but

in 146Gd the proton energy gap is comparable to the strength of the pairing

interaction and therefore pair scattering into the h11/2 orbital above Z=64 cannot
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a priori be excluded. The decay of a proton from such a scattered pair will proceed

as (7Ch1/2 )o~

	

('rh11/2"h9/2)1± and populate high-lying 3-quasiparticle levels

in the daughter nucleus which, in 147Tb 11/2- decay, have the configurations

[(th11/2vh9/2)1± 7r h11/2 1 9/2 , 11/2 ,13/2-
AsA ., mthementioned-_ Lt_ tes l/2 valence particite has no aiiFtowed7 decay partner in orbita 1is

above N=82 and therefore very little strength is expected in its decay, as suggested

already by the lang half life. The decay pattern of the 147Tb 1/2+ isomer,

which so far was not well investigated, should however change drastically if pair

scattering across Z=64 would occur . In this case, decay of a paired h11/2 proton

should lead to population of 3-quasiparticle states with configurations

[(Tch11/2 vh9/2)1 + tuS1/2 J1/2-4 ; 3/2-F, which should lie at similar energies and be fed

with comparable strength as in the 112- decay.

The comparison of 147n 11/2- and 1/2+ decays is therefore of crucial

importance to elucidate the question of pair scattering across the Z=64 energy gap,

which is one motivation for the measurements described below.

The presence of two decay isomers in 147Tb has since long been recognized

[CHU 69], and the decay of the lang -lived low -spie isomer was originally

investigated by Afanasev et al . [AFA 71] who observed fifteen 147Gd y-transitions

and could place most of them in a 147Gd level scheme from their analysis of

summing peaks in singles y-ray spectra . They assigned the lowest observed excited

state, at 1.153 MeV (see Fig .2.3), as the vp3/2 single particle level from the

systematics in the lower-Z N=83 nuclei . Conversion electron measurements

[AFA 71, VYL 72] enabled them to specify even parity to levels at 1 .293, 1 .413

and 1.700 MeV and odd parity to the level at 1 .848 MeV. A high-lying level, at

3.977 MeV, has been tentatively proposed from y-ray energy differentes. The

indLetpr&ationem_-__a_i'_- of these

	

htarmea7 7ny the eariyy incorrect 5f
i ..
2
il these states was however

(3/21 assignement of the 147Tb parent state . These results have been essentially

confirmed in a later yy-coincidence measurement [NEW 74] except for the level

at 3.977 MeV. The authors placed a new low-lying level at 1.759 MeV and

measured as 1 .6(1) h the half life of the 147 Tb low-spie isomer.

Only ten years later 1 .6 h 147Tb has been assigned as 1/2+ [NAG 81] with
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the odd proton occupying the s1/2 single particle orbital . This result led to a

reinterpretation [STY 81] of the 147Gd levels; neutron two-particle one-hole

character was proposed for the 1/2 + and 3/2 + states at 1.292 and 1.412 MeV

while the 1/2- state at 1 .847 MeV was assigned as the vp112 single particle state.

The 1.83(6) min 1471ü 11/2- decay (See F ig .2.1) proce ' primarily to states

in 147Gd at 1.397 and 1.798 MeV [BONN 73, NEW 74] . The Small log ft -values

establish their vhs/2 character . A weakly populated 0 .997 MeV level was later

assigned as 132+ [KLE 75, KLE 79A] from in-beam y-measurements.

Many non yrast low- and intermediate - sein states in ' 47C-d have been identifiei

in a later in-beam experiment [KOM 83], including all the 147Gd states known

from the 147Tb 11/2- and 1/2+ decays. Spins and parities could be assigned from

conversion electron and angular distribution measurements and level configurations

have been discussed in terms of the spherical shell model . Five levels close to 1 .7 MeV

excitation, with spins 11/2 + (1.702 MeV), 9/2 + (1 .643 MeV), 7/2-1- (1 .628 MeV),

3/2+ (1,699 MeV) and 1/2+ (1 .759 MeV), have been interpreted as vf7/2 X 3- levels

where the 0 .997 MeV state is the lowest-lying septuplet member.

In later neutron pick-up measurements [KAD 89] predominant s1/2 and d3/2
neutron -hole character has been specified for the states at 1 .699 and 1.759 MeV

which reassigned the low-lying 1 .292 and 1 .412 MeV levels as the 1/2+ and 3/2+

members of the vf7/2 x 3 - family.

Independent in-beam data [YAT 861 located an additional low-lying state in

147Gd at 1.944 MeV which has been assigned as 11/2- and interpreted as a

vf 7/2 X 2+ particle-phonon coupling.

2 .2 Measurements and experimental results.

2.2.1 147Tb 11/2- decay.

The 1.8 min 147Tb 112- decay has been studied at the GSI on-line mass

separator. The A=147 isobars have been produced in a fusion-evaporation reaction

with 5 MeV/A 58M beam an a 93Nb target . The Cape transport cycle of 2 min

+ 2 min collection + measuring time was optimised for investigation of the
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54 sec 147Dy decay, but also gave excellent data for L8 min 147Tb decay. Two

large volume (>25%) coaxial and 1 planar Ge detectors have been used to measure

yy- and yX- coincidences . Singles spctra have also been recorded in multiscaling

mode. Results of a First analysis of these data have been reported in an Annual

Report CPII 84] .

.2

	

0

1th1112 51 .

Lt Et= 4 .663 MeV

	TN2=1 .a3min 1112 -
147 T
65

	

82
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Fig.2.1 Decay scheme of 1 .8 min 347Tb 11/2 Total transition intensities are
given per 10 3 parent decays. Specified transition multipolarities are from conversion
electron data CSTY 81, KOM 83, YAT 86] . The GT-strength in units of gÄ/4rr
is indicated to the right of the levels.

We have obtained independent data from a separate measurement of 147Dy decay

at ISOLDE-CERN, with 600 MeV protons an a Ta target, and have also reanalised
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the data from the previous experiment. Vize confirrn the earlier reported results,

and could extend the decay scheme above 2 .5 MeV. All Ty-coincidence relations

required in the level scheine shown in Fig .2.1 are established in the coincidence

spectra, and essentially all y-transitions are observed in coincidence with 147Gd

X-lays (Fig .2.2 and Tabie 2 .1) . Multipolar€ties iä.s to ^„''-+l r, T ate t},e total lasten sity

of transitions in Fig .2.1 from theoretical conversion coefficients EROS 783 are from

[KOM 83, YAT 867.

Table 2 .1 : Gamma transitions in 147 Gd observed in decay of 1 .83 min 147 (11/2) .

E Y
(keV)

1 0(
Y

Observed coincident
transitions b

Ei
(keV)

> 1

442 .6(5) - .6 1944 2386.3 (13//2)- > 11/2-

704 .5(3) 4.4(8) (GdX),997 1701 .7 11/2 + > 13/2+

927.3(9) 2 .6(8) 2078 3005 .4 (9/2- ) > (7/21

947.1(4) L4(8) 997,(1027,1261) 1944 .1 11/2

	

> 13/2+

997.2(2) 111(16) CdX,704,2875,947,1261 997.2 13/2+ > 7/2-

1027.3(3) 2 .4(8) 1944 2971 .4 (9/2-) > 11/2-

1116 .3(5) 1 .7(8) 2078 3194 .7 (9/2-) > (7/21

1125.7(5) - .8 (2078) 3204.6 (9/2-) > (7/2 1
1260 .7(4) -3.1 Gd(Tb)X,1944,947,997 3204.6 (9/2) > 11/2-

1362.5(9) 1 .5(8) 1643 3005.4 (9/2-)->

	

9/2+

1388.8(5) I .6 Gd (Tb) X,(997) 2386.3 (13/2)

	

> 13/2+

1397.3(2) 790(40) GdX,1609,1807,1547 1397.3 9/2- > 7/2-

1407.5(9) L3(6) 1798 3204.6 (9/2-) >

	

9/2

1574.2(3) 3 .2(8) 1397 2971.4 (9/2 ) >

	

9/2-

1608 .7(5) -9 Gd(Tb)X,1397 3005 .4 (9/21 > 9/2-

1628 .3(4) < .5 (GdX,TbX) 1628 .3 7/2+ > 7/2-

1642 .7(3) 9.2(24) Gd(Tb)X,1363 1642 .7 9/2+	7/2 --

1798.2(2) 149(9) GdX,1407 1798.2 9/2-	>

	

7/2-

1807.1(4) 2.4(8) 1397 3204 .6 (9/2-)=>

	

9/2-

1944.1(3) 7.3(16) (GdX),1o27,1261 1944 .1 u/2

	

-> 7/2

2078 .4(4) 6.2(16) 927,1116,1126 2078 .4 (7/2-) >

	

7/2

2875 .2(5) 3 .6(8) (GdX1TbX),997 3872.4 (11,13/2) > 13/2+

2971 .4(4) 5 .8(16) GdX 297L4 (9/2-) >

	

7/r

3005.4(4) 6.5(16) 3005.4 (9/2-) >

	

7/2-

3204.6(4) 6.7(16) (GdX) 3204.6 (9/2-) >

	

7/2

3322 .2(4) . 6.7(16) (GdX,TbX) 3322 .2 (9/2) >

	

7/2

a) Normalized to 10 3 147 Tb(11/2 ) decays ; statistical errors quoted.

b) For contaminated gate transitions only the X - rays coincident with the degenerate gate doublet
partner are listed ; the contaminant y- rays are omitted.
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A sumrnary of the levels populated in this decay is given in Table 2 .3. Their

spin assignements, and the strength distribution will 1 discussed in the sections

2.3 and 2.4 .

15

n2, 5

ciro
C
ä

0
0

	

500

	

1000
Channel Number

Fig.2.2 Gamma-ray spectrum of 1 .8 min 147Tb decay measured in coincidence
with Gd X-rays.

2 .2.2 147Tb 1/2 ± decay.

The 147Tb activity for investigation of the 1 .6 h 1/2+ decay was produced at

the ISOGET,E II an-line mass separator with a. 200 MeV proton beam focussed

an a massive (- 7 gr .) molten natGd target in the separator ion source . The 147Tb

was thus obtained free of preceeding activities, but the sources were polluted with

24 d 1 47Eu, which is more efficiently released from the ion source . lt was suppressed

through the tage transport cycle with 80 min collection- and 80 min measuring-

time. Two large-volurne coaxial detectors recorded Ty-coincidences in list mode

and y-singles spectra split in Tour 20 min subgroups for decay-time evaluation.

Our- data tonfirm the previously lmown [1 ED 78] decay scheme including the

nine y-transitions with energies below • 2 MeV. In addition we could place many

weak high-energy transitions (Fig .2.3), patt of them previously identified but unplaced

[AFA 71, NEW 74], which establish levels up to 4 .2 MeV excitation (Table 2 .3).
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Table 2 .2 : Gamma transitions in 147 Gd observed in decay of 1 .6 11 147 (1/2+) .

E Y I a Observed coincident E i
rr

r i

	

> I f
(keV) transitions b (keV)

119 .7(2) 69(7) SmX,140,1152,348,435,1466,1534, 1412.1 3/2+ > 1/2+

2423(1,2733
140 .0(2) 352(14) GdX,1152,120,555,348,407,435,1466, 1292 .4 1/2+ > 3/2

2759,2840,2561,2789,2033,2329,2423,

1534,(2733)

347.9(4) 24 .1(28) Eu( Gd) X,140,120,1152 1760 .0 1/2+ > 3/2+
4-07.2(3) c 19(4) Gd(Eu,Sm)X,140,1152 1699.5 3/2+ -> 1/2 +

434.9(4)c 6.5(19) Eu(Gd)X,1152,140,120 1847.0 i/2- > 3/2+

547.1(3) c 22(4) Gd (Eu) X,1152 1699.5 3/2+ > 3/2 -
554.6(2) 47(5) GdX,140,1152 1847.0 1/2- > 1/2+

694 .6(2) 403(11) GdX,1152,2006 1847.0 1/2

	

-> 3/2

1152.4(2) 928(19) GdX,695,140,120,554,2681,2563,547, 1152.4 3/2-	> 7/2-
348,407,1285,2759,2840,1658,1709,

2733,1534,2423,2329,2006,(1466,2033)

1285 .03) 4.7(13) GdX,1152 2437.8 (3/21 > 3/2

1466 .2(2) 11.4(23) GdX,140,1152,120 2878.3 3/2+

1533 .7(3) 4.0(13) Gd(Eu)X,1152,140,120 2945.8 > 3/2+

1627.9(4) 34(4) GdX 1627.9 (5/2+) > 7/ 2-
1658.1(3) 4 .6(11) GdX,ll52 2810 .5 3/ 2

1708 .7(3) 7.2(13) GdX,1152 2861 .1 3/2

1947.6(2) 21 .8(28) GdX 1947.6 (5/21 7/2-
1970.0(4) 3 .2(11) GdX,(120 d,1152 d) (1970 .0 (7/21 -> 7/2-)
2006 .1(3) 5.2(11) GdX,695,1152 3853.1 V2-

2033 .4(3) 5.5(15) GdX,140,1152 3325.8 > 1/2 +

2329.0(3) 6.4(12) GdX,(140,1152) (3621 .4 > V2+)
2422.6(4) e 6.0(15) Gd!{,(140,1152,120 d) (3715 .2 1/2+)
2438.0(3) 10 .8(24) GdX 2437.8 (3/2-) > 7/2 --

2560.8(4) 5 .4(13) GdX,1152,(140) 3853.1 1/2 +

2562.3(4) 17.2(24) GdX,1152 3715.2 3/2

2680.9(2) 36(4) GdX,1152 3833.0 (1/2)> 3/2

2732 .5(3) 2 .8(12) GdX,1152,(140) (4144.6 3/2+)
2758 .8(3) 4.7(13) GdX,140,1152 4051 .2 -> u2+

2788 .6(3) 3.9(15) GdX,140,1152 4081 .0 > 1/2+

2840 .03) 5.2(16) GdX,140,1152 4132 .4 +

a) Normalired to 10 3 147 Tb(1/2 + ) decays ; statistical errors quoted.

b) For contaminated gate transitions only the X - rays coincident with the degenerate gate doublet
partner are listed; the contaminant y-rays are omitted.

c) . Line obscured in the Orsay spectra by transitions in Sm or Eu . Energies and intensities
from : J . Styczen et al ., Proc . 4 th Int . Conf. of Nuclei far from Stability, Helsingor, p .548,
and J. Styczen, private •comunication,1983.

d) Weak coincidence relationship inconsistent with adopted placement . Transition
placement tentative

e) Possibly doublet
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The observed coincidence relations are summarised in Table 2.2 . Coincidence spectra

with Gd X-rays (Fig.2.4) give clear identification for all the ground state transitions.

147
64 4 83

Fig2.3 Decay scheme of 1.6 h 147Tb 1/2+. Total intensities are given per 103
parent decays. Specified transition multipolarities are from electron conversion
data , CAFA 71, VYL 72].

Below 2 MeV excitation we observe three new levels, at 1 .628, 1 .948, and (1 .970)

MeV, which deexcite exclusively to the vf7/2 ground state, have no connection

with higher-lying states and are only weakly fed in the decay.

For the 1.628 MeV level there is a difficulty, since a ground state transition

of that energy observed in the in-beam data CKOM 83] establishes a 7/2+ level

within less than 1 keV of our 1 .628 MeV state. In the GSI data, devotecl to investigation

of 147Tb 11/2- decay, we observe in coincidence with Gd X-rays a 1628 keV

Tt2=1
.6h 1124

147
65T 82

log ff. 5.24

--- (312 - q (

h ry

	

(71211
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o i
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-2- - 1124

	

vs v2vä
3124	vd312v6

(512` o)
312 4 O
112° 0
312-	>7

	

V P3/2
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712`
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1847
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transition which in the singles spectra is obscured by a stronger 1629 .4 keV line

in 147Tb. From the coincidence spectrum with Gd X-rays (Fig .2.2) we estimate its

intensity as - 0 .2% that of the 1397 keV line . In the Orsay data, free of preceeding

decays, we also find a 1627 .9 keV line , in coincidence with Gd X-rays . Its intensity

is h.owe rer by far too big to hie assigned ev-lu.,sively to the 11/2- dec y, In these

spectra the 112- parent decays represent about 12% of all 147Tb decays and

therefore the intensity of the 1628 keV transition, if assigned only to the 11/2 -

decay, should only be -3 . 10 -4 that of the 1152 keV line. In contrast we find a

value of 3.7 . 10 -2 which firmly assigns the transition to 147Tb 1/2+ decay. This

conclusion is also confirmed by the decay-time analysis, where the 1628 and 1152

keV lines are clearly seen to decay with the saure half life.
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with Gd X-rays.
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Table 2.3 : Levels in 147Gd populated in decay of the 147Tb 1/2+ and 11/2- isomers.

147+

	

1/2 ¢ 147 Tb 11/2 --

E I ' ~ %ofeed log fta EX 1 7t %ofeed

	

log ft
b

B GT
(keV) (keV)

997 13/2+ - .2 8 .09
1152 3/2 36(26) 7.46
1292 1/2 + 136(17) 6 .81

1397 9/2- 777(40) 4.30 19.3(13)
1412 3/2 + 103 (8) 6 .87
1628 (5/2+) 34(4) 725

1628 7/2 <

	

.5 > 7.39
1643 9/2 + 8(3) 6 .19

1700 3/2+ 44(5) 7.12
1702 11/2+ 4.4(8) 6.41

1760 1/2 + 26(3) 7.31
1798 9/2- 148(9) 4 .83 5.7(4)

1847 1/2_ 456(12) 6 .02
1944 11/2 «2.6 6.52

1948 (5/21 22(3) 7.29
1970 (7/21 3(1) 8.12

2078 (7/2

	

) -1.0 6 .88
2386 (13/2) -, 2 .2 6 .39

2438 (3/21 16(3) 7.21
2810 5(1) 7.55
2861 7(1) 7.32
2878 11(2) 7.11
2946 4(1) 7.53

2972 (9/2-) 11(2) 5.37 1 .7(3)
3005 (9/2-) 20(4) 5.12 3.0(6)
3195 (9/2- ) 1.7(8) 6.07 .33(16)
3205 (9/2-) 14(2) 5 .14 2.8(5)
3322 (9/21 7(2) 5.39 1 .6(4)

3326 6(2) 7.16
3621 6(1) 6 .85
3715 23(3) 6 .21
3833 (1/2-) 36(4) 5 .90
3853 11(2) 6.39

3872 (11,13/2-) 3.6(8) 5.19 2.5(6)
4051 5(1) 6 .47
4081 4(2) 6 .50
4132 5(2) 6 .27
4145 3(1) 6 .52

a) QEc [ 147Tb(1/2 +)]=4 .612(15) MeV [RUB 86, SCH 87], T 1/2 = 1 .6(1) h [NEW 74].
b) QEC [ 147Tb(11/2 )] = 4 .663 (15) MeV [KE1, 91] [RUB 86, SCH 87], T 1/2 = 1 .83(6) min [BOW 73].
c) in units of . 100 . gA/ 47C . Calculated as B GT =

3ffQ
8 .k / 4T[ corresponding to (gA/ gv)2= 1.26.
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From the combined analysis of the two experiments we can only extract an upper

lirnit of 0 .05% per Tb 11/2- decays for the intensity of the 1628 .3 keV 7/2-> ground

state transition EKOM 833 . The singles intensity of the unresolved doublet in the

Orsay spectra has therefore been assigned to the 1627 .9 keV transition fed in 1/2+

decay.

As mentioned two high-energy transitions (2562 and 2681 keV) established, in

a previous investigation, a level at 3 .977 MeV [AFA 71]. From our coincidence

data (Table 2 .2) we firmly place them deexciting two different levels . We summa.rize

the results of both decays in the 147Gd level list of Table 2.3.

To calculate the log ft- and BGS-values we use for the 147Tb 1/2`{" and 11/2-

decays the half life of 1 .6(1) h [NEW 74] and 1 .83(6) min [BOW 73] respectively.

The QEc(1/2» = 4.612(15) keV and Q Ec(11/2-) = 4.663(15) have been deduced from

a recent ß-endpoint measurement (QEC(11/2-) e 4.660(15) MeV) EKEL 91A] and from
147Gd [RUB 86] and 147 Tb(1/21 [SCH 87] massec (QEc(1/2-4-) = 4.615(19) MeV),

and including the 50 .6(9) keV excitation energy of the 147Tb 112 - isomer [LIA 87].

2 .2.3 Sensitivity lirnit.

In a high-resolution y-sp etroscopic study of the 3-decay the detection sensitivity

is an important factor which must be considered in a quantitative discussion of the

observed ß-strength. Determination of a sensitivity limit for the ß-strength is not

straightforward, since the data provide at best an intensity limit for the weakest

y-ray that can be observed in the decay. This limit will depend on the y-ray

energy, via the detector efficiency, and also in a less staightforward manner on

the detection limit in coincidence measurements which, in general, depends an the

level scheine. To deduce from such experimental limits a ß-strength limit must

always require assumntions about the decay pattern of the (observed and unobserved)

levels, and most crucially on the excitation energy of the unobserved states.

The Fig.2.5a gives the detection sensitivity limit for the experiment an 1 .8 min
147Tb decay. In this measurement 147Dy decay was strongly dominant which

precluded firm y-ray assignement to 147Tb decay from singles spectra alone. The

curve (A) gives the sensitivity limit for y's coincident with the intense 1397, 1798



14

or 997 keV ground state transitions . Primarily fei states decaying only to the

ground state would be identified in y---coincidences with the Gd X-rays from the

EC-process which in the present case is >50% for EX> 1 MeV. The curve (B) gives

this limit extracted from our Gd X-ray coincidence data.

5

	

a EC

a)
0

2

	

3

	

4

	

5

	

5

	

7$
Detection Sensitivity [%a)

0

4

Fig .2.5 Detection limit in the study of 1 .8 min 147'I'b 11/2- decay.

(a) Sensitivity limit for y-ray intensities as deduced from Ty-coincidence spectra
(curve A) and from coincidence with Gd X-rays (curve B). From the last observed
level, at 3.9 MeV, to higher energy the curves have been estimated from the
detector efficiency . The [3-feed detection limit (curve C) represents a conservative
estimate for detection of an individual state (see discussion in the text).
(b) Sensitivity limit for ß-strength detection . Experimental B GT-values in units
of gA/ 4TC are shown as horizontal bars for levels with BGT> 3 10-3 gÄ/ 47t.

The smooth curve corresponds to curve C in Fig.(a) and specifies the minimum
strength in an individual level that can be detected.

If we now assume that the y-deexcitation of any high-lying state proceeds at

least 50% through one transition we deduce the conservative level feed limit of
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curve (C). This, folded with the Fermi function gives the strength sensitivity limit

in Fig.2.5b, referring to a single state. Clearly, significant strength can escape

detection if disperged into a large number of states fed with intensities below the

limit of curve (C).

111 L11YV VV12 VV.+ft4 1L is 11Y 4erln]4111YJ t c, 4V111pO.LG JU.i present results obtained from

high-resolution y-ray sptroscopy with strength functions measured by an inde-

pendent . method - total absorption y-ray spectroscopy (TGA) [ALK 89, ALK 90 7.

Fig.2.6 Beta-feeding distributions for 147Tb 112- decay. Compared are the results
obtained in the present high-resolution (HRGe) study with those from a total-
absorption y-ray (TGA) rneasurement with a large-volurne scintillation detector
[ALK 90] . As a function of excitation energy the Fig.(a) shows the ß-feeding
intensity, and the Fig .(b) the ß-strength. Energy bin 36 .3 keV.
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In Fig.2.6a and 2.6b we compare the two measurements, where we have folded

our data with the more limited energy resolution (144 keV FWBM at 1397 keV)

of the TGA-spectrometer.

The overall agreement is good, the prominent p-feed goes to the low-lying

9/2- statu. iviore dose inspection reveals that in the TGA-measurements a hig-

her fraction of the total feed populates states above 2 .1 MeV, 19% compared to

6% in our high-resolution measurement . This differente inevitably will lead to a

higher total BGT from TGA than we find, namely 0.51 vs 0 .37(2) g2A /41r, and

accordingly will reduce the strength to the two low-lying 9/2 - states (Fig .2 .6b).

In principle, of the two techniques the TGA measurement should give a more

reliable result, and the fact that the TGA strength value is higher than our would

support this . lt is always possible, and even likely, that the (3-decay weakly feeds

a great number of levels at high excitation which in their decay emit only y-rays

below our detection limit . Such unobserved feed can always bring the two results

into agreement irrespective whether or not the y--decay proceeds through lower-

lying states.

Nevertheless, we also note in the comparison some features of particular concern.

One point is the 2% excess feed found by TGA between 0 .87 and 1.1 MeV excitation

which clearly should have become evident in our data . Moreover, here all 147Gd

levels are identified, which is incompatible with the 2% feed in this energy region.

The 4.7% feed between 2.1 and 2.6 MeV presents a similar problem. In our

experiment we detect in this region levels fed with z 0 .2 % of the parent decays,

which would mean that there should be at least 20 unobserved levels at that

excitation that can be directly fed in p-decay of the 147Tb 11/2 - parent state.

Such a high number of levels with 1 = 9/2, 11/2 or 13/2 at this low energy is

clearly incompatible with the structure of the 147Gd single particle nucleus.

i Another aspect which renders detailed comparison of the strength distributions

d fficu t is the 1imited knowledge of the experimental uncertainties in the TGA

results which involve ambitious background subtraction procedures and response

function unfolding.

The arguments given above might suggest that the particular discrepancies discussed

could be due to experimental errors .
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2.3 Spin-parity and configuration assignernents.

The only information on the spin and parity of the levels populated in 147 Tb

decay are their log ft-values and the y-decay branchings together with the known

parent

	

u5and daughter asstgne ments . in many

	

in pä ~_ .

	

yparticular for weakiy fed levels,cases,

the information is insufficient to clarify the level spin and parity. However, as

discussed above, only a limited nun-1 r of levels is expected in 147Gd at low

excitation energy . Most of them have been identified in previous studies, and many

of these states are populated in the decay . But we also observe new levels below

2.1 MeV which can with some confidence be assigned as these missing low-lying

configurations. Clearly these assignements are not based on experimental data and are

therefore tentative.

The already diseussed 1 .628 MeV state populated in 1/2 + decay must almost

certainly be (vf7/2x 3- )5/2+, the only missing member of the octupole septuplet.

It appears surprising that this level should be populated in 1/2 + decay, but no

other state can ever be conceived in 147w at this low excitation. The rather high

3.4% intensity of the 1628 keV live clearly shows that appreciable .y-intensity feeding

the state is not observed in our experiment.

Of the three remaining higher-lying states we tentatively assign the 2 .078

MeV level as (vf7/2x 2+)7/2-- . We will later discuss that the y-ray feeding into

that state supports this assignement.

The two other states, at 1 .948 and 1.970 MeV, observed in 1/2 + decay are not

fed from higher-lying levels . They decay only by a single transition to the 147 Gd

ground state and are therefore difficult to distinguish.

The still unassigned low-lying excitations are (vf 7/2 x 215/2- and (vf7/2 x 02)7/2-
which . both should decay in this way. Here, however, the closely above expected

vf5/2 state complicates the situation further . Nothing is known in 147Gd about

this single particle excitation, but in lower-Z N=83 isotones the vf5/2 state_, from,

(d,p) studies, is known to be strongly fragmented by coupling to the vf 7/2 x 2+

and 4+ N=82 .. core excitations which, however, in i46Gd lie - 0.3 MeV higher in

en.ergy. We therefore, on a quite speculative basis, assign the 1 .948 MeV level as

(vf7/2 x 205/2-, and prefer, on account of its 8 times weaker intensity, (vf 7/2x . 02
er-

)7/2-
for the 1 .970 MeV level on a similar footing .
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Another missing low-lying excitation is the (vf7/2x 2")3/2- . But this level is

expected to mix strongly with the 1.152 MeV p3/2 single neutron state and one

therefore anticipates that the (vf7/2x 2+)3/2- quintet member should be raised in

energy well above the 1 .97 MeV core 2+ state. The 2 .438 MeV state is a possible

candidate for (vf7/2 x 2+)3/2 - . The observed y-decay to the f7/2 ground state

and to the p3/2 level support this suggestion.

Up to about 2 MeV the 147 Gd level scheme should be complete since all the

expected excitations, listed in the introduction, are now identified.

Before a more detailed discussion of the nuclear structure of these low-iying

states we will briefly review the experimental information on the 147 Gd levels

above 2.4 MeV which have only beeil observed in the present decay study.

The six high-lying states fed in 11/2- decay receive significant ß-strength.

Their decay patterns suggest 9/2 - or 11/2- assignements except for the highest

state at 3.872 MeV, which must be 11/2- or 13/2' . Consideration of the [3-strength

function, to be discussed in section 2.4, will further specify the level spins.

In 1/2+ decay all log ft-values are as expected quite large, and here the only

spin-parity information are the rather wide bonds implied from the y-decay

branching . The proposed 1/2- assignement for the 3 .833 MeV state is based on

strength function arguments to be discussed below (section 2 .4).

2 .3.1 The vf7 2 x 3 particle--phonon multiplet.

The 3 - octupole excitation in 146Cd at 1.579 MeV couples to the well isolated

f7/2 neutron to give a septuplet of states with I" from 1/2 + to 13/2+. For

harmonic vibration, the multiplet is expected to occur at the phonon energy but

the degeneracy of the multiplet is broken by various interaction processes which

mixmix the particle-phonon states vV

	

VGL1C':tt Ltl other excitations . AA detailed analysis of L11_i 	f th.
~u~,

	

C

vf7/2 x 3- multiplet in the N=83 nuclei from 141Ce to 147Gd is given in [KAD 89]

and [TRA 89] . The authors describe the experimentally observed energy shifts of

the multiplet members in terms of a quadrupole-quadrupole (q- Q) interaction

[deS 61, BOH 75] of the vf7/2 valence particle with the 3 - core vibration and of

configuration mixing which in 147Gd involves mainly the vi13/2 single particle
-1 .2state and the vs ~2 j ä and vd3/2 j 0 two-particle one-hole states .
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Our tentative assignement of the 1 .628 MeV state as (vf7/2 x 3-)5/2+ agrees

within 100 keV with its estimated energy [KAD 893 and completes the vf7/2 x 3-

multiplet in 147Gd.

2 .3.2 The vf7/2 2+ particle-phonon multiplet.

The second excited state in 146Gd is the 2+ collective state wich lies at 1.972

MeV excitation. Its coupling with the f7/2 neutron gives in 147Gd a quintet of

states with P from 3/2 - to 11/2-, most of them identified for the first time in the

present study. We have assigned to this configuration the levels at 2 .438 MeV

(3/2-), 1.948 MeV (5/21 and 2.078 MeV (7/2-) which, with the previously suggested

9/2 (1.798 MeV) and 11/2- (1.944 MeV) memlers, complete the vf7/2x 2+ multiplet

in 147Gd. Also in this case, like in the vf7/2x 3- coupling discussed above,

we observe significant deviations from the simple description of a degenerate

particle-phonon multiplet. The energy shifts of the vf7/2 x 2+ multiplet members

can be discussed, within the saure framework used for the vf7/2 x 3- septuplet

[KAI) 89, 'FRA 893, in terms of configuration mixing with close-lying single particle

states and of a q Q interaction.

For the two phonons there is however an important difference in their couplings

with single particle states. For the quadrupole phonon all the multiplet members

in 147Q have a close-lying partner in the f7/2 , p3/2 , h9/2, and f5/2 single neutron

states of the N=82-126 shell and also in the close-lying vhl1/2 j j two-particle

one-hole excitation . In contrast, only the vi l3/2 particle, and less strongly the

vs l./2 jo and vd3/2 jo two-particle one-hole states, couple appreciably to the vf7/2 x 3-

septuplet.

We use the Fig .2.7 to discuss the coupling effects, where the data are compiled

and the couplin g ma.trix element.s are ind_icat.ed

The mast clearcut data . are available for the 9/2- member where both the

(vf7/2 x 2+)9/2 and the rnixing vh9/2 are identified from the decay • data, and

where the BGT-values give their spectroscopic factors . In the approximation of a
two-state rnixing we can obtain from fliese data the coupling matr .ix element (m)

and the unperturbed energies (E 1 and E 2) from
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m - ( E n -E ,)

- s, sv
(2.1)

S Ä+S V

E 12 = 2 (E A ±E v )± V(E A- E v) 2 -4m (2.2)

where S~ and S v are the spectroscopic factors (BGT-values) of the vh9/2 component

in the two observed 912 - states with energies E, and E v .

vf712" 2 4- quint2f in
1 7

Gd

1152

312

	

.512

	

7/2. .

	

9/2 . .

	

11/2

Fig.2.7 Excitation energy versus spin for the odd--parity levels in 147Gd related
to the vf712 x 2+ multiplet, including the single neutron states which couple to
the f x 2 levels . The coupling matrix elements are indicated . Experimental states.
are shown as heavy Bars labelled with the energy in keV ; states with dominant
f x 2 character are connected. Unperturbed energies are drawn as short horizontal
lines with arrows (cf . text) . The curve shows the sein-dependence of the energy
displacement calculated frorn the center diagram (eq .2.3) with K=+ 2.5 MeV.

MeV - 7\ _

1
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The calculated mixing matrix element m(vh9/2 ,vf7/2 x 2+) = 0.17 MeV gives

1.71 MeV for the unperturbed energy of the (vf7/2 x 2+)9/2- coupling. lt is interesting

to note that this coupling matrix element is about five times smaller than the

lniown 0 .8 MeV (vi i3/2, vf7/2 x 3 -) coupling strength [PI1 903 which is responsible

for the steift of the 13/2" octupoie member at 0 .997 1viev The reduction of our

estimated coupling strength is however an expected result which is attributed to

the spin-flip nature of the vh9/2> vf7/2 transition.

Further experimental data which give the mixing strength of the quadrupole

excitations with close-lying states are available only for the 112 - multiplet

member . This state is expected to mix with the vh 1l/2 jo two-particle one-hole

excitation which in a recent transfer measurement [KLE 91] was located at N 2 .62 MeV

(given in Fig.2.7 as a dashed line) . From this result and the measured spectroscopic

factors we have calculated using ecs . (2.1) and (2 .2) the (vh11
-1 .2

/230,
f7/2 x 2+) coupling

matrix element as 0 .25 MeV and the unperturbed energy of the (vf7/2 x 2")11/2 ---

state as 2 .06 MeV. Also here the small matrix element is expected since this

4tli-order coupling process involves the exchange of an f7/2 neutron between the

2+ quadrupole- and the 0+ pair-phonon.

From our data we have indirect information about the (vf7/2 , vf7/2 x 2+) coupling

strength . This matrix element is expected to be quite similar to that of the

(vhs/2 , vhs/2x 2") coupling which, anticipating the resuits discussed in Section 2 .4 .2,

we have determined to be - 0.7 MeV. Since the angular part of the two matrix

elements are nearly equal we assume that also the two coupling strength are similar

and estimate the unperturbed (vf7/2 x 2")7/2- energy at 1 .81 MeV.

For the 5/2- multiplet member we cannot estimate the unperturbed energy

since, as discussed, there is no information in 147Gd about the vf5/2 (spin-flip)

mixing partner.

For the (vf7/2x 2-)3/2- state we also expect significant coupling to the p3/2

single neutron state but at present there is no experimental information about this

coupling strength . The unperturbed 3/2 - energies, shown in Fig .2.7, correspond to

a 0.5 MeV matrix element, in accord with the approximate magnitude for this

coupling.

lt is apparent from the figure that even our corrected energies deviate up to

several 100 . keV from the 2+ energy, but it is interesting to note that these
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shifts vary regularly with spin and can be described by a quadrupole--quadrupole

interaction CdeS 61]. Theory gives the I-dependence of the shift as

&E(I) = K(- -1/2 1 7/2
722 21,

	

(2.3)

where K is a strength constant . The curve in Fig .2.7 is obtained with a value of

K= 2 .5 NIeV and follows our corrected unperturbed multiplet energies fairly well,

although it should be remembered that only the 9/2- and 11/2 - unperturbed

energies could be determined somewhat reliably, leaving significant uncertainty

for the coupling constant . In any rase however the sign of the coupling constant

is firm. This result, together with the negative quadrupole moment of the f7/2
particle definitely specifies the core 2 + quadrupole moment to be positive which

gives repulsive interaction, or positive energy shifts, for the aligned and antialigned

couplings. This is an interesting finding and can be directly related to the microscopic

structure of the 146Gel 2+ phonon. That state has dominant contributions from the

antialigned res1/2d5/2 and 7td3/2g7/2 particle-hole excitations.

In general the phonon quadrupole moments in doubiy-closed nuclei are small since -

the particles contribute with negative and the holes contribute with positive

quadrupole moment to the 2 + phonon. For the above two dominant proton

particle-hole components of the 146Gd 2+ state however, the quadrupole moments

of the holes, d5/2 and g7/2 , are significantly larger than the s 1/2 and d312 particle

quadrupole moments, and a positive 2+ phonon quadrupole moment results, which

we recognize in the 147Gd vf7/2 x 2+ eintet data.

This is in contrast to the octupole septuplet CKAD 89], where the nh11/2 d5/2
dominant phonon contribution has negative quadrupole moment [KLE 81] and

where the vf7/2 x 3 - multiplet shows attractive interaction for the extreme couplings.

2 .4 1 3eta- decay results.

Data on the ß-decay itself elucidate on two important aspects . First, it is of

interest to compare the absolute ß-transition rates with theoretical predictions.

This is of current interest in particular for GT-transitions which are widely

found to be significantly reduced compared to fundamental predictions . At the
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end of this chapter we will discuss new aspects of the rh 1112> vh9/2 transition

strength relating to this problem. The second interesting feature is the distribution

of the ß-strength, as a function of the excitation energy, in the daughter nucleus.

Thus an allowed ß-transition can provide firm identification of its daughter

configuration even at high excitation energy where other means to characterize

specific states are limited. This also refers to situations where the daughter

configuration is mixet into several states, an aspect which is often of interest in

the nuclear structure interpretation.

Before consideration of the GT-results we will briefly discuss the first-forbidden

decay of 147Tb(1/2 +).

2 .4.1 ß- decay of 147Tb 1/2+ .

Of the low-lying 147Gd levels fed in 147Tb 1/2+ decay only the 1.847 MeV vp1/2

state receives appreciable intensity, giving log ft = 6 .0, while all other levels below

2.5 MeV have at most log ft = 6 .8.

The [3-transition proceeds as first-forbidden ns 1/2> vp1/2 . The saure pseudoscalar

ß-transition occurs also in ß ---decay of 201 T1126 where the s 1/2 proton-hole of

Ti transforms in the p112 neutron-hole in 282Pb125 • In beth nuclei one would

expect similar decay rates, but in 207T1 it is found to be 8 times faster (log ft 5 .1)

[UM 781.

vp 1n

Fig.2.8 First-order core polarization for the ns1/2> vp1/2 transition in 147Tb

1/2+ decay. The n-1v bubble in graph (b) corresponds to the 0 - core excitations
discussed in the text .
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A likely explanation for this difference is given by a screening process which

can affect the transition rate in 147Tb but is excluded for 207T1 . The transition

7rs1/2> vp1/2,
or its equivalent ß -transition 7rs 1/2> p1/2 , can be represented

by the diagrarns shown in Fig .2 .8. Graph (a) represents the single particle matrix

eler ent between the initial proton s 1/2 and the final neutron p1/2 state. Graph (b)

represents a first-order correction to the decay rate involving 0 - neutron-particle

proton-hole excitations . This correction characterizes the screening of the single

particle transition since the ß-strength is removed from the low-lying single particle

state and is shifted to higher-lying 3-quasiparticle states in 147Gd with the

configurations [res1/2 (7r-1v r1)0-].

The important difference between the ß-decays of 2Q7T1 and 147Tb is that in

the latter case such AN ,--1 neutron-particle proton-hole 0 - screening excitations

are possible, as is shown in Fig .2 .9, while in 207T1 they are blocked, due to the

specific locations of the proton and neutron Fermi surfaces.

We note that in 147Tb 1/2 + decay a state at 3 .83 MeV is fed with log ft =5 .9,

a somewhat higher strength than in the 1 .847 MeV vp1/2 level. That 3.83 MeV

state could be such a 3-quasiparticle screening excitation ; its exclusive decay to the

1.152 MeV vp3/2 excitation is in accord with this tentative Interpretation.
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Fig .2 .9 The first-forbidden ß-transition in .47Tb and 207T1 connecting 7ts1/2
and vp112 , and the 0- screening excitations in 147 Gd .
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The pertinent two 3-quasiparticle configurations, apparent from Fig .2 .9,

7Cs1/2(rcg7/2 vf7/2) and 7Ls1/2(ltd5/2 vf5/2) give rise to four 1/2 states. A shell mode].

calculation, without configuration rnbdng, predicts the lowest of them slightly

above 3.3 MeV. The three remaining 1/2- states are obtained above 4 MeV and

atri r1an 41 cr eh ni,1 A a l en rar0 tre ei rrni iran4 elran rc4-,UL8LflS141VUU UUSS.,1e. .11.

The fiere discussed core polarization screening of a pseudoscalar ß-transition

Dame for the first time evident in the present 14711 1/2+ decay study.

2 .4 .2 ß - decay of - 47'Tb 112 .

2 .4.2.1 Decay of the hex/2 valence proton and quadrupole core polarization.

The principle result of the 147Tb 112 - decay study is the identification of

significant GT-deca.y strength to levels above 2 .5 MeV in the daughter nucleus,

where we observe a group of intensely populated states close to 3 MeV, and an

isolated level at 3 .9 MeV also with an intensity well above our detection sensitivity

limit. Except one, all of these states have log ft < 5 .4 and therefore are clearly

populated in GT-decay. Their summed strength is about one third of the total 147 Tb

11/2- decay strength. From these results alone it would be natural to attribute the

high-lying strengtla to decay of a paired h 11/2 proton present in 147Tb due to

pair scattering across Z=64 as discussed above.

However, the comparison with the 147Tb 1/2+ decay, where the summed

strength to levels above 2.5 MeV is nearly 8 times less, definitely excludes that

the major high-lying strength in 147Tb 11/2- decay could originate from decay

of a core-excited 0 + proton-pair . We therefore are led to conclude that the

high-lying GT-strength raust primarily be attributed to decay of the h 11/2 valence

proton. In this case the 147Gd states raust have I'= 9./2-, which is compatible with

their y-deexcitation, except for the highest state at 3 .872 MeV that we will discuss

later.

A mechanism to raise the vh 9/2 strength, which resides mainly in the low-lying

1.397 :and 1.798 MeV states, to this high excitation energies is the coupling of the

h9/2 single neutron to the proton particle-hole 2+ core excitation in 146Gd at
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1.972 MeV. This core-excited configuration lies at an excitation energy where 9/2 -

states of other configurations are expected. The small energy separation of these

9/2 - states allows for configuration mixing and causes the spreading of the

ß-strength to their vh9/2 components.
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Fig.2.10 Gamow-Teller strength functions for 147Gd (present work) and 143
Gd

[COL 90, COL 91] . All levels observed in the decay of 147Tb(11/2-) and 148Tb(9±)
are shown (thin lins) . BGT-values (heavy bars) are given rohen BGT > 2 . 10-3 gÄ/ 4it.

The Population of these states with about 1/3 of the total decay strength

suggests a rather large (vh 9/2,vh9/2 X 2+) coupling matrix element . Since the two

groups of 9/2 - levels are well separated in energy we estimate it within a two-state

mixing formalism (ecp.2.1 and 2.2) from their respective strengths and strength

weighted energies to be of the order of 0 .7 MeV. This coupling matrix element
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is rather large and indicates that the valence neutron in 147Gd is very effective

in inducing the excitation of the 2+ core phonon. The same core polarization

matrix element is also responsible for the unusually large neutron effective charge

values at N=83 [PH 90] . Although this effeet has quite early been recognized

[KL  79B, DAL 80] and was attributed to the dominant proton component in the
146Gd 2+ state, quantitative analysis even now is precluded, since pertinent

experimental data are still not available, like for example an accurate 146Gd

B(E2)--value.

We mention here that similar results have been recently obtained in a

high-sensitivity y-spectroscopic study of 148Gd populated in the decay of 148Tb(9+)

[COL 90, COL 91] . The two decays are expected to be quite similar since the

vf7/2 spectator particle should have little influence an the ß-decay. In both

parent nuclei the h9/2 neutron shell is completely empty as the valence neutron

of 148Tb in the 9+ state occupies the f7/2 orbital . Therefore, the total GT-decay

strength should be the same in the two cases, which is essentially verified in

experiment, where we find 0 .37(2) and 0.32(1) g1/4rr for the decays of

147Tb(11/2) and 148Tb(9+ ) respectively.

The comparison, shown in Fig .2.10, suggests a common interpretation of the

high-lying ß-strength found in both daughter nuclei . This is strongly supported by

the [(vf7/2h9/2)8+,(vf712h9/2x2+)8+] matrix element which from the 148Gd data

is also found to be 0.7 MeV.

2 .4.2.2 Pair scattering across Z=64.

The highest 1 47Gd level, populated in 147Tb 11/2- decay, 3 .872 MeV, is established

from the firm 997-2875 keV yy-coincidence relationship. The ß-feed excludes

positive pa.rity, and the level mu.st. therefore 1%0.1112- or 13,12 -. This state rerres°ents

the only definite evidente for the presence of a rrh11/2 0+ pair in 147Tb. We note

however that, in contrast to simple expectation, a similar strength at that energy

is not . evident in 147Tb 1/2+ decay. A likely explanation for this disappointement

could be the different 3-quasiparticle configurations of the states fed . 147Tb 11/2 -

decay here proceeds to the [ith11/2 (1rh11/2vh9/2 )i+] configuration where both the
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strongly attractive (rch11/2vh9/2)1+ and (nh11/2)2+ interactions can significantly

contribute in the lowest 11/2 - state of the configuration. Only the (nh11/2vho/2 )1+

coupling can be expoited in the Cts 1/2(th1112 vh9/2)1+]1/2+ 3/2+ states populated in

1/2+ decay, and consequently the lowest levels here could well lie a few hundred

keV higher and thus escape detection.

Unfortunately, the observation of a single state populated in the decay of

core-excited h11/2 protons is not sufficient to provide quantitative estimate of pair

scattering in 147Tb since this state contains only an unspecified fraction of the total

strength.

2 .4.2 .3 Gamow-Teller transition strength (Silver and Gold).

Since the observation of Gamow-Teller (GT) resonances [GOO 80] in charge-

exchange reactions absolute transition rates for GT ß-decay have been the subject

of renewed interest . The GT=resonance* is however not accessible in [3 --decay but

in the very proton-rich nuclei the proton single particle states are raised by the

Coulomb repulsion and it Domes possible to excite the GT- resonance [KLE 85]

whenever the proton and neutron Fermi energies are between the spie-orbit partners

of a high-1 orbit, such that the j ,= 1 +1/2 state is partly filled with protons

whereas the neutron j~ =1 +1/2 orbit is unoccupied . This condition is fulfilled for

the N= 82 nuclei above 146Gd. Here, the h11/2 proton of an even-even nucleus

decays to the empty h 9/2 neutron shell proceeding as (rrh 1/2)0+> ( rch11/2vh9/2 )1+

and in the ideal case should populate a single state in the odd-odd daughter which

carries the entire strength . This specific structural property rnakes experimental

studies of these decays attractive. Already in early investigations [NOL 821 it was

consistently found that the GT-strength is -7 times attenuated compared to the

shell model prediction, whereas the charge-excange reaction results [GAA 83] gave

an attenuation of the order of -2.

Theoretical studies largely attribute this discrepancy to ground state correlations

[TOW 85] which admix high-lying 0 + excitations to the parent ground state thereby

reducing the ß-decay strength.

We use the notation GT- (or GT+) for a state forrned by the action of the Operator Ct_
or d2+) on a given state .
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Strength deterrninations from odd-Z (N= 82) GT-decays are more difficult.

In general, here both the valence particle 7th11/2> h9/2 as well as the 0+> 1±

decay of the paired protons contribute . The latter decay leads to 3-qu.asiparticle

states above ti 3 MeV where the level density is high and the detection sensitivity

1ow.

An exception is 147Tb where, as we have shown above, essentially only the h11/2

valence proton decay contributes to the observed strength . Moreover, the decay of

the single h 11/2 proton into the empty h 9/2 neutron shell provides the GT single

particle transition rate which our experiment has determined to be

BG,jE (7th11/2> vh9/2) = 0 .37(2) g1/47t.

Following the conclusions of the previous sections we obtain it as the surnmed

strength to 147Gd levels up to 3 .5 MeV.

The prediction of the shell model for the total decay strength in N= 82 nuclei is

2

B(GT) = n	
41 gA

21+1 4n

i .e . should be proportional to the number n of h 11/2 protons in the parent nucleus

where the constant of proportionality is a function of the orbital angular momentum 1

of the decay partners . The early data mentioned above ENOL 82] have shown

that this is approximately fulfilled for the decays of the even-even N= 82 nuclei
148Tb, 15oEr, and 152Yb .

Out new result for the 147Tb decay strength deviates substantially from this

expectation . The decay of the two-valence proton nucleus 148Dy has recently 1een

measured with a y-ray detection sensitivity of 10 -4 per parent decay (at Ey =2 MeV

excitation) giving the total decay strength as

BGT(148Dy> 148Tb)= 0 .47(3) g2/4n,

where we have used a new QEC value EKEL 91B]. With our result for 147Tb(nh11/2 )
we obtain a strength ratio

BG (147 Tb) = 1 .27(11),

far outside the expected value of 2 .0. Such a deviation from the simple particle-

BG (148Dy)
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number proportionality is predicted from the theory of ground state (g .s .) correlations,

but was so far not established in experiment . I .S .Towner CTOW 857 has shown that

the g.s. correlations are principally different in decay of paired or unpaired h11/2

protons. Following his considerations the differente becomes obvious when considering

the inlldtilVid1U llCLl.,i contributions, dl1[2e t 4V ~ g .s. l.tJrre3d 4lat1 V1is, ` 4V the transitiono the

	

strengths.541 Cill~'Lli~the

which are presented in form of diagrams in Fig .2 .11.

- -x
A

JE>

--- K

n >

(d)

n>

n >

v<

Fig2.11 First-order contributions to core polarization for closed--shell-plus-one
(top) and closed-shell-plus-two nuclei talgen from CTOW 857 . The following
notation is used : 'c, : proton in orbit j,=1+1/2 ; v< : neutron in orbit j < = 1+1/2.

The top row gives the single particle transition matrix element m a (a) and the

first-order core polarization contributions, m b and mc , for closed-shell-plus-one

nuclei (b and c). For n protons in the parent state there are additional first-order

corrections coming frorn two-body graphs shown below for closed-shell-plus-two

nuclei . Whereas the diagrams (a), (b), and (c) are identical to the above one-particle

case except for the additional non-interacting proton, the contribution (d), m d ,

can only occur when a second proton is present . The contribution (d) contains

the additional particle-particle matrix element

<nh11/2vh9/21 VPP i 7h11/2 vh11/2>,
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which is of crucial significance for the GT-strength, and so far was taken exclusively

from theory . This particle-particle interaction (VIP), has been investigated in more

detail in a number of recent theoretica .l stndies [ENG 88, 8UH 88, CIV 90] following

Towner's original work [TOW 85] .These studier were primarily devoted to calculation

n~ enT l ln A-r1ora sr ra +ac Ixr}, ArA 4}iic in#Ar rfi nn a nie A.r, ia1 a rrn i firn nrAv1 uv uv}w. ~./ t,gyyLuJ

	

4.

	

ttil~}'r V111V sil V~.1 [i\ . V1Vld lU VL l~jt4LAS U1 GV.ra .l,
rirr r34-

allow for experimental determination of it. With the above notation and the

measured strength for the 147Tb(11/2-) and 148Dy(0+) decays we write

BGT(
147Tb)

	

(ma- mb- me )2

	

0 .37(2)

BGT(148Dy)

	

2(ma- mb- mc- 1/1/2 md)2	0 .47(3)

which with

(ma-

	

)2 = 0.37(2)mb- mc

	

g2/4r, (2.4)2
gives

rra d = 0 .61(11) gA/1/4t . (2.5)

This matrix element corresponding to the process represented by the diagram (d)

in Fig.2.11 is equivalent to

<7[h11/2vh9/2 ;1}iVpp nh11/2vh11/2 ;1+>

	

--1
m d =

	

	 x <0 1 MGT 7ch 11/2 vh11/2

	

>,
s(vh9/2) - E(vh11/2 )

where MGT is the GT-operator and the energy denominator of 5 .8(5) MeV

[VE3 69] is given by the relative energy of h9/2 and h11/2 neutron single particle

states. After application of the Wigner-Eckart theorem [EDM 57] this can be

rewritten as

< vpp%

s(vh9/2 ) - s (vh11/2)
x V13/5 <vhn !n Mr-.rp. l ! 7rh , 4 ,2>.

The last term is the reduced single particle matrix element of the GT-decay ma

(diagram (a) in the top row of Fig .2 .11). From the value of 1 .7(3) for the ratio

[ma/(ma-mb--rnc )] 2, which has been calculated in [TOW 85] for different interactions

and from (2.4) we obtain m a= 2.75(9) gA/ 1/47, and therefore, with (2 .5), the off-
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diagonal rnatrix element is

0 .61
<Vppi = V5/13 x	 x 5.8 MeV = 0.8(2) MeV,

2.75

where the error essentially contains only the contributions from the experimental

input data . This result can be cornpared to values obtained with the Schiffer-True

parametrization [SCH 76] which gives 1 .42 MeV with R2=2 .0 fm or 1 .55 MeV with

R2=0.1 fm. The surface-delta interaction (SDI) with A 0 and Ar parameters fitted

for the l46Gd region [WAL 893 gives a value of 1 .44 MeV.
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C A ED. 3 : 149Dy from the decays of -49 o 11/2- arid 1.49 o 1/2 +.

3 .1 Introduction and previous resuits.

149DyInterest in the low-lying states fed in p-decay derives from similar motives

as in 147Gd. Also in 149Dy one expects the same limited number of low-lying states

formen by the single neutron-, the neutron two-particie one-hole-, and the vf7,2 x S-

and 2+ configurations, which so far are largely not known . Moreover it is of

interest to study the GT-strength function which here, however, is expected to

be more complex. Decay of 149Ho, with three valence protons, can intensely Feed

high-lying 3-quasiparticle states in 149Dy. Contrary to 147Tb, GT-decay will here

occur for both the 11/2- and the 1/2`x' patent activities.

Low-lying 149Dy levels viere first observed in an in-beam y-experiment where

its 0 .5 sec 27/2- isomer at 2 .7 MeV excitation was identified [STE 76A, STE 76B],

which in its y-decay procesds through the 1 .073 MeV 13/2+ state of vf7/2 x 3-

character.

The original 149Ho 11/2- decay study [TOT 79] gave the vh9/2 state at 1 .091 MeV

and a more weakly populated 149Dy level at 1 .583 MeV. An early experiment at

GST identified [SCH 84] the 149Ho 1/2+ activity. These data, which will be discussed

in rnore detail below, also located significant GT-strength to 149Dy states near

3 MeV excitation in both the 149Ho 11/2- and 1/2+ decays.

3.2 Measurements and experimental results.

High-quality yy-coincidence spectra for the two 149Ho R-decays were measured

in an experiment at ISOLDE, with 600 MeV protons an a Ta foil target where 149Ho

is produced with high yield . Thls experiment was tprimariiy devotes to investigation

of the 0 .5 sec 149Dy 27/2- decay, to be discussed in chapter 4, but it also gave

excellent data for the two 149H0 decays. Coincidences were measured with two

coaxial Ge-detectors (of 33% and 20% efficiency) placed at a relative angle of 40°,

at 4 cm distance from the activity and shielded from each other by Pb . The F'ig .3 .1

gives examples of yy-coincidence spectra .
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Table 3 .1 : Gamma rays emitted in decay of 21 s 149Ho(11/2-).

E Y

(keV)

l a
Y

Observed coincident

transitions b

E i

(keV)

IF >

462 .1(3) c 2.3(6) DyX, 630, 1073 2165.5 (13/2)+9-> 11,12 +

511(2) 5 .2(15)" 1583.6 (11/2 -) > 13/2+

590.1(5)c 4 .5(15) d DyX,1073,1416,1 .26,1035 e 1663.4 (9/2+)> 13/2+

613.0(2) L9(4) DyX,1091 1703 .4 11/2+ > 9/2-

630 .3(5)c 10 .4(15) Dy (Er) X,1073,462 1703 .4 11/2+ > 13/2+

694 .5(6) L3(4) d 1b (Dy) X,1663,1035 e,(590) 2357.9 (9/2+)
1073.1(2) c 63.7(7) DyX,630,462,590,1810,2056, 1073 .1 13/2 + ->

	

7/2-
2006, 1219, 1753, 1496, 1126,

1329,1534,1416,1546

1090.7(2) 744.3(15) D y X ,17 3 7,1375 ,19 8 8 ,1319 , 1090.7 9/2

	

-> 7/2

2089,1397,1638,1699,1230,
1792, 2400,1890,2221,2258 ,2112

1114.8(3) 3.2(5) DyX,1713 28273 > (9/2 )
1795 .7(2) 11.5(5) DyX,1663,590,1073 2789 .1 > (9/2 + )

1218 .5(2) 4.5(5) DyX,1073 2291 .6 > 13/2+

1230 .4(4) 2.6(11) DyX,1091 2321 .2 -> 9/2

1318.5(3) 13.0(5) Dy(HH) X,1091 2409 .1 > 9/2

1329.2(3) 2.2(4) (Dy,'Ib)X,1073 2402 .3 > 13/2+

1375.2(3) 17.6(10) DyX,1091 2466.2 > 9/2--

1396 .5(2) 6 .1(7) DyX,1091 2487.2 > 9/2--

1415.6(3) 5 .3(5) DyX,1663,590,1073 3079.1 > (9/2-)

1495 .5(2) 16 .5(4) DyX,1584,1073 3079.1 > (11/2 )
1534.0(5) L5(5) -,1073,1035 e,372e 2607.0 > 13/2+

1545.9(2) 9.0(7) DyX,1584,(1073) 3129 .5 > (n/2-)
1583.6(2) 44.8(7) DyX,1496,1546,1729 1583 .6 (11/2- ) >

	

7/2

1637.9(3) 10.6(4) DyX,1091 2727.2 > 9/2-
1663 .4(2) 35.3(7) DyX,1126,1416,(695) 1663 .4 (9/2+) >

	

7/2 --

1698 .5(4) 8 .6(8) DyX,1091 2789.1 > 9/2-

1712.9(2) 19 .7(4) DyX,1115 1712.9 (9/2) >

	

712-
1729 .0(3) .4.1(4) ----,1583 3312.4 .

	

> (11,12 )

1736.6(5) 38.0(75) d DyX,1091,1035 e 2827.5 > 9/2 --
1753.4(4) 6.0(15)d DyX,1073,1035 e 2827.5 -> 13/2 +

1782.2(3) . .3 .3(6) (DyX) (1782.2 (7/2-)->

	

7/2 - )

1791.9(3) 4 .6(5) DyX,1091 2883 .7 -> 9/2
1809.7(3) 7.9(11) DyX,1073 2883 .7 -> 13/2+

1889.7(3) 3.4(6) DyX,1091 2980 .3 > 9/2
1958.8(4) 4.7(7) (DyX),1091 3049 .5 > 9/2--

1988.4(2) 19.7(8) DyX,1091 3079.1 -> 9/2
2006 .0(5) 23(9) -,1073 3079 .1 -> 13/2+

2056.2(5) 1.9(11) DyX,1073 3129.5 -> 13/2+
2089.3(2) 8.7(7) DyX,1091 3180.0 -> 9/2
2111 .8(3) 2.6(5) (DyX),1091 3202.5 9/2

222L4(6) 4 .0(16) Dy(H)) X,1091 3312 .4 -> 9/2
2257.9(3) 4 .6(7) DyX,1091 3348 .6 > 9/2-



36

Table 3 .1 : continued

	

E Y

	

I Y

	

Observed coincident

	

E i

	

I .

	

(keV)

	

transitions
b

	

(keV)

	

23122(3)

	

7.0(7)

	

DyX

	

n
2312 2

	

> 7/2-

	

232L2(3)

	

9.7(11)

	

i yX

	

232L2

	

7/2 --

	

2399.7(3)

	

3.9(7)

	

DyX,1091

	

3490 .3

	

> 9/2-

	

2409.1(3)

	

3.9(8)

	

DyX

	

2409.1

	

> 7/2-

	

2467.4(6)

	

2.6(11)

	

DyX

	

(2466.2)

	

> 7/2-

	

24872(3)

	

8.7(6)

	

DyX

	

2487.2

	

> 7/2-

	

2607.0(3)

	

5 .3(5)

	

DyX

	

2607.0

	

-> 7/2-

	

2718.5(4)

	

2 .2(7)

	

(DyX)

	

(2718 .5

	

> 7/2- )

	

2827.4(3)

	

2248)

	

DyX

	

2827.5

	

> 7/2-

	

2980.3(4)

	

4.5(8)

	

DyX

	

2980.3

	

> 7/2 -

	

3014.2(4)

	

L8(5)

	

(DyX)

	

(3014.2

	

> 7/2- )

	

307.1(3)

	

6 .2(6)

	

DyX

	

3079.1

	

> 7/2-

	

31229 .5(4)

	

2 .5(5)

	

(DyX)

	

3129.5

	

> 7/2

	

3202.5(6)

	

L5(6)

	

-

	

3202 .5

	

> 7/2

	

3362.8(4)

	

4.4(7)

	

DyX

	

3362 .8

	

-> 7/2-

	

3490.3(4)

	

3 .1(6)

	

DyX

	

3490.3

	

> 7/2

a) Intensities given per 103 149 Ho(11/2 - ) decays . Uncertainties reflect statistical error and spectral
complexity.

b) For contaminated gate transitions only X--rays coincident with degenerate gate partner listed;

contaminant Y - rays are omitted(except from 149 Ho(1/2 +) decay ).
c) 2K(462) = 0 .029(6) = 0 .9(2)UCK (M1); preliminary : a K (630) = 0 .011(3) = 0 .7(2) aK (M1)= 1 .6(4) aK(E2);

OCK (1073) from : P .7 .Daly et al . : Z. Phys . A298(1980)173.

d) Estimated from coincidence spectra .

e) Transition following 149 Ho(1/2 +) decay.

Decay.-time information came from a measurement at the GST on-line mass

separator where 149Ho was produced with -5 .4 MeV/A 58I -beam an 94Mo and

95Mo targets leading to the 17o~82 and 17oYb83 compound nuclei. Singles spectra,

up to El, = 4 MeV, were recorded, during a ß +endpoint measurement [KEL 91B],

in 8 x 5 sec multispectral scaling mode after 40 sec activity collection time . For a

few low-energy transitions conversion coefficients were obtained from electron

spectra measured with a mini-orange spectrometer . Gamma-X ray coincidences,

Fig .3.2, and additional yy-coincidence information came from a preliminary

experiment with two coaxial Ge and a 1 cm 3 planar detectors.

The results of these measurements give the two decay schemes of Fig .3.3 and 3 .4.

The data are compiled in Table 3.1 and 3 .2. The 149Dy level properties are in

Table 3.3 listed.
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Fig,3 .3 Decay scheme of 21 s 149Ho 11/2- . Total transition intensities are given
per 103 parent decays, and specified multipolarities are from aK data. The
GT-strengths drawn as bars to the right are given in units of 100 gA/ 41t.

Table 3 .2 : Gamma rays emitted in decay of 58 s 149 11o(1/2 +).

7tE y I Observed coincident E i 1i > I f
(keV) transitions b (keV)

94' 32(12) (DyX),1035,372 1501 .0 (3/2)+ > 1/2 +
c166 .1(2) C d

27( 5) (DyX),1035.372 1572 .8 (3/2 )+ > 1/2 +
372 .1(2) cc 253(15) DyX,1035,166,94,1531 1406.7 1/2 + > 3/2
591.7(5f 38(14) ,1035 1626.3 (5/2 +) > 3/2-
692.9(6) 55(14)d Tb(Dy)X,1035,1663 e,(590) e . : 1727.5 (1/2- ) > 3/2 -
741.(5) 15(10) -,1035 1775 .6 (1/2+) > 3/2

1034 .6(2) 997(20) DyX,372,1736,1754,166,94, 1034.6 3/2 -> 7/2
741,693,592

1531.4(5) 12
) d 1

	

(Dy)X,1035,372,1073 e 2938.1 -> 1/2 +
1736.4(6) 280(50)d DYX,1035,1091 e 277L0 > 3/2
1754.0(5) 190(6o) d DyX,1035,1073 e 2788 .6 > 3/2 -

a) Inteusities given per 10 3 149 Ho(1/2 + ) decays . Uncertainties reflect statistical error and spectral
complexity.

b) For contaminated gate transitions only X - rays coincident with degenerate gate partner listed;

contaminant y - rays are om itted (except from 149 Ho (11/2 ) decay ).

c) c L (94) c 0.59(16)=1 .6(5)CCL(M1) ; a K (166)=0 .47(13)=0 .96(29)ocK(Mi.);

K (372) = 8 .0(16) • 10 -3= 0 .95(19)
K

(El) ; ax (592) < 5 .0 •10 .3=2 oK (El).
d) Estimated from coincidence spectra.

e) Transition following 149 H.(11/2-) decay .
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Fig .3.4 Decay scheine of 58 s ' 9 1o 1/2+. Cf. caption to Fig .3 .3.

3.3 Spin-parity and configuration assignements.

The 149Dy ground state is surely vf 7/2 , and as mentioned above the 3-decay

characterises the 1.091 MeV level as the vh 9/2 state and the 1.073 MeV state is

firmly established as (vf7/2x 3113/2+. The 1.035 MeV state, from the level energy

systematics in the N= 83 isotones, raust almost certainly be vp3/2 ; in 147Gd it lies

at 1.152 MeV. As discussed, one expects this state to couple to the (vf7/2x 2+)3/2-

excitation, and one reason for the lower p3/2 energy in 149Dy might be the lowering

of the 2+ core state which drops from 1 .972 MeV in 146Gd to 1 .678 MeV in 148Dy.

Possibly the 1.728 MeV level deexciting exclusively to the vp3/2 state through the

693 keV y-ray, and f 1 strongly in 149H0 1/2+ decay, could be the vpl/2 excitation.

Also the separation of the two spin-orbit partners is similar as in 147 Gd, but from

the present data alone the assignement can only be tentative.

The three low-spie levels at 1 .407, 1 .501, and 1.573 MeV have firm even-parity

and are therefore three of the Tour 1/2 + and 3/2+ states arising from the vs l./2 j ö
-1 .2

and vd3
f2 j,0

two-particle one-hole excitations and the members of the octupole
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Table 3.3 : Levels in 149 Dy populated in the decay of 149 Ho 1/2+ and 11/2 - isomers.

149 Ho 1/2 +

E.
(keV)

%ofeed logfta

	

B GT

1035 3/2 166(85) 5.53 1 .2(6)

1407 1/2+ 57(51) 5.84 .6(5)
1501 (3/2)+ 126(47) 5.45 1 .4(5)
1573 (3/2)+ 43(8) 5.89 .5(1)

1626 (5/2+ ) 38(14) 5 .92 .5(2)

1728 (1/2- ) 55(14) 5.71 .7(2)
1776 (1/2+ ) 15(10) 6.25 .2(1)

149 Ho 11/2

2771 280(50) 4.54 11(2)
2789 19560) 4 .70 8(3)

2938 30(12) 5.43 .1 .4(6)

Ex

	

I "
(kev)

1073

	

13/2+

1091

	

9/2-

1584

	

(1112 - )

1663

	

(9/2+)
1703

	

11/ 2 +
1713

	

(9/2")

1782 (7/2-)
2166 (13/2) +
2292
2312
2321
2358
2402
2409
2467
2487
2607
2719
2727

2789
2828
2884

2980
3014
3050
3073
3130
3180
3203
3312
3349
3363
3490

%ofeed logftc B G ,r

18(4) 6.02 .4(1)
593(8) 4.49 13(2)

20(2) 5.75 .7(1)

22(2) 5 .69 .8(1)
10(2) 6 .00 .4(1)
15.9(6) 5.80 .6(1)

3 .3(6) 6 .45 .10(2)
2 .4(6) 6 .41 .10(3)
4.5(5) 6.08 .30(5)
7.0(7) 5.89 .5(1)

12(2) 5.64 .9(2)
1.3(4) 6.61 .10(3)
2.2(4) 6 .35 .20(4)

17(1) 5 .46 1 .3(2)
20.2(15) 5 .36 1.7(2)
15(1) 5 .49 1.3(2)
6 .8(7) 5 .76 .7(1)
2 .2(7) 6 .21 .2(1)

10 .6(4) 5 .51 L2(1)

20 .1(9) 5.21 2.4(3)
70(7) 4.65 8.6(14)
12.5(12) 5 .38 1.6(2)

8(1) 5.53 1.1(2)
L8(5) 6 .16 .3(1)
4 .7(7) 5.72 .7(1)

50(2) 4.68 8(1)
13(1) 5 .23 2.3(4)
8.7(7) 5 .40 1 .5(2)
4.1(8) 5 .72 .7(2)
8(1) 5.37 1.7(4)
4.6(7) 5.60 1.0(2)
4.4(7) 5.61 1.52)
7(1) 5.35 1.7(3)

a) QEc [ 149 Ho(1/2 +)]=6 .09(5) [ALK 83 , FIR 89], T 112= 58(3) sec [SCH 87] .

b) in units of 100' S2/ 41t . Caieulated as BcTT ft- 3880
gz /.a47t corresponding to (8a/8v) 2 .=1 .26.

c) . QEC [149Ho(11/2 )]=6 .04(5) [ALK 83], T1/2 =21(2) sec [TOT 79].
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septuplet mixing with them. From the energy comparison with 147Gd we suggest

the assignements as given in the level scheure (Fig .3 .4) . The parity of the 1 .776 MeV

level is indetermined, the proposed vs1-2 assignement, based an energy systematics,

is highly tentative . There is no experimental evidente for the speculative 5/2+

assignement for the 1 .626 MeV state except for its energy.

The five states around 1.6 MeV populated in 149E3 11/2- decay all lie within

less than 0.1 MeV of the 148Dy 2 + and 3- excitations at 1 .678 and 1.688 MeV.

Of these states only the 1 .703 MeV level can be assigned as the 112+ member

of the octupole septuplet . From their '-deexcitation the 1 .584 and 1.663 MeV

states raust be 11/2- or 9/2+ that we assign as the vf712x 2+ and vf7/2 x 3 -

multiplet members but cannot distinguish them. Dause of its higher 8-strength

we prefer (vf7/2 x 2+)9/2 - for the 1.703 MeV level . The observed ß-strength to

that state and the 1.091 MeV vh 9/2 level would suggest a coupling matrix element

m(vh9/2,vf7/2x 2+)=013 MeV, not too dissimilar from the 0 .17 MeV value of 147Gd.

It is however not a priori clear whether that value should lee the same because

the microscopic structure of the 2 + phonons in 146Gd and 148Dy could well be

different. For the wealdy fed 1 .782 MeV state, also decaying only to the ground

state a 7/2+ assignement would be possible.

3 .3.1 The v f'7/2 x 3 - particle-phonon multiplet.

An important result of previous octupole septuplet studies at N= 83 is the systematic

variation [KAD 897 of the coupling constant K for the q•Q interaetion . This variation

was attributed to the de`rease of the (negative) quadrupole moment of the 3 - phonon

with increasing proton number and is related to the dominant 7ch11/2d572 particle-

hole contribution to the phonon . When going from Cd, with small negative Q, to

lower-Z nuclei the hole-character of the d5/2 proton will gradually disappear and

will become particle-like in 142Nd causing a rauch larger negative Q, as is observed

in experiment [KAD 897. Similarly, with protons added in the nuclei above Gd the

negative Q should further decrease and is eventually expected to change sign and

become positive.

In Fig .3.5 we sun,rnarize the 149Dy septuplet data and indicate the fiere apparent
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couplings to the vi13/2 single particle state and to the vs1/2 j ä two-particle one-hole

excitation . We compare the data with the curve obtained for a q . Q interaction, with

the coupling constant K = -1 .0 MeV estimated, as shown in Fig .3.5, from extrapolation

of the experimental K-values for the Tour lower-Z isotones.

2 -

	

149
Dy

	

vf712 xr sfafes

	Ce	 Eid	 Sm	 Gd	 Oy

-4

MeV

0

-2

1073
ÖEI=Kx(-) I1h

L. 7
7 11

/232t

1/2 +	3/2¢ 5/2+ 712¢ 9/2 + 11/2

	

1312 ¢

	

j re

Fig .3.5 The vf712x 3- octupole septuplet in 149Dy83 . Excitation energies are
given in keV, including those of tentatively assigned states, and couplings to
close-lying neutron excitations are indicated. The smooth curve is calculated
from the q•Q interaction with the coupling constant K=-1 .0 MeV obtained
by extrapolation from the values in lower-Z N=83 isotones (inset to the right).

The data are in fair agreement with this prediction, and also the implied coupling

rr tnx elementsfor the 1=1/2 and 13/2 states are in accord with systematics . In any

case, the energy shifts shown in Fig .3.5 for the 149Dy septuplet are significantly

smaller than in the lower-Z N=83 isotones.

Septuplet studies in 151Er and 153Yb should reveal the inversion of the phonon

quadrupole moment . First evidence of this effect has been found in a study by

Mc Neill et al . CMcN 89] of 153Yb who identified in this nucleus an 11/2 + state

at 1.762 MeV, clearly lower than the 1.890 MeV 152Yb 3- phonon energy .
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3 .4 Garnow-Teller decay strength.

The i-decay of 1 Ho 11/2- can be viewed as the superposition of the odd-proton

decay in 147Tb 112 , discussed above, and the 0+ pair decay as it occurs in 148Dy

n xitld AR'GT- -
0 ' /S/irzr

	

Ar 149Dyr receisr -rwc l~ nv . ..r ~..lrever

YY~`
7l(`tJ) gK/2^ 1Z#V The 1 .091 £Ylt/YeV v31~/~} lt.Y1evel\.S in

	

L S W~+

	

ia ..~ w

only BGT =0.13(2) gXl41t, half the strength to the two lowest 9/2- states in 147 0d.

This may be understood as a result of mixing with 3-quasiparticle states that leads

to a shift of the strength to higher excitation energies . The strength corresponding

to 148Dy 0+> 1" decay occurs in 149Dy above 2 MeV, where the total observed

strength is BGT - 0.41(2) g3/4it . This value is essentially equal to 148Dy decay,

but does not show the expected increase from the vh 9/2 adrnixture. From the

comparison it becomes clear that our experiment missec about 30% of the expected

total strength as a result of the decreasing detection sensitivity at high energy.

2

	

3

	

4
Excifation energy [MeVI

Fig .3.6 Beta-feeding distributions (top) and GT-strengths (bottom .) for 149Ho 11/2-

decay measured in the present work (HRGe) and by total absorption y-ray
spectroscopy , (TGA) [ALK 90]. Energy bin 28 .5 keV.



43

Independent support for this contention may come from the results of TGA-

measurements of 149Ho 11/2- decay [ALK 907. These data (Fig .3.6) suggest 8%

13-feeding intensity from 3 .5 to 5 .5 MeV in 149Dy, which apparently must feed levels

with intensities below our sensitivity limit . However, also in this case the TGA data

atb 1
1VVVo

	

b a probiC

.'_ ...
lll.

	

the TGA datafl kti3ti

~_ t_ L

L9eLW~11
t____

	

i n0w excitation prCacltt,

	

The 2
G0 ~-feedCAl in Lll .0

and 2.1 MeV excitation would require at least 6 unobserved levels in this energy

range where we would firmly detect any state fed with 0.3% intensity . The total

GT-strength determined in the TGA measurements, 1 .13 gÄ/4it, is nearly twice the

value of 0 .57(3) g314n from our high-resolution measurement, and also significantly

above the expectation of 0.84(4) g1/4, based on the 147Gd 11/2 - and 148Dy 0

decay data.

For 149Ho 1/2+ decay one expects a BGT= 0.47 gÄ/47r, as in 148Dy . The apparent

strength of BG1= 0.21(4) gÄ/4i to high.-lying 1/2+ and 3/2} 3-quasiparticle states

reflects the fiere yet more limited detection sensitivity . The 1035 keV ground state

transition should represent nearly the total decay, and its intensity suggests that

the GT-strength to the 3-quasiparticle states should be doubled, which brings it

into close agreement with the 148Dy result.

The above considerations on 149Ho decay reemphasize the severe experimental

difficulties in 3-strength determinations for the odd-A N=82 nuclei, which for

higher-Z parent nuclei will certainly aggreviate further . That the situation is much

more favorable for the decays of the doubly-even parent nuclei is a specific feature

of this region, which we will discuss below .
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CHAPTER 4 : Gamow-Teller decay of the 0 .5 s 27/2- high-sein isomer

in
1

66 Dy83 and the rc hli/2 v h912 residual interaction.

4.1 Introduction

For analysis of GT-decays in nuclei above 146Gd knowledge of the rch 11/2vh9/2

proton-neutron residual interaction is of vital importance. In general the two-nucleon

residual interactions are calculated from theory, but rarely such theoretical values

can ouantitatively describe the observed energy spectra in heavy nuclei . Alternatively,

one can in principle obtain the two-body interactions from experiment by locating

the two-body multiplets in the respective odd-odd nuclei in single-nucleon transfer

experiments an target nuclei with one valence nucleon . These experiments however

can only be done for nuclei close to stability and are limited to cases where targets

are available and to two-body multiplets involving the target ground state nucleon.

In nuclei far off stability the two-body multiplets, in general, cannot be selectively

excited. Rather, they must be identified in y-ray measurements following unspecific

excitation proeesses like compound nucleus- or (3-decay . For example, in-beam y-ray

studies with modest angular momentum transfer or neutron capture experiments

have been used to identify such states [ERC 83, STY 88].

In unstable nuclei the only possible means for configuration-selective excitation

is allowed (3-decay . In the nuclei above Gd GT-decay studies of odd-odd parent

nuclei identified several multiplet members of rare and vv character ESTY 88, TAI 89],

but only the 1 + coupling of the nv multiplet formet by the GT-partners is accessible

in ground state decay of even-even p arent nuclei . In this way, GT-decay of 148Dy

EKLE 85], which in its ground state is largely (rch11/2)o+, populates in 148Tb the

(nh11/2vh9/2)1+ level at 0.620 MeV. From this energy, one obtains the strongly

attractive 1+ residual interaction as

V7ch>vh<,1 = Erch>vh<,1 - Eo = -1 .360 MeV

with

E 0 =Enh +Evh
< 1<

M146Gd M148Tb+ M 3 47Tb+M147Gd = 1.980 MeV, (4 .2)~h>

where E is the excitation energy and the M-values are ground state masses

(Table . 4 .2) .
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The remaining nine multiplet members, with 1-2 to 10, are expected to lie more

than 1 MeV above the 148Tb yrast line and were so far not known. High-spin

members of this multiplet would be populated in ß-decay of the well known

(nh11/2)10+ state of
148Dy, but its much faster 10-1 8 + E2 decay precludes a

ß--decayy branch. _I	owevev, i ~. .,_~	 ~~	 ~ub N- 83 .~ .a. .~	 ~.. .,

: ;:;;

i-hnhlf-1dnf th

cornding

	

1/2vf7/27/2ir about 0.5 sec, d here

branch has been recently observed for the 151Er (rchl1/2vf7/2)27/2- 5qp-state

CBAR 88], and indications of a similar but much weaker GT-decay branch for the
149Dy 27/2- 3qp-isomer have also been reported . In contrast to 151Er, this latter

decay populates th11/2vh9/2 vf7/2 3qp-states in the 1:5 Tb 84 daughter nucleus, which

can provide information on the searched for high-spie reh11/2vh9/2 residual

interaction.

The T-lecay of the 0.5 s 149Dy 27/2- isomer was well known from the early

work of Stefanini et al . OSTE 76A], and also the high-spin states in the ß-decay

daughter 149Tb have been stuciied CNDS 853 ; recent high-sensitivity OSIRIS

measurements with 7Iri beam identified important additional 149Tb levels CLAC 91]

which we will discuss below together with the 149Dy 27/2 - GT-decay results.

4 .2 Experiments and results.

The 27/2- 149Dy activity was produced at ISOLDE in spallation reactions of

tantalum with 600 MeV protons. lt was collected on tape for 200 ms and was

measured for 1 sec with the Ge-detector set up as described in the previous chapter.

The singles spectra were recorded in eight 0 .125 sec subgroups for y-ray half-life

identification. In our singles spectra 149Dy 27/2 - accounted for approximately 1/6

of the decays . The 149 Dy ground state (4.1 min) and 149Ho 11/2- (21 sec) contributed

2.5 and 1 .5 times more decays. The 149Tb 11/2- (4.2 min) had about the Same

intensity as the 149Dy 27/2 - isomer while 149Ho 1/2 + (58 sec) and 'Tb 1/2+ (41 h)

were 20 and 4 times weaker . lt is clear that under these conditions study of a weak

GT-decay branch of the 149Dy 27/2- isomer is difficult, but the very high statistics

obtainable at ISOLDE allowed to investigate it with good accuracy .
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The results of our measurements an the 149 27/2- decay are shown in Fig .4 .1

and 4 .2, and are summarized in Table 4 .1. The coincidence data clearly show a

cascade of 5 y-rays and their apparent decay half-life of 0 .5 sec demonstrates

that they are emitted following the 272 - decay. Coincidences with annihilation

radiation conclusively characterise them as y-rays in the ß-decay daughter 149 '1'b.

All these 149Tb y-rays have previously been observed in in-beam yrast experiments

CGGA 77, SIN 79] and the associated energy levels up to 272 - and their

configurations were weil lmown .

149D

	

1T 149
Y27/2- -- Dy

Surn of 111, 299, 1073, 1179 Gates

10 3

8
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6T 149
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Fig.4.1 Gamma-gamma coincidence spectra in the decay of the 0 .5 s 149Dy
(7h 1 /2 vf7/2)27/2- isomer at 2 .661 MeV excitation . Top : infernal transition
decay. Bottom : GT-decay branch to the (rth11/2vh9/2vf7/2) 25/2- state in 149Tb .
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Fig.4 .2 The decay scheure of the 27/2- isomer in '49Dy .
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Table 4.1 Gamma-transitions following IT- and ß-decay of 0 .5 s 149Dy 27/2:

E.,(keV)

	

Multi-

	

1b

	

Itotb

	

T112 (sec)
polarity a

Transitions in 149Dy

110.8(2) E3 3 .38 97 0.55(9)
298 .5(2) E2 99 105 0.50(2)

1073.1(2) E3 97c 97c 0.50(3) c
1178.6(2) E2 96 96 0 .49(2)

290 .6(2) E2
Transitions in 149Tb

1 .08(19) 1 .15(20) 0 .5(3)
361 .2(2) Ml 1 .11(19) 1 .18(20) d
559.6(2) E2 1 .03(20) 1 .04(20) 0 .48(13)
630.2(3)e E2 1.0(3)e 1 .0(3)e

786.5(4) E2 1.2(4)e 1 .2(4)e 0 .6(2)8

a) From in-beam studies [OGA 76, SIN 79, DAL 80].

b) Given per 10 2 isomer decays . Errors are 5% unless specified . I tot calculated with tabulated

atot-values [RÖS 781

c) Corrected for 18% contribution from 21 s 149fio 112 decay.

d) Complex peak in singles spectra.

e) Extracted from coincidence data.

f) Obscured in singles spectra by about 8 times stronger 630 .9 keV 149Gd line and by about

twice stronger 630 keV 149Dy line.

g) Resolved with difficulty from 52 times stronger 789 .4 keV line in 149Tb.

For the 2.664 MeV state I'~ = 25/2 - or 29/2- was previously suggested [SIN 79],

but our data firrnly establish it to be a (nh11/2vh9/2f7/2)25/2- state . .Within the

accuracy of our data, the five 149Tb y-rays have equal intensities, indicating that

the r3-decay proceeds entirely to this 25/2 - state. From the T-intensities of Table 4 .1,

the ß-decay branch

IIT+I GT

= 1 .12(10)%

results. Our timing data give the isomer half-life as

T1/2 (27/2-) = 496(14) ms ,

in excellent agreement with the early [STE 76A] value . The 149Dy ground state

QEC-value has recently beeil measured as QEc(149Dy,7/2-> 149Tb,1/2g) = 3.812(10)

IGT
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MeV CKEL 89] . Using the pertinent excitation energies, the measured half-life and

the decay branch we obtain

log ft (149 By,27/2 - 149Tb,25/2-) = 4.08(2) or

BGT = 0.32(2) gX/4rc .

This BGT-value is only two thirds of the 148 I.?y ground state decay. The

quantitative Interpretation of the GT-strength would however ne I more detailed

theoretical analysis.

4.3 The r h1s/2 v h9/2 residual interaction.

The 149Dy 27/2- decay data clearly identify the (Trh11/2vh9/2vf7/2) 25/2 - and

27/2- states in 149Tb. Their energies allow to extract the 10+ and 9+ rrv residual

interaction for these rrh11/2vh9/2 couplings. This is possible since the other two

two-body couplings contributing to the 149Tb 3qp-states, 7h 11/2vf7/2 and vf7/2vh9/2

are lmown from in-beam studier of the respective two-valence particle nuclei 148Tb

and 148Gd [STY 87, PII 90] . These data are compiled in Fig .4.3, together with

other two-body multiplets used in later discussions.

The 149Tb 27/2- state straightforwardly gives the fictitious (nh 31/2vh9/2)10 "
148 Tb excitation energy from the relation

148Tb

	

.,,149Tb 148Tb

	

148Gd
E 7r11>vh<,10 = Errh>vh<vf>,27/2 - E , h,vf> - E vh<vf>,8 +

147Gd

	

147Gd

	

147Tb
+ E vf> + E vh< + E,rh> - S = 1 .483 MeV,

where S contains the ground state masses of the six pertinent nuclei and is

S = -M149Tb + M148Gd + 2 M148Tb - M147Tb - 2 M147Gd = - 0 .516 MeV,

with the Masses given in Table 4 .2. From the calculated 10 excitation energy

the residual interaction follows from ec1(4 .2) as -0.497 MeV.
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Table 4 .2 : Input data used in the present shell model calculations.

Nucl . Config . Ex (keV) or
Mass excess

Ref.

146Gd 0+ -76095 86Ru

147Gd f7 2 71
2
- -75366 86Ru

vh ~2 9/2- 1397 78Le

1 8Gd uf7'2 0+ -76278 86Ru
2+ 784 90Pi
4+ 1416 90Pi
6+ 1811 90Pi

vf712vh912 8+ 2694 90Pi
7+ 2935 90Pi
6+ 2783 90Pi
5+ (2860)
4+ (2839) *
3+ (2870) *
2+ (2746) *
1+ (2850)

147Tb 7- S 1/2 1/2+ -70767 86Ru,87Li

711 11/2 11/2- 51 87Li

148Tb 7rd3/2vf7 2 2- -70570 86Ru,87St
srh11/2 vf7/2 9+ 90 87St

8+ 406 87St
7+ 328 87St
6+ 426 87St
5+ 351 87St
4+ 375 87St
3+ 281 87St
2+ 178 87St

7rh 1112vh9/2 10+ (1484) 9lSt
9 (1723) 91St
8+ (1654) *
7+ (1690)
6+ (1610) *
5+ (1670)
4+ (1550) *
3 + (1570) *
2 + (1130) *
1 + 620 78Le

149Tb 7rs1/2 1/2+ -71498 86Ru,90Ma
711

11/2
11/2- 36 84De

148Dy rth 1112 0+ -67898 86Ru
2+ 1678 80Da
4{ 2428 80Da
6+ 2732 80Da
8+ 2834 80Da
10+ 2919 80Da

149Dy uf7/2 7/2- -67772 86Ru
150Dy 0+ -69320 86Ru

* Estimated energy.
78Le : Table of isotopes [LED 78], 80Da : P.J .DaIy et al. [DAL 80], 84De : D.J .Decman et al.
[DEC 84],86Ru : B .Rubio et al . [RUB 86], 87Li : C .F .Liang et al . [LIA 87], 87St : J.Styczen et al.
[STY 87], 90Ma : L .G.Mann et al . [MAN 90], 90Pi : M.Piiparinen et al . [PII 90], 91St : J.Styczen
et al . [STY 91].
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Fig .4.3 Two-nucleon multiplets in 148Dy, 148Tb, and 14sGd specifying the
two-body interactions used in the shell model calculations . Observed excitations
are given in keV, in skew numbers when estimated.

The 7rh11/2vh9/2vf7/2 3qp-configuration can form two 25/2 - states which, in a

recoupling calculation EBRU 77], result as the eigenvalues of a 2x2 matrix. By

appropriate choice of the coupling order the off-diagonal matrix elements are

specified from the (7[h11/2vf7/2 )8+ 9+ and (vf7/2vh9/2)7+ 8+ interactions alone

which are known, and of the diagonal matrix elements only one contains the

unknown 1rhil/2vh9/2 9+ energy whereas the other orte can be calculatel with

the Down 10 + energy. Our measured 25/2- excitation therefore fully specifies the

7th11/2vh9/2 9+ energy as 1 .682 MeV. The second 252- state of the configuration

is naturally also fixed by this 9+ interaction and results at 2 .751 MeV excitation.

This state has been observed in the recent high-sensitivity in-beam experiment

[LAC 91], at 2 .763 MeV.

With this k.owledge we reana liz« the in-beam data of 144Sm(7Li 3n)148Tb

experiment [STY 87,STY 91] where the primary two--body 7rh 11/2vh9/2 high-spin

multiplet members could have been weakly excited . We could identify 148Tb levels at

1.484 and 1.723 MeV, within N 40 keV of the expected 10+ and 9+ energies, with

decay properties consistent with these spin-values . Although the data for these very

weakly populated Z48Tb levels cannot provide definite 1 7t assignements we include

them in Fig .4 .3. The excellent consistency of the ol erved (10+) and (9+) states
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with the rth11/2vh9/2vf7/2 3qp-energies in 149Tb supports these tentative two-body

configuration identifications in 148Tb.

The remaining 2 + to 8+ multiplet members are not known and these are at

present no experimental data which could specify any individual of these energies.

However, the spie-averaged rrh11/2vh9/2 interaction determines the variation of the

low-lying vh9/2 state in the N= 83 nuclei when hfl/2 proton pairs are added above

Gd. The state is observed in the isotones up to 153Yb and its energy decreases

regularly from 1 .397 MeV in 147Gd down to 0.567 MeV in ' 53Yb

keV
Exp.

keV S .M.

147Gd	149Dy

	

151 Er

	

153Yb 155Hf	157W

	

_101

159
®5

Fig .4.4 The vh9/2 excitation energy in N=83 isotones cornpared with calculated
results (italic numbers).

The estimated 2+ to 8+ energies shown in Fig .4 .3 reproduce the three known

vh9/2 excitations above Gd within less than 15 keV (Fig .4 .4). The calculated 9/2-

excitation

	

are obtained from muiitiparticle recoupli n.ug cai~.u.cu.~ivuo
cttiations as the.+o.~ energies..b~w

	

~.i ce,

	

t.. ff w . o ~u~,

relative energy of the lowest (nh li/2vh9/2 )9/2- and (rch 121n/2vf7/2)7/2- states, using

the 1.397 MeV vh9/2 single particle energy from 147Gd. Such calculations naturally

also give the yet lower h9/2 energies for the N= 83 nuciei above Yb. They predict

that latest 7e 083 should have an vh 9/2 ground state.

The adopted rnh 11/2 vh9/2 interactions as shown in Fig.4.3 will be used in all

further shell model calculations .
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C A ER 5 Yrast energies and GT-strength funetions from shell

model calculations with empirical two-body iriteractions.

The shell malet describes nuclear states in terms of angular momentum coupled

ri ny-particlt.., configurations . In he,aavy, llinde; its applicatio.L3 1s iiaÄÜted to regions

in the near vicinity of closed shells, where a few valence particles move in well

defined orbitals. A particular nuclear state in general will be a rnixture of many

configurations, laut in cases where it is well separated from other levels with the

same spin and parity a single configuration might be dominant . Such states will

most likely occur along the yrast line because here the level density is low. These

pure configuration excitations are well suited for shell model analysis with empirical

interactions. lt has been shown that yrast states in the neighbourhood of 2°8Pb

are reproduced with high accuracy [BLO 79] when the shell model input data

- ground state masses, single particle energies and two-nucleon residual interactions -

are Laken from experiment. More recently it was noticed that such shell model

analyses are also quite successful in nuclei around 146(<J [BLO 83,LAC 91], where

however lack of the experimental input data often limited them.

5 .1 Yrast states.

In the nuclei above 146Gd, with one or two valenve neutrons, the yrast states

are largely formed by the couplings of protons in the h11/2 shell and neutrons

in either f .7/2 or h9/2 . ('I=he only remaining high-] particle - vi13/2- has much

higher single particle energy and therefore is not active at the beginning of the

yrast line .) With the disclosure of the rth11/2vh9/2 two-body multiplet it is now

possible to calculate the yrast states of these configurations in the N= 83 and 84

nuclei and compare them with experimental results.

In the following we present a few examples of yrast line calculations where

we will use this new Trh1112vh9/2 interaction . As mentioned, the remaining

nh11~2itb11~2, sth1112vf712 , vf7/2vh9/2 , and uf7/2vf7/2 multiplets were identified

in previous studies (Fig .4.3 and Table 4.2). In our analysis of these nuclei, which

include up to ten valence particles, we decided to decompose the complex
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configurations into the füll set of two-body interactions in order to keep the

ambition of the calculation an the same level in all cases . Moreover, alternate

reductions into larger substructures, which might well be more successful, are

precluded since sufficient pertinent data are not available . We note here that our

shell mcxlel calculations re Ul.e to pure angular momentum recoupling cale Tations

since the radial part of the interactions is included in the experimental matrix

elements . Moreover, it is clear from the above that our calculations will not include

configuration mixing.

Before presenting the fall results, we calculate, as a simple example, the

energy of the maximally aligned (irh 11/2 vf7/2vh9/2)18+ state in 150Dy which is

experimentally observed [LUN 79] at 5 .071 MeV. It is

150Dy

	

148Dy

	

31 148Tb

	

9 148Tb

	

29 148Tb
Erch> vf,h<,18 = Errh?,10 + 20 Enh>vh<,10 + 20 Enh>vh<,9 + 18 Erch,vf,,9 +

148Tb

	

148Gd
+ 1g Enh,vf>,8 + Evf,vh<,8 - Eo = 5.105 MeV,

where the fractions are angular momentuni recoupling coefficients [EDM 57] and

Eo contains the pertinent single particle energies and ground state masses, compiled

in Table 4 .2, as

147Tb

	

147Gd

	

147Gd
Eo = 4 Elch, + 2 Evf, + 2 Evh< - ( 3 M14eGd- 4 M147cd + M148Gd +

- 4 M147Zb + 4 M148Tb + M148j:)y - M15oT7y) = 3 .887 MeV.

The non-stretched yrast states involve a rapidly increasing number of contributing

two-body couplings. We obtain them with the angular momentum recoupling part

of a shell model code.

5 .1 .1 Low-lying states in odd-odd N=83 nnclei.

The Fig .5.1 gives the calculated level energies for low-lying high-spin states in

the odd-odd N= 83 isotones compared to experimental data known up to 154Lu.

The data for 148Tb which provide our two-body interactions are also included.

The states in 150Ho, 152Tm, and 154Lu were observed [McN 86, McN 90] in the
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decay of a (trhis/21 vf712)17+ isomer at ti 2 .6 MeV excitation. Also included in the
figure is the lowest (9+ x 3111 - octupole excitation, which is a pronounced yrast

state and explains why in 150Ho the (7rh11/2vh9/2)9+ and 10+ states were not seen.

Fig .5.1 Experimental and calculated (italic numbers) low-lying high-spin states

of the configurations ith
1
112rvf712 and irh11/21vh9/2 in doubly odd N = 83 isotones.

All energies (in keV) are relative to the (rrh11/2 1vf7/2 ) 9+ state. From experiment

the levels at 216 keV (Ho) and 114 keV (Tm) are assigned as 8 +, in 154Lu as
22 keV (8 +) and 0 keV (9+) . References to the data are given in the text.

The xh11/2vf712 configuration in experiment and calculation shows the typical

compression with increasing proton ""^ ber when t11,2 shell is fliitalta a . Theproton

calculation predicts the 8 + coupling in 15°Ho and 152Tm slightly too low, and
gives already for 154Lu an 8+ ground state, 9 keV below the 9 + coupling, whereas
experiment suggests an (8+) state 22 keV above the (9 +) ground state. Spin 8+ is
probably more firmly predicted for the ground state of the still undiscovered 156Ta
nucleus, whereas the given more exotic 158Re should again have a 9+ ground state
but of different configuration .
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The drastic lowering of the sth11/2vh9/2 states largely reflects the afore

mentioned similar energy decrease of the vh9/2 single particle excitation with the

filling of the h11/2 proton shell . There are two remarkable features for this

configuration, namely the inversion of the 10 + and 9+ states already in 150Ho,

tnhic

	

rauch 1- L-mY
V

	

lt4}Yltl.e niiLLLL

	

of the shell, and ~illl.

	

~•the "-m,'1-.
11Llcl

.Lt Taur
LCL1 CU\.L

ar r.rp5.'~14,+1 if1+
YYSLt'411 isIJ 1111t1.L1 1'1.1V

Yaa1
tl. of 41L'. .. Jlll.l

to 9+ separation at the upper end of the shell in "'Re compared to the two-

particle situation in 148Tb. Both effects are related to the very large attraction

of -1 .4 MeV in the 1+ coupling of the configuration (Fig .4 .3).

The inversion of the 10+ and 9+ states has beeil discussed by McNeill et al.

[McN 86] who haue identified these levels in Tm and Lu. The inversion is caused

by the presence of a 7rh11/2 0+ pair and should first occur in Ho. In the 10+

coupling the two odd particles are fully aligned, and therefore the m=11/2 proton

substate (third component of the j =11/2 angular momentuni) is occupied, preventing

a proton of a pair to form the 1 + coupling with the h9/2 neutron. In 9+, the

h11/2 proton or the h9/2 neutron occupy the m= j -1 substate which al lows to

form the strongly attractive (th11/2vh9/2)1+ coupling. In the higher-Z nuclei the

effect is enhanced as more protons will contribute to the 1+ coupling.

5 .1.2 Yrast states in even-Z N = 84 nuclei.

The Fig.5.2 compares the observed and calculated yrast states in N= 84 nuclei
2

of the 'rh11/2vf7/2 and 7th 11/2vf7/2h9/2 configurations . The data for 150Dy are

from an early (a,6n) study [LUN 79] by the group . The 152Er yrast states up to

18+ were first reported by [BAS 80] ; we here also include the 15+ and the second

16+ levels identified by Kuhnert et al . [KUH 88] in a recent high-sensitivity

OSIRIS experiment at the HIvII-Berlin . The nucleus 1s4Yb [RAT 84] is presently

reinvestigated by the group [ZHA 91], also in an (IRIS experiment with 54Fe

beam an 106 Cd. A recent '54Lu [ -decay study [VIE 88] established the 154Yb 8+

excitation at 2.047 MeV, which in turn determines the level energies above the 8 +

state as shown in Fig .5.2. In 156Hf, only the 8+ excitation is known from a-decay

data [HOF. 79] as 1 .977(18) MeV. Accurate ground state masses necessary for the

calculation are only known for 150Dy (Table 4.2), whereas in the other nuclei we

normalize our calculated excitation energies to a specific state marked in the figure

by an asterisk.
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Fig .5 .2 Yrast states in even-A N=84 nuclei of 7rh1112vf7/2 and 7rhri~2 vf7/2ho/2
configurations. Level energies (in keV) calculated from the shell model (S .M.)

with experimental two-body interactions are given in italic and connected to

the corresponding observed states (to the left) . Calculated excitation energies in
152Er, 154Yb, and 156Hf are normalized to the state marked by an asterisk.

The ground state masses used to calculate the excitation energies in 150Dy are
listed in Table 4 .2 . References to the experimental data are given in the text.

Also in these N= 84 nuclei the decrease of the vh 9,2 single particle energy

complicates the structure of the yrast line in the Keavier isotones . VVhile in Dy

the two configurations are well seaarated, they move closer in Er and begin to

overlap in Yb. Up to I' = 8+, the protons do not contribute to the spie . Consequently

the energy spectra are essentially determined by the vf 722/2 and vf7/2h9/2 interactions,

which is already apparent from the very similar 0 + to 6+ spacings of the vf72/2

configuration . Also the 8+ energy is quantitatively describ by •the lowering of

the vh9/2 energy in the N= 83 isotones. In fact the relative (vf7/2 h9/2)8+and
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(vf7/
2

2 )6+ two-neutron interaction, that can be extracted from the 8+ and 6+

energies at N= 84 and the 9/2 - excitation in the respective Na- 83 isotopes, results

for the three nuclei as -540 ( 150Dy), -523 ( 152Er), and -470 keV ( 154Yb). Most

dramatically the (vf7/2h9/2)8+ lowering becomes evident in 156Hf, where the state

drops below the (vf7/2 i+ level giving rise to the 0.57 ms AZ= 8 a-decay isomer

[HOF 79]. The occurance of this isomer is correctly predicted by our calculations.

In contrast to the 8 + energy variation, which similar as the 9/2- lowering is

caused only by interaction with 0+ proton pairs, unpaired protons contribute to

the 7th11 /2vf7/2h9/2 high-spin states, and consegaently the energy shifts are hexe

strongly affected by the Pauli principle . The effect is analogous as in the th11/2vh9/2

configuration in the odd-odd N= 83 isotones, where in the 9 + (I X 1) coupling

the 7th11/2 m=11/2 substate is vacated and therefore the (th11/2vh9/2)1+ attraction

can be exploited. Since in the 150Dy 18+ state the ih11/2 m= 11/2 and 9/2 substates

are both occupied, only the I.X- 2 state will significantly drop in 152Er, where

it occurs 395 keV below the 18 + excitation. This energy lowering, but less

pronounced, occurs also for the other lower sein couplings, and the 17 + state

182 keV below 18 + in 154Yb is of this origin.

5 .1.3 Yrast states in odd-Z N=84 nuclei.

Yrast data for the odd-Z N= 84 isotones are compiled in Fig .5 .3. In these nuclei

the analogous configurations, but coupled to the odd h11/2 proton, have only been

recognized up to 27/2 - at N 2.3 MeV, corresponding to the (nhyY/2 vf7/2h9/2)8+

states in the even isotones at similar energy .

	

1

The 149Tb results are from the 149Dy 27/2- GT-decay (chapter 4) and from

a recent in-beam study [LAC 91] . The 151Ho was studied by Gizon et al . [GIZ 81],

but we have in two Gases reinterpreted ievels (1 .694 and 2.685 Me‘v7) where the

data were ambiguous. Additional information about configuration assignements

comes from data [BAR 88] an the 151 Er 27/2- GT-decay . The 153Tm data are

still quite limited [RAT 84], with tentative 1 " assignements above 1 .8 MeV.

The evident message of Fig .5.3 is again the decreasing excitation of the

configuration involving the h9/2 neutron, which apparently will make level

assignements in Tm delicate . In contrast to the 8 + state at even-Z, where the
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spin originates from the two valence neutrons alone, the odd h11/2 proton at

odd-Z will also contribute to the spin and therefore the addition of a proton pair

activates the attraction for the (I - 1) 25/2- coupling. This becomes manifest

in experiment where the low 25/2- state drops from 316 keV above 27/2- in Tb

to 229 keV below 2712 - in Ho. Tn both nuclei the lose
25,2-

state is strongly fedr a ..

in GT-decay and consequently is dominated by the (7rh11/2vh9/2 )9± coupling,

whereas the higher-lying 25/2 - state, not observed in GT-decay, contains largely

the (1rh11/2vh9/2)1O±amplitude. The different Z-dependence for the two 25/2 -

energies thus refflects the similar behaviour of the (7rh 11/2vh9/2 )10+ and states

in the odd-odd N= 83 nuclei .

N84 ith1zvz

n+l
v 2 Sf2tes

Exp . S.M.

	

Exp . 5.M. Exp . S.H.
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.
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149 Tb	151 Ho

	

153 Tm

Fig.5 .3 Experimental (left) and calculated (S .M., right) yrast levels in N=84

odd-Z nuclei of the configurations 7th11,,2 f
7/22 and 7rh211/21` 21vf7/2h9/2' In 15xHo11/2

and 153Tm the energies calculated relative to the ground state (*) are given,
for 143 Tb ground state masses from Table 4.2 have been used. References to the

experimental data are given in the text where also the 21/2- and 25/2- level
assignernents in 15111o are discussed. (cf. caption to Fig. 5 .2 .)
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5 .2 Garnow-Teller str'ength.

An important application of the sIh11/2vh9/2 interaction is the calculation of

ß-strength functions. In this region (Nz 82) the only allowed decay is the

"hll%2

	

h9~2 GT-transit .on, ~nr f - +T-

	

A~- 29 r,o ran +o 411. o+ran.s+1 YllTl`T1rWild 11,1 Uli , l'. - WL, t/f.41 \+12 UU U1s'.. 3 0 k ~.11C Uls l l.[L1, tn.l 21

can be calculated from the rrhli/2 and nh11/2vh9/2 interactions alone. In contrast

to the above discussed yrast states, where the squared amplitudes of individual

two-body couplings largely spify the level energies, the strength functions are

significantly more sensitive to the detaiied properties of the two-body interactions

since they are governed by the amplitudes of the contributing couplings . Moreover,

here all states with a given spie must be considered . They will in general lie

above the yrast line and might well occur in regions of high level density where

configuration mixing is significant.

As we have discussed in section 2 .4.2, extraction of the total experimental strength

for a particular GT-transition is of high theoretical interest, bitt in general the

determination of this value is beset with serious experimental difficulties.

The reduced phase space for ß-decay to levels in the daughter at high excitation,

where configuration mixing further reduces the Teeding to an individual state,

together with the increased branching of the successive y-decay all will contribute

to the difficulties to identify the strength. An additional elementary problem is

the distribution of the strength relative to the Qß-value, which can only be taken

from theory. For these reasons useful quenching factors can only be obtained in

cases where the strength function is simple and preferably concentrated at low

excitation energy.

Previous experiments have indicated [NOL 82] that this occurs in the 0+ 1 +

decays of the doubly even N= 82 isotones above Gd, where the th11/2- vh9/2

GT-decay almost exclusively proceeds to a single low-lying 1 + state in the odd-odd

daughter . These results are stunrna .rized in Fig.5 .4. In each case the pertinent

detection sensitivity is also shown, and it becomes evident that e .g. in 152Tm half

of the strength eould have been missed even in the unlikely case that it were

concentrated in a single state Iying 1 .2 MeV below the parent state.

The experimental data [KLE 88] for GT-decays of 150Er and 152Yb in the

figure also include additional results from a current analysis of new data . The

decay of 148Dy was studied earlier [KLE 85], with much superior sensitivity than

the other two, since the production of 150Er and '52Yb isotones is more difficult .
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Fig .5.4 Measured GT strength functions for 0 -~ 1' decays of doubly even N= 82
nuclei compared to results calculated with (a) the empirical rrh ii/2vh9/2 and
7th2i12 two-body interactions, (b) Schiffer-True interactions (R 2 =0 .1 fm), and
(c) surface delta interactions (A 0 =0 .429 MeV, A1 = 0.106 MeV [WAL 89]). The
sensitivity limit for detection of an individual level is given . Opera strength bars
are drawn for levels with unclear spin-parity . Theoretical level energies are
relative to the lowest experimental 1 + state. Reference to the data are given
in the text .
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To demonstrate the strong dependence of the calculated strength function an

the detailed properties of the two-body interactions we show for Bach case the results

obtained with three different interactions, namely (a) our empirical 7rh11/2 and

rrh11/2vh9/2 interactions, (b) the Schiffer-True interaction [SCH 767, and (c) with

a ilUL1al.G UCfl . (SDI)..tace -L .11 . . (SDI) interaction..t ..ract :-.., LrIVVRT orte. 'VV ., L-d.,1, . . .1 . .te the ..taengt1.. $	 + :	XT
fJ.J U~J

XT
G	iLU .a LG

	

strength 1LLi11 i1V l1A,

with the OXBASH shell model code [BRO 867, where we restrict the
2ne

configuration space to rch 11/2 in the parent nucleus and to rrh11/2 1vh9/2 in the

daughter nucleus . In the figure, the calculated 1+ energies are normalized to

the lowest experimental 1+ state.

The result for 1"sTb is trivial, Dause the rth11/2vh9/2 configuration has

only one 1+ state. The rrh1 1 /2vh9/2 configuration of 15©Ho forms five 1+ levels

which all lie below 3.8 MeV excitation, but the lowest two receive, in the three

calculations, more than 99% of the total decay strength . It is however obvious,

from Fig.5.4, that only the calculation (a) is compatible with experiment, whereas

for (b) and (c) the second 1" state should clearly have been seen in experiment.

The calculated results for 152Tm feature even more pronounced variation . The

configuration forms thirteen 1 + levels, but again the calculated states shown

carry > 99% of the total strength . Also here it is evident that only the calculation

with empirical two-body interactions is in accord with experiment . We note in

passing that the second 1+ state of calculation (a) lies close in energy, in 15°Ho

and 152Tm, to an experimental state with sirnilar properties, where the data are

compatible with a 1+ assignement but cannot definitely establish it.

One significant aspect of the present analyses is the good agreement with

experiment for the calculation (a) in all three cases, which demonstrates the

optimal quality of the empirical two-body interactions also in the delicate problem

of strength function calculations.

Even more important is their significance for determination of the GT reduction

factor. Experimental strength reduction factors naturally derive always from the

observed strength, and therefore tend to have rather small uncertainty, determined

only by the errors of Qß, T1/2i and feeding fractions . But in general undetected

ß-feeding may well give rise to much larger, and in any case not controlled

uncertainty.

'Die present results strongly suggest that in the three N= 82 decays considered
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the feil strength is observed in experiment, and that losses due to configuration

mixing should here be much less likely than in many other cases where the decay

strength lies at high excitation energy.
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CHAPTER 6 : Synopsis.

In the present work we report on results of ß-decay measurements of N=82

and 83 nuclei above the doubly magic 146 Gd, namely the decays of the 1/2 +

and 11/2- isomers in 147Tb and 1491n, and on the i niiciial ß-decay of the

27/2- 3-quasiparticle isomer in 149Dy at 3 MeV excitation . For these nuclei

the only allowed ß-decay is the 7Lh11/2> vh912 GT-transition.

The data provide new information on several nuclear structure aspects.

Among these are the absolute GT-transition strength, and the distribution of

the vh9/2 orbital in the daughter nucleus . The (3---decay data firmly identify

specific one- or few-nucleon configurations at low excitation in the daughter

nucleus, and moreover, the T-decay of the primary ß-populated states can

excite low-lying above yrast levels that cannot be reached by other techniques

and are of particular interest for understanding of the nuclear structure in the

nuclei of this region.

P.esults of the latter type include the identification of particle-phonon

multiplets in the N=83 nuclei, formed by the couplings of the vf7/2 valence

particle with the respective N=82 core phonon . The 149IHo decay data have

disclosed the octupole septuplet in 149Dy which exhibits smaller anharmoniicities

than found in the lower-Z isotones . This result therefore indicates a further

decrease of the negative 3 - phonon quadrupole moment, in accord with

expectations based on its microscopic structure. The decay data of 147Tb gave

new results on the vf7/2 x 2+ quintet in 147Gd, suggesting a positive quadrupole

moment for the 146Gd 2+ particle-hole phonon . Also this result can be

anticipated from the microscopic composition of the 146Gd 2+ state.

The ns112
147Tb ground state cannot decay by an allowed transition. Our

data have shown that the decay predominantly proceeds to the vp1/2 state in
147Gd via the rrs119--3 vp 1 /9 First forbidden pseudoscalar transition, which

here however is found to be 8 times slower than the same transition as

observed in 207T1 ß--decay. This reduction can be attributed to high-lying

[rrs1/2 ('r-1v+1)o-]1/2- states in 147Gd that screen the transition to the

low-lying vp1/2 state. Such particle-hole excitations are precluded in 207Pb.

The comparison of the 147Tb(1/2+) and 147Tb(11/2-) decays strongly
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suggests that pair scattering of protons across Z =64 is essentially not contributing

to the ß-decay. Consequently, the considerable fraction of GT-decay strength

to high -lying states in 147Gd must be attributed to decay of the odd h 11/2

valence proton, and in fact their y--decay is consistent with I n = 9/2-. These

levels are interpreted as ('h9/2 x 2 14/2- excit-ationg and the results give

quantitative information an the quadrupole core polarization at N=83 which is

responsible for the unusually large neutron effective charge values found in

these nuclei, e .g. in atomic spectroscopy with collinear laser beams.

Since nh11/2 pairs do not contribute to 147Tb 11/2- decay, the data provide

an accurate value of the nh11/2 Gamow-Teller single particle transition strength.

From the shell model expectation of a decay strength proportional to the

number of h11/2 protons in the parent nucleus one would anticipate twice the

strength for the 148 Dy two-particle nucleus, but instead we find the ratio to

be only B 1
GT
48Dy/B14T

~rG
i'b =1.27(11). This reduced decay strength for paired

protons is theoretically predicted as a specific feature of two-body core

polarization, which is here for the First time verified in GT-decay . The effect

is of crucial significance in current analyses of GT-quenching and of double

(3-decay rates.

For theoretical interpretation of the GT-strength function data, knowledge

of the lth11/2vho/2 two-body residual interaction is necessary, and previously

only the 1+ coupling was known from experiment . The GT-decay of the 149Dy

(nh12/2 vf7/2)27/2- isomer allowed to determine the 10+ and 9+ rh11/2vh9/2

residual interactions from the decomposition of three nucleon excitations in

149 Tb populated in this decay . With these results, and the remaining 2+ to 8+

residual interactions estimated from other data, we have calculated the yrast

states in N=83 and 84 nuclei with up to ten valence particles in irh11/2, vf7/2 ,

and vh9/2 , and we find detailed agreement with experimental energies . These

parameter-free calculations exploit exclusively angular momentum symmetries

as the dynamic quantities - two-body interactions, single particle energies, and,

where available, ground state masses - are taken from experiment.

We also have calculated the GT-strength functions for the decays of the
150Er and 152Yb doubly-even nuclei. These 0+-- 1+ decays are of particular

interest . for . experimental determination of the reduction of the GT-transition
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rate. In experiment they are observed to populate only a single low-lying 1 +

state in the daughter nucleus, whereas the nh11/2vh9/2 and rth r512 vh9/2

configurations allow respectively five and thirteen 1 + states. The data cannot

exclude feeding into 1 + levels at high excitation, where the detection sensitivity

inevitably is reduced . However, the strength functions calculated with our

empirical two-body interactions give the important result that more than 95%

of the total xh 1i12 decay strength is concentrated in the observed lowest-lying

1 level, a result which for these decays provides high reliability of the

quenching factor derived fron' the strength observed in experiment.
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