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CHAPTER 1 : Introduction.

It is known since some time that the 1‘6‘1‘2Gdg2 nucleus displays several
features characteristic of a doubly closed nucleus, in some respects similar as
208Ph. 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 298Pb 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 14®Gd.

In contrast to 2°8Pb, which is a stable nucleus, the neutron deficient 146Gd
lies far off the stability valley. Consequently, the spectroscopic data on the nuclei
around 148Gd originate to a large extend from in-beam y-ray measurements
foﬂowing 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 B—decay. For allowed transitions, the B-decay directly locates specific
configurations in the daughter nucleus, which in their v~decay will often populate

other above-yrast configurations.

In the present thesis I will report results obtained from RB-decay studies
of nuclei above 4°Gd, namely the decays of the 1/2% and 11/2” activities of
the N=82 nuclei 1%7Tb and 14%Ho, and the B-decay branch of the 27/2~
3-quasiparticle isomer at 3 MeV excitation in 14°Dy. These decay studies have
been carried out at accelerators with a separator on-~line, where the activity,
after extraction from the production target, is mass separated in a magnetic
sector field and in general deposited on a transport tape that is periodically
moved to the measuring position.

The data reported here have been obtained at the GSI-, the ISOCELE II- at
‘Orsay, and the ISOLDE-CERN on-line mass separators.




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 spallation of Tantalum with a 660 MeV proton beam, but here long
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 on various ~1mg/cm? thick metallic target foils with Z~40 produce
much purer activities but with significantly lower yield. At ISOCELE, proton— or
SHe-beams of ~200 MeV on selected targets producing the activity through

xn—reactions provide high yields of a particular isotope free of the preceeding

decays.

The present p—decay studies provide new results on valence-particle—phonon
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 why; jo> vhy /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 xh,, /2\:}19 /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
energles in N=83 and 84 nuclei with up to ten valence particles. The rh,, /2\)}19 /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 strength.




CHAPTER 2: 7G4 from 11/2” and 1/2+ 7Th decays.

2.1 Introduction and previous studies.

The **7Gd nuclens with N=83 and Z=64 has one neutron outside the ¢6Gd
closed core. At low excitation energy (E < 2 MeV) one expects only a limited
number of levels which can be devided into three categories:

(i) the single neutron states with the valence neutron occupying the
i /2> Pa /2,hg /22 P12 (, fg /o» and ij3 /2) shell model orbitals (where
the latter two might lie somewhat above 2 MeV);

(ii) the two-particle one~-hole states vd;/lz jg, vs;;'z jg (,and vhﬁ 2 j%)
where one neutron is lifted above the N=82 energy gap;

(iii) the twelve states formed by the couplings of the f. /2 valence neutron
with the 146Gd 3™ and 27 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 8—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 p-decay pattern of these two isomers should be significantly different.
The h,, /2 valence proton of the high—spin isomer has an ideal B—decay partner in
the completely empty vhg /2 shell into which 1t can decay via a fast Gamow-Teller
(GT) transition while above N=82 there is no partner for allowed decay of the s,

valence proton.

The description of 147Th as a pure one—valence—proton nucleus could be, however,

2
=t
e

too -simplified.
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 1%6Gd the proton energy gap is comparable to the strength of the pairing

interaction and therefore pair scattering into the h;; /2 orbital above 7Z=64 cannot




a priori be excluded. The decay of a proton from such a scattered pair will proceed
as (Tthlzl /2 )0-;—”% (mhy, /2¥hg/5),+ and populate high-lying 3-quasiparticle levels
in the daughter nucleus which, in %7Tb 11/2” decay, have the configurations

E(mhyy /2"}19/2)1+ mhy /2} 9/27,11/2713/2

As mentioned the s, /2 vaitence particle has no aliowed decay partner in orbitals
above N=82 and therefore very little strength is expected in its decay, as suggested
already by the long half life. The decay pattern of the 147Th 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 hyy /2 proton
should lead to population of 3-quasiparticle states with configurations
[(Tthll/z vh9/2)1+ “31/2]1/2“*;3/2“" which should lie at similar energies and be fed
with comparable strength as in the 11/27 decay.

The comparison of 147Th 112" 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 47Tb has since long been recognized
(CHU 69], and the decay of the long—lived low-spin isomer was originally
investigated by Afanasev et al. [AFA 711 who observed fiftesn 147Gd y-transitions
and could place most of them in a 47Gd level scheme from their analysis of
summing peaks in singles y—ray spectra. They assigned the lowest observed excited
state, at 1153 MeV (see Fig.2.3), as the vp, /2 single particle level from the
systematics in the lower-Z N=83 nuclel. 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 vy-tay energy differences. The
interpretation of these states was however harmed by the early incorrect 5/2%
(3/27F) assignement of the 147Th parent state. These results have been essentially
confirmed in a later yy-coincidence measurement [INEW 741 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 147Tb low-spin isomer.

- Only ten years later 16 h 1%7Tb has been assigned as 1/2+ [NAG 811 with




the odd proton occupying the s; /2 single particle orbital. This result led to a
reinterpretation [STY 811 of the 47Gd levels; neutron two-particle one—hole
character was proposed for the 1/27 and 3/27 states at 1.292 and 1.412 MeV
while the 1/27 state at 1.847 MeV was assigned as the vp, /2 single particle state.

states

<

The 1.83(6) min *7Th 11/27 decay (see Fig.2.1) proceeds primarily t
in 147Gd at 1.397 and 1.798 MeV [BOW 73, NEW 741 The small log ft-values
establish their vhg /2 character. A weakly populated 0.997 MeV level was later
assigned as 13/27 (KLE 75, KLE 79A] from in-beam ~y-measurements.

Many non yrast low— and intermediate — spin states in 147Gd have been identified
in a later in—beam experiment [(KOM 83, including all the 1%7Gd states known
-~ from the 1%7Tb 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 11/27F (1702 MeV) 9/27% (1.643 MeV), 7/2" (1.628 MeV),
3/27% (1,698 MeV) and 1/27 (1.759 MeV), have been interpreted as vi, 2% 37 levels
where the 0.997 MeV state is the lowest-lying septuplet member.

In later neutron pick-up measurements (KAD 891 predominant s /2 and dg /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 1412 MeV levels as the 1/2F and 3/27+
members of the vf, /2% 37 family. o | '

Independent in-beam data [YAT 86] located an additional low—lymg state in
147Gd at 1.944 MeV which has been ‘assigned as 11/27 and interpreted as a
Vi 7 /0% 27 particle-phonon coupling. e

2.2 Measurements and experimental results.
2.2.1 147Tb 11/2~ decay.

The 1.8 min 1%"Tb 11/2” 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 8Ni beam on a 93Nb target. The tape transport cycle of 2 min

+ -2 min collection + measuring time was optimised for investigation of the




54 sec 147Dy decay, but also gave excellent data for 1.8 min 147Th decay. Two
large volume (>25%) coaxial and 1 planar Ge detectors have been used to measure
vy— and yX- coincidences. Singles spectra have also been recorded in multiscaling
mode. Results of a first analysis of these data have been reported in an Annual

Report (PII 841
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Fig.2.1 Decay scheme of 1.8 min *7Tb 11/27 Total transition intensities are
given per 10° parent decays. Specified transition multipolarities are from conversion
electron data [STY 81, KOM 83, YAT 861. The GT~strength in units of gi/élrt
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 on a Ta target, and have also reanalised




the data from the previous experiment. We confirm the earlier reported results,
and could extend the decay scheme above 2.5 MeV. All yy—coincidence relations
required in the level scheme shown in Fig.2.1 are established in the coincidence

spectra, and essentially all y-transitions are observed in coincidence with 47Gd

of transitions in Fig.2.1 from theoretical conversion coefficients ROS 787 are from

[KOM 83, YAT 861.

Table 2.1: Gamma transitions in #7Gd observed in decay of 1.83 min M7 Tb(11/27).

E, 12 Observed coincident E; IT = I
{keV) transitions? (keV)

442.6(5) ~6 1944 2386.3 13/2) — w2~
04.5(3) 4.4(8) (GdX),897 17017 /2t — 132t
927.3(9) 2.6(8) 2078 3005.4 (9/27 ) —> (7/2‘)
947.1(4) 14(8) 997,(1027,1261) 1944.1 w2~ — w2t
997.2(2) 111(16) GdX,704,2875,947,1261 9972 w2t > 727
1027.3(3) 2.4(8) 1944 29714 (9/27)—> 1/2"
1116.3(5) 1.78) 2078 3194.7 (9/27)— (72)
1125.7(5) ~8 (2078) 3204.6 (9/2 )= (727}
1260.7(4) ~3.1 Gd (Th) X,1944,947,997 3204.6 (9/27)—> u/2"
1362.5(9) 1.5(8) 1643 3005.4 (9/27) = 92t
13888(5)  ~16 G (Th) X,(897) 23863 (13/2)” — 1327
1397.3(2) T90{40) (G4 X,1609,1807,1547 1397.3 92" = 72
1407.5(9) 1.3(6) 1798 3204.6 (9/27 )= 9/27
1574.2(3) 3.2(8) 1397 29714 (9/27)— 92~
1608.7(5) . ~9 Gd(Tb)X,1397 3005.4 (9/2” ) - 9/2”
1628.3(4) <5 (GdXTHX) 1628.3 7/2 = 72
1642.%(3) 19.2(24) Gd(15)X,1363 1642.7 gat — 727
1708.2(2) 149(9) GdX,1407 1798.2 92" = 72
1807.1{4) 2.4(8) 1397 3204.6 (9/27)—> 9/27
1944.1(3) 7.3(16) (GEX),1027,1261 1944.1 w2 = 72
2078.4(4) . 6.2(16) 927,1116,1126 20784 (72— 72
2875.2(5) 3.6(8) (GdX, ThX),997 /@4 (1L13/27)— 1327
297L.4(4) . -5.8(16) GdX 29714 (9/27y=> 72
3005.4(4) - 6.5{(16) 3005.4 (9/27)> 72
32046(4)  6.7(16) (GdX) 3204.6 (9/27)—> 72
3322.2(4). - - 6.7(16) {GdX. ToX) 3322.2 (9/2)—> 72

3 147

.a) Normalized to 10 Th(i1/2" ) decays; statistical errors quoted.
- b) For contaminated gate transitions only the X -rays coincident -with the degeneraie gate doublet

" 'partner are listed; the contaminant Y--rays are omitted.




A summary of the levels populated in this decay is given in Table 2.3. Ther

spin assignements, and the strength distribution will be discussed in the sections
2.3 and 24.
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Fig.2.2 Gamma-ray spectrum of 1.8 min *7Tb decay measured in coincidence
with Gd X-rays.

2.2.2 7Tb 1/2% decay.

The *7Tb activity for investigation of the 1.6 h 1/2% decay was produced at
the ISOCELE II on-line mass separator with a 200 MeV proton beam focussed
on a massive (~7 gr.) molten ®2'Gd target in the separator ion source. The 147Th
was thus obtained free 'o.f preceeding activities, but the sources were polluted with
24 d 1#"Eu, which is more efficiently released from the ion source. It was suppressed
through the tape transport cycle with 80 min collection— and 80 min measuring ~
time. Two large—volume coaxial detectors recorded ~y—coincidences in list  mode
and vy-singles gpectra, éplit in four 20 min subgroups for decay-time evaluation.

Our data confirm the previously known [LED.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), part of them previously identified but unplaced
[AFA 71, NEW 741, which establish levels up to 4.2 MeV excitation (Table 2.3).




Table 2.2: Gamma transitions in #7Gd observed in decay of 1.6 h ¥7Tb{1/27).

E? Ij Observed coincident E; I? - I;.r
(keV) transitions® (keV)
119.72) 69(7) SmX,140,1152,348,435,1466,1534, 14121 32t > yot
2423%,2733
140.0(2) 352(14) Gd X 1152,120,556,348,407,435,1466,  1292.4 y2t — 327
2759,2840,2561,2789,2033,2329,2423,
1534,(2733)
347.9(4) 24.1(28) Bu(Gd)X,140,120,1152 1760.0 2t — g2t
4072(3)° 19(4) Gd(Ew,Sm) X, 140,152 w995 - 32T = y2t
434.9(4)° 6.5(19) Eu{Gd)X, 152,140,120 1847.0 Y2 > et
5471(3) 22(4) Gd(Bu) X, 1152 18595 32t = g2
554.6(2) 475) Gd X,140,1152 18470 0 Y20 — yet
694.6(2) 403(11) Gd X,1152,2006 1847.0 Y27 = 327
1152.4(2) 928(19) Gd X,695,140,120,554,2681,2563,547,  1152.4 32T = 72T
348,407,1285,2759,2840,1658,1709, :
2733,1534,2423,2329,2006,(1466,2033) -
1285.0(3) 4.7(13) GdX 1152 2437.8 (327~ 327
1466.2(2) 11.4(23) Gd X,140,1152,120 2878.3 - 3ot
1533.73) 40(13) Gd(Eu)X,]_l52,140120 2045.8 — 32T
1627.9(4) 34(4) GdX 16279 G2 = 72"
1658.1(3) 4.6(12) GdX,1152 - 2810.5 - 327
1708.7(3) 7.2(13) GdX,1152 - 28611 —= 327
1947.6(2) 21.6{28) GdX - 19476 (5/27) ~> 727
1970.0{4) 3.2(11) Gdx, (1209 11529 (1970.0 @27 )= 72)
2006.1(3) 5.2(11) Gd X,695,1152 3853.1 - Y2~
2033.4(3) 5.5(15) Gd X,140,1152 3325.8 - 12t
2329.0(3) 6.4(12) Gd X,{140,1152) (3621.4 - 121h
2422.6(4)¢ 6.0{15) Gd X,(140,1152,120%) (3715.2 - 1y2h)
2438.0(3) 10.8(24) GdX 2437.8 (3/27)—> 72~
2560.8(4) 5.4(13) Gd X,1152,(140) 38531 - 2t
2562.9{4) 17.2(24) GdX 1152 375.2 = 32
2680.6(2) 36(4) Gd X, 1152 3833.0 (Y2 )— 32
2732.5(3) 2.8(12) Gd X,1152,(146) (41446 -> 32
2758.8(3) 47(13) Gd X,140,1152 4051.2 - Y27t
2788.6(3) 3.9(15) G4 X,140,1152 40810 - y2t
2840.0(3) 5.2(16) Gd X,140,1152 4132.4 — Y27t

a) Normalized to 10% 147Tb{1/2+) decays; statistical errors quated.

b) For contaminated gate transitions only the X - rays coincident with the degeneraie gate doublet

partrer are listed; the contaminant Y -rays are omitted.

c) Line obscured in the Orsay spectra by transitions in Sm or Eu. Energies and inteasities
from J. Styczen et al., Proc. 4P Int. Conf. of Nuclei far fmm Sta.blhty, Helsmgor p.548,

. and I Styczen, private comunication,1983.

d} Weak coincidence rela.t.ionshxp inconsistent with adopted

placement - tentative.

- e), Possibly doublet.

placement.

Transition
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The observed coincidence relations are surnmarised in Table 2.2. Coincidence spectra

with Gd X-rays (Fig.2.4) give clear identification for all the ground state transitions.
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Fig2.3 Decay scheme of 1.6 h *7Tb 1/2%* Total intensities are given per 103
parent decays. Specified transition multipolarities are from electron conversion
data [AFA 71, VYL 721

Below 2 MeV excitation we observe three new levels, at 1.628, 1.948, and (1.970)
MeV, which deexcite exclusively to the ﬁf.‘,/,z ground state, have no connection
with higher-lying states and are only weakly fed in the decay.

For the 1628 MeV level there is a difficulty, since a ground state transition
of that energy observed in the in-beam data [KOM 831 establishes a 7/2% level
within less than 1 keV of our 1.628 MeV state. In the GSI data, devoted to investigation
of 147Th 11/2” decay, we observe in coincidence with Gd X-rays a 1628 keV




i1

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 however by far too big to be assigned exclusively to the 11/27 decay. In these
spectra the 11/2” parent decays represent about 12% of all 7Tb decays and
therefore the intensity of the 1628 keV transition, if assigned only to the 11/27
decay, should only be ~3107* that of the 1152 keV line. In contrast we find a
value of 3.71072 which firmly assigns the transition to 27Tb 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 same half life.
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.. Fig.24 Gamma-ray spectrum of 1.6 h *7Tb 1/21 decay measured in coincidence
with Gd X-tays.
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Table 2.3 : Levelsin 1*7Gd populated in decay of the 147Th1/2% and 11/2™ isomers.

ity 172+ 47Th 11/2™ .
E, I” Soofeed  logft” I %oofeed  logft B
(keV) : (keV}
- 997 13/2F ~2 809  —
152 32”7 36(26) 746
1292 Y2t 136(17) 681
- 1367 9/27  Tw(40) 430  19.3(13)
412 2T 103(8) 687
1828  (5/2h) 34(4) 7.25
1628 72T < 5 >739  —
1643 g/2t 8(3) 6.19 —
mwo 32t a5y 712
w2 12t 448 64 = —
s0 12t 26(3) 7.31
1798 9/27  148(9) 483  57(4)
1847 y2” 456(12) 6.02
1944 1/2 ~2.6 6.52 —
1948 (5/27) 22(3) 729
0 (72) 3(1) 8.12
207 (727}  ~10 6.88 —
2386 (13/2)7  ~22 6.39 —
2438 (3/2) 16(3) 721
2810 5(1) 7.55
2861 7(1) 7.32
2878 11(2) 711
2046 A1) 783
. | 2072 (9/27) 11(2) 537 17(3)
3005 (927)  20(4) 512 3.0(6)
395 (9/27) 178) 607  .33(16)
3205 {9/27) 14(2) 514  2.8(5)
32 (92) 7(2) 539 16(4)
3326 6(2) 7.16
3621 6(1) 6.85
3ns 23(3) 6.21
3833 (¥27)  36(4) 5.90
3853 ) 11(2) 6.39 |
82 (11,13/27) 36(8) 519  2.5(6)
4051 5(1) 6.47 o
4081 4(2) 6.50
a3 . 5(2) 6.27
4145 3(1) 6.52

2) Quo{*"Th(1/27)|=4.612(15) MeV [RUB 86, SCH 87], T,/,=16(1) h [NEW 74].
b) QEC[HTTb(ll/Q_ )] =4.663 (15) MeV [KEL 91) [RUB 86, SCH 87, T1/2=1.83(6) min [BOW 73].
c).-in units ‘of 100 "gj/‘l?t. Calculated as Bop = T gi/éﬂ: corresponding to (g,/ gv)o= 1.26.
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From the combined analysis of the two experiments we can only extract an upper
limit of 0.05% per Tb 11/27 decays for the intensity of the 1628.3 keV 7/27— ground
state transition [KOM 83]. The singles intensity of the unresclved doublet in the
Orsay spectra has therefore been assigned to the 1627.9 keV transition fed in 1/27F

decay.

As mentioned two high-energy transitions (2562 and 2681 keV) established, in
a previous investigation, a level at 3.977 MeV [AFA 711 From our coincidence
data {Table 2.2) we firmly place them deexciting two different levels. We summarize
the results of both decays in the 147Gd level list of Table 2.3.

To calculate the log ft— and B p-values we use for the 147Tb 1/27 and 11/2~
decays the half life of 1.6(1) h (NEW 74) and 1.83(6) min [(BOW 731 respectively.
The Qp{1/27) = 4.612(15) keV and Qg {11/27) = 4.663(15) have been deduced from
a recent f—endpoint measurement (Qp{11/27)=4.660(15} MeV) [KEL 91A] and from
147G4 [RUB 861 and %7 TH(1/2%) [SCH 871 masses (Qpd1/27)=4.615(19) MeV),

and including the 50.6(9) keV excitation energy of the *47Th 11/2™ isomer [LIA 871.

2.2.3 Sensitivity limit.

In a high-resolution y—spsctroscopic study of the p—decay the detection sensitivity
1s an important factor which must be considered in a quantitative discussion of the
observed B-strength. Determination of a sensitivity limit for the g—strength is not
straightforward, since the data provide at best an intensity limit for the weakest
Y-ray fhat can be observed in the decay. This limit will depend on the v-ray
energy, via the detector efficiency, and also in a less staightforward manner on
the detection limit in coincidence measurements which, in general, depends on the
level scheme. To deduce from such experimental limits a B-strength limit must
always require assumptions 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 on 1.8 min
147TTh decay. In this measurement 147Dy decay was strongly dominant which
precluded firm y-ray assignement to 47Th decay from singles spectra alone. The

. curve (A).gives the sensitivity limit for v’s coincident with the intense 1397, 1798
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or 997 keV ground state transitions. Primarily fed states decaying only to the
ground state would be identified in vy-coincidences with the Gd X-rays from the
EC-process which in the present case is >50% for E,>1 MeV. The curve (B) gives
this limit -extracted from our Gd X-ray coincidence data.

S
= &
g S
r I
E =
L
187 - 147,
Tb (/27— "Gd "y (11727 — "“T6d
al b}
0 T T T T T T T T 0 T T T T
0t 2 3 & 5 6 71 8 w6 a6l , @
Detection Sensitivity [%el Bor[ga/b

Fig.2.5 Detection limit in the study of 1.8 min #7Tb 11/2” decay.

(a) Sensitivity limit for y-ray intensities as deduced from yy—coincidence spectra
{curve A} and from coincidence with Gd X-rays (curve B). From the last observed
level, at 3.8 MeV, to higher energy the curves have been estimated from the
detector efficiency. The B-feed detection limit (eurve C) represents a conservative
estimate for detection of an individual state (see discussion in the text).

(b) Semsitivity limit for B-strength detection. Experimental B p—values in units
of gz/4n are shown as horizontal bars for levels with B,..>3-1073 g2/4x.
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 Fig2.5b, 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).

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

pendent. method - total absorption y-ray spectroscopy (TGA) [ALK 89, ALK 901

— WITh 11/2— "Gd
0 5k
§ B-feed
- 10k
)
&
i 5k
= Qe
— HRGe —TGA
€T
<
x5 L GT-strength
e
= Qec
R . | R
0 3 -

Fxcitation e nergy [MeV] )

Fig.2.6 Beta—feeding distributions for 247Th 11/2” decay. Compared are the results
obtained in the present high—resolution (HRGe) study with those from a total—
. absorption y-ray (TGA) measurement with a large-volume scintillation detector
[ALK 901. As a function of excitation energy the Fig.(a) shows the B-feeding
‘intensity, and the Fig(b) the B-strength. Energy bin 36.3 keV.




In Fig2.6a and 2.6b we compare the two measurements, where we have folded
our data with the more limited energy resolution (144 keV FWHM at 1337 keV)
of the TGA-spectrometer.

The overall agreement is good, the prominent B—feed goes to the low-lying
/27 states. More close 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 difference inevitably will lead to a
higher total Boy from TGA than we find, namely 0.51 vs 0.37(2) gi/é‘m, and
accordingly will reduce the strength to the two low-lying 9/27 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. It is always possible, and even likely, that the B—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 47Gd
levels are identified, which is incompatible with the 2% feed in this energy region.

The 47% feed between 2.1 and 2.6 MeV presents a similar problem. In our
experiment we detect in this region levels fed with > 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 B—decay of the *"Tb 11/2” parent state.
Such a high number of levels with I = 9/2, 11/2 or 13/2 at this low energy is
clearly incompatible with the structure of the '7Gd single particle nucleus.

Another aspect Which renders detailed comparison of the strength distributions
difficult is the limited knowledge of the experimental uncerfainties 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__t_o experimental errors.
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2.3 Spin—parity and configuration assignements.

The only information on the spin and parity of the levels populated in 147Th
decay are their log ft-values and the y—decay branchmgs {ogether with the known

POV Ty Fm wmrmnller £23 10l
is. 107 Weariy 1€ 1EVELS,

O‘)
P
s
=)
3
]
l,(l
ga
7]
g)
v‘:
"ES
]
Ee»
i
E.
f
—

parent and daughter assignemen
the information is insufficient to clarify the level spin and parity. However, as
discussed above, only a limited number of levels is expected in 1%7Gd 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 discussed 1.628 MeV state populated in 1/27 decay must almost
certainly be (vi, /2 37 )s o 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 147Gd at this low excitation. The rather high
3.4% intensity of the 1628 keV line 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 (vf, 2% 2%), /o~ We will later discuss that the y-tay feeding into
that state supports this assignement.

The two other states, at 1.948 and 1.970 MeV, observed in 1/27 decay are not
fed from higher-lying levels. They decay only by a single transition to the 47Gd
ground state and are therefore difficult to distinguish.

The still unassigned low-lying excitations are (vf.,/zx 2+) o~ and (vf. 2 O; ) e
which both should decay in this way. Here, however, the closely above expected
vig /2. State complicates the situation further. Nothing is known in *%7Gd about
this single particle excitation, but in lower-Z N=83 isotones the vig /2 state, from
(d,p) studies, is known to be strongly fragmented by coupling to the vi, /2 2+
and 47 N=82 core excitations which, however, in *%6Gd lie ~ 0.3 MeV higher in
énergy We therefore, on a quite speculative basis, assign the 1.948 MeV level as
(vf, /22 e /2~ and prefer, on account of its 8 times weaker intensity, (vi; /2>< 0 )7 /2 '

for: the 1.970 -MeV level on a similar footing. -
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Another missing low-lying excitation is the (vf, 2 2%), /o~ But this level is
expected to mix strongly with the 1.152 MeV p, /2 single neutron state and one
therefore anticipates that the (vf, 2 27), /o~ quintet member should be raised in
energy well above the 1.97 MeV core 27 state. The 2.438 MeV state is a possible
candidate for (vf, 2 2%, /o~ The observed y-decay to the f,, ground state
and to the p, /2 level support this suggestion.

Up to about 2 MeV the *47Gd 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-lying
states we will briefly review the experimental information on the *47Gd levels
above 2.4 MeV which have only been observed in the present decay study.

The six high-lying states fed in 11/2” decay receive significant B-strength.
Their decay patterns suggest 9/27 or 11/2” assignements except for the highest
state at 3.872 MeV, which must be 11/27 or 13/27. Consideration of the B-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 vy-decay
branching. The proposed 1/2” assignement for the 3.833 MeV state is based on
strength function argnments to be discussed below (section 2.4).

2.3.1 The vf., /2% 3 ~ particle~phonon multiplet.

The 37 octupole excitation in 1%6Gd at 1.579 MeV couples to the well isolated
f7, 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

1 X - 3 o 4o b —+1 o
mixX the particle-phonon states with

vi; jp* 37 multiplet in the N=83 nuclei from *Ce to 147Gd is given in [KAD 89

other excitations. A d
and [TRA 891 The authors describe the experimentally observed energy shifts of
the multiplet members in terms of a quadrupole-quadrupole (q-Q) interaction
[deS 61, BOH 751 of the vi- /2 valence particle with the 3™ core vibration and of
configuration mixing which in *7Gd involves mainly the vij, so single particle

stg_te and the vsl_/lz jg and “dejz i g two~particle one-hole states.
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Our tentative assignement of the 1.628 MeV state as (vi, e 37)s o+ agrees
within 100 keV with its estimated energy [KAD 891 and completes the vi. /2% 3~

multiplet in 1%7Gd.

2.3.2 The vf, /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 f,, neutron gives in 147Gd a quintet of
states with I™ from 3/27 to 11/27, most of them identified for the first time in the
- present study. We have assigned to this configuration the levels at 2.438 MeV
(3/27), 1.948 MeV (5/27), and 2.078 MeV (7/27) which, with the previously suggested
9/27 (1.738 MeV) and 11/27 (1.944 MeV) members, complete the vi, o 2% multiplet
in 1%7Gd. Also in this case, like in the vf, /2% 37 coupling discussed above,
we observe significant deviations from the simple description of a degenerate
particle-phonon multiplet. The energy shifts of the vf, rs 27 multiplet members
can be discussed, within the same framework used for the vf, 2 37 septuplet
[KAD 89, TRA 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
n *47Gd have a close-lying partner in the t, /2 P3 o hg /2 and f_ /2 single neutron
states of the N=82-126 shell and also in the close-lying \Jhl_ll /2 jg two—particle
one-hole excitation. In contrast, only the vi 5 /2 particle, and less strongly the
vs;/lz jg and \)dg—/l2 jg two—particle one—hole states, couple appreciably to the vi, /23"
septuplet.

We use the Fig.2.7 to discuss the coupling effects, where the data are compiled
and the coupling matrix elements are indicated.

The most clearcut data. are available for the 9/27 member where both the
(vf7 o 27 )9 /2 -and the mixing vhg /o are identified from the decay data, and
where the Bop, —values gwe their spectroscopic factors In the a.pprommatlon of a

two-state mixing we can obtain from these data the couphng matrix element (m)

“and the: unperturbed energies (E, and E o) from
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ijiﬁfii (21)

m = (EEA——}EV) S +8S
A v

1 1
Bip= 5 (BFEHE ?V(E,\- E,)2-4m?  (22)

where S, and S, are the spectroscopic factors (B~values) of the vhg /2 cofnponent

in the two observed 9/27 states with energies E, and E,,.
' . . 147
vfy<2" quintet in " 'Gd
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Fig.2.7 Excitation energy versus spin for the odd-parity levels in 1%7Gd related
to -the vf, ,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
{x2 character are connected. Unperturbed energies are drawn as short horizontal
.. lines with arrows (cf. text). The curve shows the spin—dependence of the energy -
displacement calculated from the center diagram (eq2.3) with K=+2.5 MeV.
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The calculated mixing matrix element m(vhg faviz 2t) = 0.17 MeV gives
1.71 MeV for the unperturbed energy of the (vf, /2" 2%, o™ coupling. It is interesting
to note that this coupling matrix element is about five times smaller than the
known 0.8 MeV (vi, 20V o 37) coupling strength [PII 901 which is responsible
for the shift of the 13/2% octupole member at 0.997 MeV. The reduction of our
estimated coupling strength is however an expscted result which is attributed to
the spin—flip nature of the vhg 2> vi., /2 transition.

Further experimental data which give the mixing strength of the quadrupole
excitations with close-lying states are available only for the 11/27 multiplet
member. This state is expected to mix with the \Jhl_ll/2 jg two—particle one-hole
excitation which in a recent transfer measurement [KLE 911 was located at ~ 2.62 MeV
(given in Fig.2.7 as a dashed line). From this result and the measured spectroscopic
factors we have calculated using egs. (2.1) and (2.2) the (vhl_&z jg, f7/5% 27) coupling
matrix element as 0.25 MeV and the unperturbed energy of the (vf, /2 27 rS
state as 2.06 MeV. Also here the small matrix element is expected since this
4*h—order coupling process involves the exchange of an f, /2 neutron between the
2% quadrupole- and the 0% pair-phonon.

From our data we have indirect information about the (vi, Jo Vg 2% 27) coupling
strength. This matrix element is expected to be quite similar to that of the
(vhé /23 Vhg 5% 27) coupling which, anticipating the results 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 (vf, /2 2%, /o~ energy at 1.81 MeV.

For the 5/27 multiplet member we cannot estimate the unperturbed energy
since, as discussed, there is no information in 47Gd about the v, /2 (spin~flip)
mixing partner.

For the (vf, 2% 2 h /o- state we also expect significant coupling to the p; /2
single neutron state but at present there is no experimental information about this
coupling strength. The unperturbed 3/27 energies, shown in Fig.2.7, correspond to
a 0.5 MeV matrix element, in accord with the approximate magnitude for this
couphng S

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

.s_eve;jai___loo_ keV _'from the 27 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 [deS 61). Theory gives the I-dependence of the shift as

D) < K(F2 {1 5 3}, (23)

where K is a strength constant. The curve in Fig.2.7 is obtained with a value of
K=25 MeV and follows our corrected unperturbed multiplet energies fairly well,
although it should be remembered that only the 9/27 and 11/2~ unperturbed
energies could be determined somewhat reliably, leaving significant uncertainty
for the coupling constant. In any case however the sign of the coupling constant
is firm. This result, together with the negative quadrupole moment of the i, /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 1#6Gd 27 phonon. That state has dominant contributions from the
anf.ialigned s, /zd;/lz and mdg /2g7_/12 particle-hole excitations.

In general the phonon quadrupole moments in doubly—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 148Gd 2+ state however, the quadrupole moments
of the holes, d5v/12 and g;/lz, are significantly larger than the s, ,, and d, /2 Particle
quadrupole moments, and a positive 2+ phonon quadrupole moment results, which
we recognize in the 47Gd i, /% 27 quintet data.

This is .in contrast to the octupole septuplet [KAD 89], where the nthy, /2d5_/12
dominant phonon contribution has negative quadrupole moment [KLE 811 and

where the Vi, 72537 multiplet shows attractive interaction for the extreme couplings.

2.4 Beta—decay results.

Data on the B-decay itself elucidate on two important aspects. First, it is of
interest to compare the absolute 3-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 xh,; > vhg /2 transition
strength relating to this problem. The second interesting feature is the distribution
of the B-strength, as a function of the excitation energy, in the daughter nucleus.

Thus an allowed B~transition can provide firm identification of its daughter

specific states are limited. This also refers to situations where the daughter
configuration is mixed 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 147Th(1/27).

2.4.1 B~ decay of 147Th 1/27.

Of the low~lying **7Gd levels fed in 147Tb 1/2% decay only the 1.847 MeV vp, P
state recelves appreciable intensity, giving log ft=6.0, while all other levels below
2.5 MeV have at most log ft=6.8.

The B—transition proceeds as first—forbidden ns; /7> VP - The same pseudoscalar
B—transition occurs also in B —decay of 2317’]:‘1126 where the s, /2 proton-hole of
Tl transforms in the p; /2 neutron-hole in 2gngl%. In both nuclel one would

expect similar decay rates, but in 2C7T1 it is found to be 8 times faster (log ft=5.1)
[LED -781.

b G vf Y
——=x {3'F)T+
TS U

(a) (b)

Fig.2.8 First-order core polarization for the TSy o> VP /o transition in *#7Tb
1/27F decay. The m v 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 297T]. The transition
TSy o> VPy s, OF its equivalent B —transition ns;/;—> va}z, can be represented
by the diagrams shown in Fig.2.8. Graph (a) represents the single particle matrix

element between th e. Graph (b)

:
2

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 B—strength is removed from the low-lying single particle
state and is shifted to higher-lying 3-quasiparticle states in 147Gd with the
configurations [rs, /Z(Tr_lv'*'l)of].

The important difference between the f—decays of 207Tl and %47Tb is that in
the latter case such AN=1 neutron—particle proton-hole 07 screening excitations
are possible, as is shown in Fig.2.9, while in 207T] they are blocked, due to the
specific locations of the proton and neutron Fermi surfaces.

We note that in 147Tb 1/27 decay a state at 3.83 MeV is fed with log ft=59,
a somewhat higher strength than in the 1.847 MeV vp, /2 level. That 3.83 MeV
state could be such a 3—quasiparticle screening excitation; its exclusive decay to the

1.152 MeV vpg /2 excitation is in accord with this tentative interpretation.
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'.Fig..2.9 The first—forbidden B-tramsition in **7Tb and 2°7T] connecting TS} /o
and VP /o and the 0~ screening excitations in 1%7Gd.




The pertinent two 3-quasiparticle configurations, apparent from Fig.2.9,
TS, /2(7tg7_/%.2 viz ) and ms; /Q(Ttd;/lz vi5 ) give rise to four 1/27 states. A shell model

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

evndently shandd 2
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The here discussed core polarization screening of a pseudoscalar B-transition
became for the first time evident in the present 147Th 1/2+ decay study.

2.4.2 B—decay of 47Tb 11/2 .
2.4.2.1 Decay of the h /2 valence proton and gquadrupole core polarization.

The principle result of the *#"Tb 11/27 decay study is the identification of
significant GT-decay 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
lirnit. 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 Th
11/27 decay strength. From these results alone it would be natural to attribute the
high-lying strength to decay of a paired h;;, proton present in 147Th due to
pair scattering across Z=64 as discussed above.

However, the comparison with the #"Tb 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 ¥*7Tb 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 must primarily be attributed to decay of the h,, /2 valence
proton. In this case the 47Gd states must have 1™=9/27, 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 vhg /2 strength, which resides mainly in the low-lying
1.397 and 1.798 MeV states, to this high exciiation energies is the coupling of the

~hg /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
9/27 states allows for configuration mixing and causes the spreading of the

B—strength to their vh, /2 components.
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Fig.2.10 Gamow-Teller strength functions for *7Gd (present work) and 148Gd
[COL 90, COL 911. All levels observed in the decay of #7Th(11/27) and 148Tb(9)
are shown (thin lines). Bop—values (heavy bars) are given when Bgyp>2-1072 g2/ 4n.

The population of these states with about 1/3 of the total decay stremgth
suggests a rather large (vhg 2B o 27) coupling matrix element. Since the two
groups of 9/27 levels are well separated in energy we estimate it within a two—state
mixing formalism (egs.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 1%7Gd 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 [PII 90). Although this effect has quite early been recognized
[KLE 79B, DAL 801 and was attributed to the dominant proton component in the
146Gd 27 state, quantitative analysis even now is precluded, since pertinent
experimental data are still not available, like for example an accurate 145Gd
B(E2)~-value.

We mention here that similar results have been recently obtained in a
high-sensitivity y—spectroscopic study of 143Gd populated in the decay of 248Th{9™)
[COL 90, COL 911 The two decays are expected to be quite similar since the
vl /o spectator particle should have little influence on the p-decay. In both
parent nuclei the hg /2 neutron shell is completely empty as the valence neutron
of 148TD in the 97 state occupies the f, /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 037(2) and 032(1) g%/4n for the decays of
147Th(11/27) and 148Tb(9+) respectively.

The comparison, shown in Fig.2.10, suggests a common interpretation of the
high-lying B-strength found in both daughter nuclei. This is strongly supported by
the [(vf, 2o 2)s+ (V7 johg ¥ 2%)o+] 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 147Gd level, populated in 147Th 11/2~ decay, 3.872 MeV, is established
irom the firm 997-2875 keV yy—coincidence relationship. The B-feed excludes
positive parity, and the level must therefore be 11/27 or 13/27. This state represents
the only definite evidence for the presence of a mh,, P 0" pair in 147Th. We note
however that, in contrast to simple expectation, a similar strength at that energy
is not evident in 147Th 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 [xh,; /2 (mhy; /29Dy /2 );+1 configuration where both the
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strongly attractive (nh;, /aVhg o)+ and (Tthli /2)o+ interactions can significantly
contribute in the lowest 11/27 state of the configuration. Only the (nh s2Vhg /2)1—9—
coupling can be expoited in the (x5, /z(rchll ovhg /2)1+]1 /2t 3/o+ 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 h,, /2 Protons is not sufficient to provide quantitative estimate of pair

scattering in T47Tb 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 801 in charge-
exchange reactions absolute transition rates for GT f-decay have been the subject
of renewed interest. The GT —resonance  is however not accessible in 3™—decay but
in the very proton-tich nuclei the proton single particle states are raised by the
Coulomb repulsion and it becomes possible to excite the GTV-resonance [KLE 85]
whenever the proton and neutron Fermi energies are between the spin—orbit partners
of a high—! orbit, such that the j = [ +1/2 state is partly filled with protons
whereas the neutron j =! +1/2 orbit is uncccupied. This condition is fulfilled for
the N=82 nuclei above 1#®Gd. Here, the b, /o Proton of an even-even nucleus
decays to the empty hg /o neutron shell proceeding as (Tth]i /2)0+——> (rhyy /2vhg /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 makes experimental
studies of these decays attractive. Already in early investigations [NOL 82] 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 851 which admix high-lying 0" excitations to the parent ground state thereby
reducing the B—decay strength. '

* We use the notation GT™ (or GTT) for a state formed by the action of the operator o©T_

(orGt_,_) on a given state.
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Strength determinations from odd-Z (N=82) GT-decays are more difficult.
In general, here both the valence particle nh,, /o> vhg jp as well as the 0t—>1%
decay of the paired protons contribute. The latter decay leads to 3-quasiparticle
states above ~3 MeV where the level density is high and the detection sensitivity
low.

An exception is 147Tb where, as we have shown above, essentially only the by
valence proton decay contributes to the observed strength. Moreover, the decay of
the single h,, /2 Proton into the empty hg /o Deutron shell provides the GT single

particle transition rate which our experiment has determined to be

Bar{why 5> vhg ip)= 0.37(2) g% /4r.

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

i ga

GT)=n ——.
X )n21+1 4r’

i.e. should be proportional to the number n of hyy /2 protons in the parent nucleus
where the constant of proportionality is a function of the orbital angular momentum |
of the decay partners. The early data mentioned above INOL 82] have shown
that this is approximately fulfilled for the decays of the even—even N=82 nuclei

148T], 150Fr and 152Yh .

Our new result for the *7Tb decay strength deviates substantially from this
expectation. The decay of the two-valence proton nucleus 48Dy has recently been
measured with a y—ray detection sensitivity of 107 per parent decay (at E, =2 MeV
excitation) giving the total decay strength as

. Bop{**®Dy—>148Th)=0.47(3) g2 /4n,

where we have used a new Qpc—value (KEL 91B1. With our result for 47 Th(rh,, /2)

we obtain a .strength ratio

BGT(148DY) )

= = 127(11),
BGT(le;'FTb)

far outside the expected value of 2.0. Such a deviation from the simple particle~
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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. [.S. Towner [TOW 851 has shown that

the gs. correlations are principally different in decay of paired or unpaired hy, 72

protons. Following his considerations the difference becomes obvious when considering

the individual contributions, due to gs. correlations, to the tramsition strengths
which .are presented in form of diagrams in Fig.2.11.
Ve Ve Ve
-X -
—X n,O Vo TLCG v,
T LTS . |
@) (b) (c) (d)
i Ve Ve Ve T
-X -X
"“X “>O Vs TE(Q Vs
T, M., T B . B
T T T

Fig2.11 First-order contributions to core polarization for closed—shell-plus—one
{top) and closed—shell-plus-two nuclei taken from [TOW 851 The following
notation is used : w, : proton in orbit j,={+1/2; v_: neutron in orbit j_=I+1/2.

The top row gives the single particle transition matrix element m_ (a) and the
first—order core polarization contributions, m,, and m, for closed—shell-plus—one
nuclei (b and c). For n protons in the parent state there are additional first—order
corrections coming from 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) mgy,
can only occur when a second proton is present. The contribution (d) contains

the additional particle—particle matrix element

by jpvhg ol Vppl mhy g g vhyy 150,
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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 (Vpp), has been investigated in more
detail in a number of recent theoretical studies (ENG 88,SUH 88, CIV 902 following

Towmer’s original work [TOW 851 These studies were primarily devoted to calculation

of dAonhie A—Aeravy rates whera thig intaractinn iz af omial conit n
A A takdy I \A\N"HJ e C A Y LN W WiLitd ELAUNAL R AN ILL Es) A \I\iwl UL&MJ PRl

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

measured strength for the 147TH11/27) and 143Dy(0+) decays we write

Bor(**'To)  (my—my-m ) _037(2)
Bo{**®*Dy) 2(m,-my-m.- V12 myP 047(3)

which with
1
- (my-my-m, 2= 037(2) g 2/4m, (2.4)
gives
m g=061(11) g ,//4n. (2.5)

This matrix element corresponding to the process represented by the diagram (d)
in Fig.2.11 is equivalent to

Crhyy jpvhg o 1+iVPP ’“hn/z"hu/z 1 1
x 0| Mgp|rhyy pvhy 3172,

mg =
s(vhg/z) - s(vh11/2)

where Mt i1s the GT-operator and the energy denominator of 5.8(5) MeV
[VEJ 69]1is given by the relative energy of hy /2 and h;y /2 Deutron single particle

states. After application of the Wigner—Eckart theorem [EDM 571 this can be
rewritten as

{Vpp>
s(vhg/z) - E("hll/z)

x 'If 13/5 <\)hglf2I ; MGT I I 'ﬂ:h 11/{2>'

ma=

The last term is the reduced single particle matrix element of the GT-decay m,
(diagram (a) in the top row of Fig.2.11). From the value of 1.7(3) for the ratio
[m, /(m,~my~m, )12 which has been calculated in [TOW 851 for different interactions
and from (2.4) we obtain m_=2.75(9) g, / [/4r, and therefore, with (2.5), the off-
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diagonal “matrix element is

0.6
CVp> = /5713 % 2; x 58 MeV = 08(2) MeV,

where the error essentially contains only the contributions from the experimental
input data. This result can be compared to values obtained with the Schiffer~True
parametrization [SCH 76) which gives 1.42 MeV with R,=2.0 fm or 1.55 MeV with
R,=0.1 fm. The surface—delta interaction (SDI) with A, and A; parameters fitted
for the 1%6Gd region [WAL 891 gives a value of 1.44 MeV.




33

CHAPTER 3 : °Dy from the decays of 1%°Ho 11/2~ and 14°Ho 1/27

3.1 Introduction and previous results.

Interest in the low-iying 14°Dy states fed in B~decay derives from similar motives
as in 147Gd. Also in 1*°Dy one expects the same limited number of low-lying states
formed by the single neutron—, the neatron two-particle one-hole—, and the vi, /2 3~
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 14%Ho, with three valence protons, can intensely feed
high-lying 3—quasiparticle states in 149Dy. Contrary to 147Th, GT—decay will here
occur for both the 11/27 and the 1/2% parent activities.

Low-lying 14°Dy levels were first observed in an in-beam y-experiment where
its 0.5 sec 27/27 isomer at 2.7 MeV excitation was identified (STE 76A, STE 76RB],

which in its y—decay proceeds through the 1.073 MeV 13/2% state of vf, j2x 37

character.

The original 1*®Ho 11/27 decay study [TOT 791 gave the vh, /2 state at 1.091 MeV
and a more weakly populated 1#°Dy level at 1.583 MeV. An early experiment at
GSI identified (SCH 841 the 14°Ho 1/27 activity. These data, which will be discussed
in more detail below, also located significant GT-strength to %®Dy states near

3 MeV excitation in both the 1%®Ho 11/2™ and 1/2+ decays.
3.2 Measurements and experimental results.

High—quality yy—coincidence spectra for the two 149Ho B-decays were measured
in an experiment at ISOLDE, With 600 MeV protons on a Ta foil target where 14°Ho
is Droduced wﬁh high yield. This experiment was prima_riiy devoted to investigation
of the 0.5 sec 49Dy 27/2™ decay, to be discussed in chapter 4, but it also gave
excellent data for the two 1%%Ho 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 Fig.3.1

‘gives examples of yy—coincidence spectra.
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Table 3.1: Gammea rays emitted in decay of 21 s M%Ho(11/27).
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E_Y If: Observed coincident E, I? - I?
(keV) transitions ° {keV)
4621(3)° 23(6) DyX, 630,1073 21655  (13/2)"~> /2"
511(2) 5.2015)° — 1583.6 ay2")—> 132"
590.1(5)° a5(15)4 Dy X,1073,1416,1126,1035° 1663.4 (@/27)—> 1327
613.0(2) 19(4) Dy X,1091 1703.4 2t = g2
630.3(5°  104(15) Dy (Ex) X,1073,462 1703.4 /2 — 132"
694.5(6) 1.3(4)d Th (Dy)X,1663,1035° (580) 23579 = (927)
10731(2)° 6377 DyX,630,462,590,1810,2056, 1073.1 1327 = 72
2008, 1219, 1753, 1496, 1126, '
1329,1534,1416,1546
1090.7(2) 744.3(15) DyX,1737,1375,1988,1319, 1090.7 92" > T2
2089,1397,1638,1699,1230,
1792,2400,1890,2221,2258,2112
1114.8(3) 3.2(5) DyX,1713 28275 —= (9/27)
1125.7(2) 11.5(5) DyX,1663,590,1073 2789.1 = (92)
1218.5(2) 45(5) DyX,1073 2291.6 — 1327
1230.4(4) 2.6(11) DyX,1091 2321.2 - 927
1318.5(3) 13.0(5) Dy(Ho)X,1091 2409.1 = 92~
1320.2(3) 2.2(4) (Dy, To)X 1073 2402.3 — 1327
1375.2(3) 17.6(10) DyX,1001 2466.2 - 9/27
1396.5(2) 6.1(7) DyX,1091 24872 -3 g/2”
1415.6(3) 5.3(5) DyX,1663,590,1073 30791 - (9/27)
1495.5(2) 16.5(4) DyX,1584,1073 3079.1 - (W2 )
1534.0(5) 15(5) —,1073,1035° 372° 2607.0 — 13/2"
1545.5(2) 9.0(7) DyX,1584,(1073) 31295 - (11/2"}
1583.6(2) 44.8(7) DyX,1496,1546,1729 1583.6 (w2 )-> 72
1637.9(3) 10.6(4) DyX,1091 27272 - 9/2”
1663.4(2) 35.3(7) Dy X,1126,1416,(695) 1663.4 @2 — 2"
1698.5(4) 8.6(8) DyX,1091 2789.1 = 9/2”
1712.9(2) 19.7(4) DyX1115 17129 92 )= 72
1729.0(3) 4X4) -—,1583 - 33124 —={13/27) .
1736.6(5) 38.0(75)4 DyX,1091,1035 28275 - 927
1m34(4) - 60(15)d DyX,1073,1035 28275 ~ 1327
1782.2(3) - . .3.3(6) (DyX) - (1mB22 (72 )— 727)
17919(3) 4.6(5) DyX,1091 2883.7 — 9/27
1800.7(3) - 781) DyX.1073 - 2883.7 = 1327
1889.7(3) . . 3.4(6) . DyX1091 29803 L= 927
1958.8(4) 477 (DyX),1091 3049.5 = g2~
19884(2) " 19.7(8) ~DyX,1091 - 3079.1 - 927
20060(5) . 239) —,1073 3071 = 132t
“2056.2(5) 1911) DyX,1073 31205 — 132t
2089.3(2) 8.77) " DyX,1091 © 3180.0 - g9/2”
on18(3) . 26(5) (DyX),1091 32025 - 9/2”
22214(6)  4.0(16) Dy(Ho)X,1091 33124 - 927
L 2257.9(3) ¢ 46(7) DyX,1091 33486 —= 927




36

Table 3.1: continued

EY I_i' Observed coincident E; - Ifﬂ
(keV) transitions (keV)
2312.2(3) 7.0(7) DyX 2312.2 -» 72"
2321.%(3) o.71) DyX 23212 — -727
2399.7(3) 3.9(7) DyX,1091 3450.3 - 927
2409.1(3) 3.9(8) DyX 2409.1 - 72
2467.4(6) 2.6(11) DyX (2466.2) = 72"
2487.2(3) 8.76) DyX 2487.2 = 7
2607.0(3) 5.3(5) DyX 2607.0 — 72
2718.5(4) 2.2(7) (DyX) (27185 = 727)
2827.4(3) 22.0(8) DyX 28275 = 72
2980.3(4) 4.5(8) DyX 2980.3 - 72
3014.2(4) 18(5) (DyX) (3014.2 = 727)
3079.1(3) 6.2(6) DyX 3071 > 727
3129.5(4) 2.5(5) (ByX) 31295 = 72
3202.5(6) 15(8) — 3202.5 = 72
3362.8(4) 44(7) DyX 3362.8 - U2
3490.3(4) 3.(6) DyX 3400.3 - 72

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 partnmer listed;

contaminant Yy —rays are omitted(except from 149 Eo(1/2 ) decay ).
Q) (462)-0029(6)-09(2)&1{(1\&1) preliminary: of, (630} =0.011(3) = UT(E)d (Ml) 16(4)C(K(E2}

0, (1073) from: P.J.Daly et al.:

d) Estimated from c¢oincidence spectra .

e) Transition following % Ho(1/2 V) decay.

Z. Phys. A298(1980)173.

Decay—time information came from a measurement at the GSI on—line inass
separator where *%*%Ho was produced with ~5.4 MeV/A %¥Ni-beam on %4Mo and
Mo -fa,rgets leading to the 1Ep;.OYb82 and 1?.,%ng3 compound nuclei.-Singies s?ectra,
up to Ey=4 MeV, were recorded, during a p*endpoint measurement [KEL ‘91B],
in 8x5 sec multispectral scaling mode after 40 sec activity collection time. For a
few low-energy transitions conversion coefficients ‘were obtained from electron
spectra ﬁmasured with a-inini—orange spectrometer. Gamma-X fay coincidences,
Fig.3.2, and additional yy—coincidence information came from a preli_n_ﬁ_na;y
experiment with two coaxial Ge and a 1 cm?® planar detectors. A

The results of these measurements give the two decay schemes _’b_f Fig.3.3 and 3.4.
The &ata,"a.re compiled in Table 3.1 and 3.2. The MgDy level - properti&..é.re.f.in

’I_‘a.bls 3.3 listed.
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Fig,3.3 Decay scheme of 21 s 1*9Ho 11/27. Total transition intensities are given
per 10% parent decays, and specified multipolarities are from oy data. The
GT-strengths drawn as bars to the right are given in units of 100" gi/tln.

Table 3.2: Gamma rays emitted in decay of 58 s 49 Ho(1/21).

E_ 10 Observed coincident E; 17 > 17
{(keV) transitions? (keV)

94.3(3)° 212) (DyX),1035,372 150L0 @2t = et
166. 1(2)° 27(5) -(DyX),1035.372 1572.8 32y - Y2t
3. 1(2) 253(15) DyX,1035,166,94,1531 1406.7 Y2t — 327
591.7(5) 38(14) ~1035 1626.3 (s/2F) = 372~
692.9(6) 55(14)4 To(Dy) X,1035,1663%(590)° s () =y
741.6(5) *15(10) —,1035 e . (Y2T) = 32T
1034.6(2) - 997(20)- © U DyX372,1736,1754,166,04, 10346 327 —> Y2
D : ) 741,693,592 N L . T
1531.4(5) 30(12) Ho(Dy)X,1035,372,1073° 29381 - 127t
1738.46) 280(50) DyX10351091° 277L0 - 32”
1754.0(5) - 190(60) 4 ‘DyX,1035,1073° 21886 = 32~

a) Intensities g:ven per 10% 149Ho( 1/2+) decays Uncertamnes reflect stansncal error and specf.ral

~“complexity.

b} For contaminated gate transitions only X -rays coincident with degenezate gate partmer hsted

contaminant Y —rays are omltted(except from 1%9Ho {11/27) decay )3

) &, (94) = 0.59 (16) = 1.6(5) o, (Ml) a, (166) = 0.47(13) = 0. 95(29)“K(M1) L
e, (372) = 8.0(16)-10 "*=0. 95(19) a‘; (E1); aK(592)<5 0 10*3_2cz (El) '
d)-Estimated from coincidence spectra. : :

. e} ‘Transition following 1‘.1_9H0(11/2_ ). decay.
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Fig.3.4 Decay scheme of 58 s 1%°Ho 1/2+ Cf. caption to Fig.3.3.

3.3 Spin—parity and configuration assignements.

The 149Dy__g_round stae is surely vi; », and as mentioned above the B—decay
characterises the 1.091 MeV level as the vhy,, state and the 1073 MeV state is
firmly established as (vf, /2 37)5 o7t The 1.035 MeV state, from the level energy
systematics in the N=83 isotones, must almost certainly be vpy,; in 147Gd (it lies
at 1152 MeV. As discussed, one expects this state to couple to the (vi7 5 2%); s
excitation, and one reason for the lower py , 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 vpg /2 .sta,te through the
693 keV y-ray, and fed strongly in **°Ho 1/2% decay, could be the vp; /o €xcitation.
Also the separation of the two spin- orblt partners is similar as in 147'Gd, but from
the present data alone the a331gnement can only be tentative.

The three low—spin levels at 1.407, 1.501, and 1.573" MeV have firm even—pa,nty
and are therefore three of the four 1/27 and 3/2% states arising from the vs, /2 _}0

' and vd /2 30 two— partlcle onerhole exc1tat1ons and the members of the octupole .
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Table 3.3 : Levels in ¥°Dy populated in the decay of 14° Ho 1/2% and 11/2™ isomers.

1490 1/2% ¥9Ho 11/27
B, T wofeed  logft® B E. 1" iefeed logit® BO%,
{keV) {keV)
1035 3/27  165(85) 553  1.2(6)
1073 1327 18(4) 6.02 A1)
w9 92 593(8) 449 13(2)

1407 Y2t 57(51) 5.84 8(5)
B0l (32T 126047 545  14(5)
153 (32" 43(8) 5.89 1)
1584 (1/27)  20(2) 5% 1)
626 (5/2%) 3814 592 52)
1663 (5/27) 22(2) 5.69 &1
13 1/2F 10(2) 6.00 4Q1)
M3 (y27) 15.9(6) 5.80 8(1)
ms . (Y27) 55(14) 5.71 72
e (Y27) 15{10) 6.25 21

2 (727) 336) 645 102
2165 (13/2)F 2.4(6) 6.41 10(3)
2292 45(5)  6.08 30(5)
2312 7.0(7) 5.89 5(1)
2321 12(2) 5.64 %2
2358 1.3(4) 6.61 10(3)
2402 2.2(4) 6.35 .20(4}
2409 17(1) 546 3(2)
2467 202(18) 536 172
2487 15(1) 549  13(2)
2607 687 576 )
279 227 6.21 21
2727 10.6(4) 551 2(1)
271 280(50) 454 112
2789 190{60) 47 8(3)
209 20.1(9) 521 24(3)
2828 70(7) 465  86(14)
2884 12512) 538 16{2)
2938 .. 306(12) 543 14(6) o - .
2980 8(1) 553 112
- 3014 © 0 1.8(5) 6.16 3(1)
3050 . 47D 572 )
3073 50(2) 468  8(1)
3130 S 13(1) 523 239
3180 __ 877 540 152
3203 418 5 72)
3312 8(1) . 537 .34
3349 467 560  1L0(2)
3363 44() 561 102}
3490 7(1) 535 173

2) Qp[**°Ho(1/2¥)]=6.09(5) [ALK 83 ,FIR 89], T, ,=58(3) sec [SCH 87}.

b} in units of 100° g:/‘&ﬂ:. Calculated as BGT—_—S?% 342\/47[ corresponding to (gA/gv)2: 1.26.

¢). Qg Ho(11/27)}=6.04(5) [ALK s3], T,/»=212) 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 scheme (Fig.3.4). The parity of the 1.776 MeV
level is indetermined, the proposed vslfé assignemnent, based on energy systematics,
is highly tentative. There is no experimental evidence for the speculative 5/27
assignement for the 1.626 MeV state except for its energy.

The five states around 1.6 MeV populated in **®Ho 11/27 decay all lie within
less than 0.1 MeV of the ¥8Dy 27 and 37 excitations at 1.678 and 1.688 MeV.
Of these states only the 1.703 MeV level can be assigned as the 11/2F member
of the octupole septuplet. From their y—deexcitation the 1.584 and 1.663 MeV
states must be 11/27 or 9/2+ that we assign as the vf7/2><2+ and vfy;,*3"
multiplet members but cannot distinguish them. Because of its higher B-strength
we prefer (v, ,%2%)g,,— for the 1.703 MeV level. The observed B-stremgth to
that state and the 1.091 MeV vhg /2 level would suggest a coupling matrix element
m(vhg /2:Vf7 /2 27)=0.13 MeV, not too dissimilar from the 0.17 MeV value of 147Gd.
It is however not a priori clear whether that value should be the same because
the microscopic structure of the 2% phonons in %9Gd and %Dy could well be
different. For the weakly fed 1.782 MeV state, also decaying only to the ground
state a 7/2" assignement would be possible.

3.3.1 The vf. /2%387 particle—phonon multiplet.

An important result of previous octupole septuplet studies at N=83 is the systematic
variation [KAD 891 of the coupling constant K for the q-Q interaction. This variation
was attributed to the decrease of the (negative) quadrupole moment of the 3~ phonon
with increasing proton number and is related to the dominant mhyy /2d5_/12 particle—
hole contribution to the phonon. When going from Gd, with small negative Q, to
lower-Z nuclel the hole—character of the dg /2 proton will gradually disappear and
will become particle-like in '*?Nd causing a much larger negative Q, as is observed
in_éxperiment [KAD 89]. 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. | . : | B .

In Fig.3.5 we summarize the 249Dy septuplet data and indicate the here apparent
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couplings to the vi; 4 /2 single particle state and to the VS1“/12 jg 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 four lower-7Z isotones.

1L9 -
_ Dy vfy, x37 states
- 177 msz) }\
) ]
ﬁwj-rsaa ?
\m- 1703]
_ 0 1663 ™
1573 {e Nd Sm Gd Dy
0
4 T
- 1607 oL
— @_ -
_ : Rl
f 3 MeV |-
_ 1+ [ 3%1) 073
] BE =K x0) ‘(vrzazz

12 32 spr ot 9t vt B3R "

Fig.3.56 The vf7/2>< 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
matrix elements for the I=1/2 and 13/2 states are in accord with systematics. In any
case, the energy shifts shown in Fig.3.5 for the 4°Dy septuplet are significantly
smaller than in the lower-Z N=83 isotones.

Septuplet studies in 13'Er and 153Yb should reveal the inversion of the phonon

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

“Mc Neill et al. [DMcN 891 of 153YD who identified in this nucleus an 11/2% state

at 1.762 MeV, clearly lower than the 1.890 MeV 1%2Yb 3™ phonon energy.
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3.4 Gamow—Teller decay strength.

The 3—decay of *4%Ho 11/27 can be viewed as the superposition of the odd-proton

decay in 147Tb 11/27, discussed above, and the 0% pair decay as it occurs in 148Dy

149]—\17 TN‘P; Irac }11’\1175\17‘27‘
/Y LSANIVLE sV Y DL

unt
LLEYD

h B
only Bop=013(2) g2 /4m, half the strength to the two lowest 9/27 states in H47Gd.
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 0T—> 17 decay occurs in #°Dy above 2 MeV, where the total observed
strength is Bgyp= 0.41(2) g2 /4n. This value is essentially equal to 1%3Dy decay,
but does not show the expected increase from the vhg /2 admixture. From the
comparison it becomes clear that our experiment misses about 30% of the expected

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

A 5 R 6
Excitation energy [MeV]
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Fig.3.6 Beta—feeding distributions {top) and GT-strengths (bottom) for 14°Ho 11/2~
decay measured in the present work (HRGe) and by total absorption y-ray
spectroscopy. (TGA) [ALK 90). Energy bin 28.5 keV.
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Independent support for this contention may come from the results of TGA-
measurements of 1%9Ho 11/27 decay [ALK 901 These data (Fig.3.6) suggest 8%
p—feeding intensity from 3.5 to 5.5 MeV in 14°Dy, which apparently must feed levels
with intensities below our sensitivity limit. However, also in this case the TGA data

Py A .

roitadioem smemsanemd o oamald s T 9 L S S A rrma 1 ©
ation present a problem. The 2% f—feed in the TGA data between 1.8

2
ot
%l"

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 g% /4w, is nearly twice the
value of 0.57(3) g2 /4n from our high-resolution measurement, and also significantly
above the expectation of 0.84(4) gZ/4n based on the %7Gd 11/27 and 143Dy 0+
decay data.

For 14°Ho 1/27 decay one expects a B5p=047 g2 /4x, as in 148Dy, The apparent
strength of By =0.21(4) g2 /4n to high-lying 1/2* and 3/2+ 3-quasiparticle states
reflects the here 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 14%Dy result.

The above considerations on 14°Ho decay reemphasize the severe experimental
difficulties in B-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 decayé 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~spin isomer

in 12? Dygg and the why, /zvhg /2 residual interaction.

4.1 Introduction

For analysis of GT-decays in nuclei above 1#6Gd knowledge of the mhy; pvhg s
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 quantitatively 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 on 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 nuclel 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 processes like compound nucleus— or 8—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 881
| In unstable nuclei the only possible means for configuration—selective excitation
is allowed B—decay. In the nuclei above Gd GT—decay studies of odd-ocdd parent
nuclei identified several multiplet members of wr and vv character [STY 88, TAI 89],
but only the 17 coupling of the =v multiplet formed by the GT—partners is accessible
in ground state decay of even—even parent nuclei. In this way, GT—decay of 148Dy
[KLE 851, which in its ground state is largely (1:1112:L /oot populates in 148Th the
(rhyy /2vh9 /2)1—9- level at 0.620 MeV. From this energy, one obtains the strongly

attractive 17 residual interaction as

Vihovhel = Exhovhel — Eg = ~1.360 MeV (4.1)
with
147Tb _147Gd
Eo=Exh. +Euh. —Missca—Missrot Miazmh+ Miazaa = 1.980 MeV, (4.2)

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 I=2 to 10, are expected to lie more
than 1 MeV above the “®Th yrast line and were so far not known. High-spin
members of this multiplet would be populated in B-decay of the well known
(T‘Ehlzl /2)10+ state of 148Dy, but its much faster 10—81 E2 decay precludes a
B—decay branch. However, in the neighbouring N=83 nuclel the half-life of the
corresponding (rchgL /2“f7 /2)27 /2~ isomer is about 0.5 sec, and here a 5% GT-decay
branch has been recently observed for the 5!Er (-n:hﬁ 2VEz j0)o7 jo— Spstate
[(BAR 88], and indications of a similar but much weaker GT—decay branch for the
149Dy 27/2” 3gp-isomer have also been reported. In contrast to 51Er, this latter
decay populates wh,, /2vh9 /2vf7 /2 3qgp—states in the lggTbS 4 daughter nucleus, which
-can provide information on the searched for high-spin =h,, /2vh9 /2 residual

interaction.

The y—decay of the 0.5 s 49Dy 27/27 isomer was well known from the early
work of Stefanini et al. (STE 76A], and also the high-spin states in the f—decay
daughter 4°®Tb have been studied [NDS 851; recent high—sensitivity OSIRIS
measurements with “Li beam identified important additional 149Tb levels (LAC 911
which we will discuss below together with the 149Dy 27/2 GT-decay results.

4.2 Experiments and results.

The 27/2~ 9Dy activity was produced at ISOLDE in spallation reactions of
tantalum with 600 MeV protons. It 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 *°Dy 27/27 accounted for approximately 1/6
of the decays. The 14°Dy ground state (4.1 min) and 4®Ho 11/27 (21 sec) contributed
2.5 and 1.5 times more decays. The 1%Tb 11/2™ (42 min) had about the same
intensity as the 148Dy 27/27 isomer while 149Ho 1/27+ (58 sec) and 149Tb 1/27+ (4.1 h)
were 20 and 4 times weaker. It is clear that under these conditions study of a weak
GT—decay branch of the 49Dy 27/27 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 on the 14Dy 27/27 decay are shown in Fig.4.l
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 27/2” decay. Coincidences with annihilation
radiation conclusively characterise them as y-rays in the f—decay daughter 14°Th.
All these 149Tb y—rays have previously been observed in in—beam yrast experiments
[OGA 77, SIN 791 and the associated energy levels up to 27/27 and their

configurations were well known.

coi

NYY
et L 149 1T, 149
103 DYyyp- == Dy
- Sum of 111, 299 1073, Y179 Gates
o~
& m
B g g
4

149 149
Dys70- £1- 7'Th

o~
ZD Sum of 291,361,560, 630,787 Gates

S60

b 1L9Tb”!24 B W96 g
L t i L
G- L 400 800

Channet Number

Fig4l Gamma-gamma coincidence spectra in the decay of the 05 s 149Dy
'i(zthlgl/zvf,r/z)??/?_ isomer at 2.661 MeV excitation. Top: internal transitior
decay. Bottom: GT—decay branch to the (nhll/zvhg/zvf7/2) 25/27 state in 1497h,
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Fig.4.2 The decay scheme of the 27/2” isomer in_ 145Dy,
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Table 4.1 Gamma-transitions following IT- and f-decay of 0.5 s ?*°Dy 27/2™

E-(keV) Multi- I-;p Itotb T2 (sec)
polarity &
Transitions in 149Dy
110.8(2) E3 o 3.38 97 0.55(9)
298.5(2) E2 99 105 0.50(2)
1073.1(2) E3 grt 97¢ 0.50(3)¢
1178.6(2) E2 96 96 0.49(2)
Transitions in 49Th
290.6(2) £2 : 1.08(19) 115(20)  0.5(3)
361.2(2) M1 o 121(19) 118(20) -4
559.6(2) E2 : 1.03(20) 1.04(20)  0.48(13)
630.2(3)° E2 S 10(3)° 1o03e I
786.5(4) E2 L 12(4)® 1.2(4)° 0.6(2)8

a) From in-beam studies [OGA 76, SIN 78, DAL 80l
b} Giver per 10? isomer decays. Errors are 5% unless specified. Etot calculated with tabulated

o, . ~values (ROs 781
ot

¢) Corrected for 18% contribution from 21 s *°Ho 11/27 decay.

d) Complex peak in singles spectra.

e} Extracted from coincidence data.

f}) Obscured in singles spectra by about 8 times stronger 630.3 keV '*%Gd line and by about

twice stronger 630 keV %°Dy line.
g} Resolved with difficulty from 52 times stronger 789.4 keV line in *%Tb.

For the 2.664 MeV state I™=25/27 or 29/27 was previously suggested [SIN 79),
but our data firmly establish it to be a (xh,,; 2Vhg jof7 /2)25 /o— state. .\Nithin the
accuracy of our data, the five 14®Tb y-rays have equal intensities, indicating that
the B—decay proceeds entirely to this 25/2 state. From the y—intensities of Table 4.1,
the B—decay branch LT

I
SE 1.12(10)%

Irtlar
results. Our timing data give the isomer half-life as
T1/2 (27/27) = 496(14) ms,

in excellent agreement with the early [STE 76Al value. The 14°Dy ground state
Qg value has recently been measured as Qg {(1*°Dy,7/27— 14°Th,1/2g) =3.812(10)
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MeV [KEL 89]. Using the pertinent excitation energies, the measured half-life and

the decay branch we obtain

log ft (14°Dy,27/27— 149Tb25/27) = 4.08(2) or

Bop= 032(2) g2 /4n.

This Bgp~value is only two thirds of the 4®Dy ground state decay. The
quantitative interpretation of the GT-strength would however need more detailed

theoretical analysis.

4.3 The nthy, /zuhg /2 residual interaction.

e 14%Dy 27/27 decay data clearly identify the (mh,, Javhg joviz 5) 25/27 and
27/27 states in 119Tb. Their energies allow to extract the 10* and 9% wv residual
interaction for these mh,; /ovhg ;5 couplings. This is possible since the other two
two—body couplings contributing to the 1*°Th 3qp—states, mh,; ja¥E7 o and vi ovhg o
are known from in-beam studies of the respective two—valence particle nuclei 148Tb
and *8Gd (STY 87, PII 901 These data are compiled in ’Fig.4.3, together with
other two—body multiplets used in later discussions.

The 1%9Tb 27/27 state straightforwardly gives the fictitious (rh,, /2vhg /2)10“*“

148Th excitation energy from.the relation

148Th 149’“'1) 148Tb 148Gd
Eﬂfh)\)h<,10 = E‘TEh>\Jh<Uf>,27/2 - Kh>\1f> - E\Jh<\)f>,8 +

147CGd 147Gd 147Thb
+Evf> + Eyh, + Exh, — S = 1483 MeV,

where S contains the ground state masses of the six pertinent nuclei and is
S =-Mysorp +Misscd +2Misems - Migrms — 2Migrga = -0.516 MeV,

with the masses given in Table 4.2. From the calculated 10+ excztatlon energy

-the remdual interaction - follows from eq(4 2) as —-0.497 MeV.
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Table 4.2 : Input data used in the present shell model calculations.

Nucl. Config. 1= Ex (keV) or Ref.
Mass excess

14634 o+ —76095 &6Ru
147Gd vz 7427 -75366 86Ru
vh, /o 8/2” 1397 78Le
84 uf 2 0+ 76278 86Ru
/2 2+ 784 90Pi
4+ 1416 a0Pi
6+ 1811 90Pi
ST O 1
6+ 2783 90Pi
5+ {2860) *
4+ - (2839) *
3+ (2870) *
2+ (2746) *
1+ (2850} *
T RSy /o 1/2+ -70767 86Ru,87Li
Thy) g 11/2 51 87Li
148 -
Th md, /2vf.;/2 2+ 70570 86Ru,87St
e LR w6 ase
7+ 328 87St
6t 426 875t
5+ 351 875t
4+ 375 875t
3+ 281 878t
o+ 178 875t
rh, ., vh 10+ 1484 915t
1y2"e/2 g+ Emag 915t
g+ (1654) *
7+ (1690) *
6+ (1610) *
5+ (1670} *
4t (1550} *
3+ (1570) *
2+ (1130) *
it 620 78Le
14STh TS o /2% ~71498 86R1u,90Ma
_ mhism 11/2 36 84De
148Dy <h o 0+ -67898 86Ru
2t 1678 80Da
4+ 2428 80Da
6+ 2732 - 80Da
8+ 2834 80Da
10t 2919 80Da
149 -
. 149Dy \;f.‘,/2 7/2 67772 86Ru
150Dy o+ 69320 86Ru

¥ Estimated energy.

:78Le: Table of isotopes [LED 78], 80Da: P.J.Daly et al. [DAL 80], 84De: D.J.Decman et al.

[DEC 84),86Ru: B.Rubic et al. [RUB 86}, 87Li: C.F.Liang et al. [LIA "87], 875t: LStycsen ot .al,

“[STY &7}, 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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Fig4.3 Two-nucleon multiplets in 45Dy, 1%8Tb, and **®Gd specifying the
two-body interactions used in the shell model calculations. Observed excitations

are given in keV, in skew numbers when estimated.

The =wh;, /2uh9 /2uf7 /2 3gp—configuration can form two 25/27 states which, in a
recoupling calculation {BRU 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 (xh,; oviz /2)84:9—9— and (vf, AL /2)74-, g+ Interactions alone
which are known, and of the diagonal matrix elements only one contains the
unknown rh,; /2Vhg o 9% energy whereas the other one can be calculated with
the known 107 energy. Our measured 25/27 excitation therefore fully specifies the
mhy1 ;pvhg o 9™ energy as 1.682 MeV. The second 25/27 state of the configuration
is naturally also fixed by this 97 interaction and results at 2.751 MeV excitation.
This state has been observed in the recent high-sensitivity in~beam experiment

[LAC 913, at 2763 MeV.

With this knowledge we reanalized the in-beam data of 1%%Sm("Li,3n)'*8Th
experiment [STY 87STY 91] where the primary two-body wh,; /2vh9 /2 high-spin
multiplet members could have been weakly excited. We could identify 14%TD levels at
1.484 and 1.723 MeV, within ~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 1*3Tb levels cannot provide definite I™ assignements we include

them in Fig.4.3. The excellent consistency of the observed (10™) and (97F) states
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with the nh,) ,vhg oy 3qp-energies in 149Th supports these tentative two-body

configuration identifications in 14®Tb.
~ The remaining 2 to 8 multiplet members are not known and there are at

present no experimental data which could specify any individual of these energies.
However, the spin-averaged rh,, /2\1119 /2 interaction determmines the variation of the
low-lying vhg /o State in the N=83 nuclei when h,, /2 proton pairs are added above
Gd. The state is observed in the isotones up to **3Yb and its energy decreases

regularly from 1.397 MeV in #7Gd down to 0.567 MeV in 153YD.

vhep 1321 N=83 nhi, v States

keV

Exp.
keV. <M

vfi,
‘EGTGd ngy 151E r 153Yb 155Hf }STW %

1590 g

Fig4.4 The vh,,, excitation energy in N=83 isotones compared with calculated
results (italic numbers).

The estimated 2% to 8% energies shown in Fig.4.3 reproduce the three known

relative energy of the lowest (Tthff/z\)hg /2)9 /o~ and (Tthf?/z\?f.? /2)7 /o~ states, using
the 1.397 MeV vhg , single particle energy from 147Gd. Such calculations naturally

also give the yet lower hg /2 energies for the N=83 nuclel above Yb. They predict -

155 Osgq should have an vhy /2 ground state.

that latest
‘The adopted =h,, /2¥Bg o interactions as shown in Fig.4.3 will ‘be used in-all -

further shell model calculations.
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CHAPTER 5 : Yrast energies and GT-strength functions from shell

model calculations with empirical two—body interactions.

The shell model describes nuclear states in terms of angular momentum coupled

e armlicatian 1o Irvitod e
R ayyu\.'a-u;un A0 Elarlilinas W

many-particle configurations. In heavy nucle 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 mixture of many
configurations, but 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. It has been shown that yrast states in the neighbourhood of 2°%Pb
are reproduced with high accuracy [BLO 791 when the shell model input data
- ground state masses, single particle energies and two-nucleon residual interactions —
are taken from experiment. More recently it was noticed that such shell model
analyses are also quite successful in nuclel around 46Gd {BLO 83, LAC 911, where

however lack of the experimental input data often limited them.

5.1 Yrast states.

In the nuclei above 1#6Gd, with one or two valenve neutrons, the yrast states
are largely formed by the couplings of protons in the hy; /2 shell and neufrons
in either f. /2 OF hg . (The only remaining high-j particle — i, 4 /o~ has much
higher single particle energy and therefore is not active at the beginning of the
yrast line)) With the disclosure of the mh, /2uh9 /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 =h;; /2uh9 2 interaction. As mentioned, the remaining
nthy, /2“1111 /20 mhyy /2vf7 /2 vi, /2vh9 /20 and v, /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 full set of two-body interactions in order to keep the
ambition of the calculation on 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

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 full results, we calculate, as a simple example, the
energy of the maximally aligned (rhy; 45vi; 5vhg 5)187 state in 150Dy which is
experimentally observed [LUN 79] at 5.071 MeV. It is

Eicsl? %;.h(,zs E?}fffo + Sé E?kivhqlo + 2?0 En‘h>vh< 9 + 15 2 Eiﬁi,g +

7 148Gd
+ 15 Enh>vf>,8 + Eyf,vhe 8 — Bo = 5105 MeV,

where the fractions are angular momentum recoupling coefficients [EDM 571 and

Eo contains the pertinent single particle energies and ground state masses, compiled

in Table 4.2, as

147Tb 147CGd 147Gd
Eo = 4Exh, + 2By, + 2Eyh. - (3Myssca— 4Migrca+ Migsca+

— 4Mygrmnt+ 4 Mygem + M}48Dy" MlSODy) = 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 nuclei.

- The Fig5.1 gives the calculated level energies for low-lying high-spin states in
the bdd4odd N=83 isotones compared to experimental data known up to 1%4Lu
‘The data for *#8Tb which provide our two-body interactions are also included.
The states in 15CHo, 132Tm, and 5%Lu were observed [McN 86, McN 901 in the
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decay of a (n:hff/_glvt} /2)17"' isomer at ~ 2.6 MeV excitation. Also included in the
figure is the lowest (97 x 37)117 octupole excitation, which is a pronounced yrast

state and explains why in **9Ho the (rh; /2Vhg /2)9"' and 107 states were not seen.

N=83 whi%'v States

g+ 1633 1/2
Tthyyz vhy {
. . 10*
e {937y
- 887
g+ 316 348
7% 216
Tthyy, vy, 238 — 2z
. -2
148 150 152 -7 - =ik
E, - Es Tb Ho Tm 154!_ -78 140
U 56 245
kev Exp. Ta
LAY 158Re

Fig.5.1 Experimental and calculated (italic numbers) low-lying high—spin states

of the configurations nhif/_glvﬂ, /2 and Tthf?/_;l\)hg /2 in doubly odd N = 83 isotones.

All energies (in keV} are relative to the ( ﬁhff/;lvf7 /2) 97 state. From experiment
the levels at 216 keV (Ho) and 114 keV (Tm) are assigned as 8%, in 13%Lu as

22 keV (81} and 0 keV (97). References to the data are given in the text.

‘The rh,,; /zvf7 /2 configuration in experiment and calculation shows the typical
compression with increasing proton number when the h;, /2 shell is filled. The
calculation predicts the 8+ coupling in 1%°Ho and 52Tm slightly too low, and
gives already for 15%Lu an 8% ground state, 9 keV below the 9+ coupling, whereas
experiment suggests an (87) state 22 keV above the (97) ground state. Spin 87 is
probab_ly more firmly predicted for the ground state of the still undiscovered 156Ta
'- -_nucleug, ‘whereas the even more exotic 158Re should again have a 9% ground state

but of different 'c.onfigura‘tion.
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The drastic lowering of the xh,, /2vh9 o States largely reflects the afore
mentioned similar energy decrease of the vh, /2 single particle excitation with the
filling of the h;; /2 proton shell. There are two remarkable features for this
configuration, namely the inversion of the 10T and 9T states already in '3%Ho,
L bel
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to 97 separation at the upper end of the shell in *58Re compared to the two-
particle situation in 148Th. 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 97 states has been discussed by McNeill et al.
{McN 86] who have identified these levels in Tm and Lu The inversion is caused
by the presence of a mh;; P 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 momentum) is occupied, preventing
a proton of a pair to form the 17 coupling with the hg /o neutron. In 97, the
hyy /o Proton or the hy /2 Deutron occupy the m=j—-1 substate which allows fo
form the strongly attractive (xh,; /2vh9 /2)1"‘ coupling. In the higher-Z nuclei the

effect is enhanced as more protons will contribute to the 17 coupling.

5.1.2 Yrast states in even—7 N =84 nuclel,

The Fig.5.2 compares the observed and calculated yrast states in N=84 nuclei
of the nhlzlr;zvff/z and nhlzl%vf? jobio o configurations. The data for 150Dy are
from an early («,6n) study (LUN 791 by the group. The °2Er yrast states up to
18+ were first reported by {BAS 803; we here also include the 157 and the second
167 levels identified by Kuhnert et al. [KUH 88) in & recent high—sensitivity
OSIRIS experiment at the HMI-Berlin. The nucleus 154Yb [RAT 841 is presently
reinvestigated by the group [ZHA 91], also in an OSIRIS experiment with 54Fe
beam on 108Cd. A recent 154Lu B-decay study [VIE 881 established the 154Yb 87+
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 791 as 1.977(18) MeV. Accurate ground state masses necessary for the
calculation _'é,re only known for *59Dy (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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N=84 'ﬂ:hmv States

Exp. S.H. Exp. S.HM. Exp. AW, Exp. SH
5181
5105 N

mhig vy 16 200 fr st [0 {10557
Lia'i’ 5577 4848 i7° 4705

(1% 2367 4438 5o b8 ——=7Ee Léo 4481 L48i°

v 4337 m 551; 1512° + 2307
1w AT e 5z W 07 4203
2 2 w778 2757 6321 g, 20
Tihyin Vi o 3835 2709 ST

L
70310 36590 0369 3608 7o 3584
ot 2 gms e a3 gws . gy 3008 10*_29%8
o 2682 - 2391
vihgy @ gt 2180 2138 -
1596 e 1901 jems g7 L1 21
(g* 1858 . 105 R L2+ T 8 T8> _847
(* 1457 1486 o 1T 1476 ¢ 1318 g0 __tadt ,522
2
viir
> 803 8ig o807 827 ¢ 82 775
L o° i 48 o ] 22 o ] 0° 1] 07
150{)? MEF 15—'on ﬁéHf

Fig.5.2 Yrast states in even—A N=84 nuclei of Tth11/2 f7/2 and rthn/2uf7/2hg/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
1528y, 154YDh, and '®SHf are normalized to the state marked by an asterisk.
The ground state masses used to calculate the excitation energies in 15Dy are

listed in Table 4.2. References to the experimental data are given in the text.

Also in these N=84 nuclel the decrease of the vhg /2 single particle energy
complicates the structure of the yrast line in the heavier isotones. While in Dy
the two configurations are well separated, they move closer in Er and begin to
overlap in Yb. Up to I™™ = 87, the protons do not contribute to the spin. Consequently
the energy spectra are essentially determined by the Vf'??Q and vf, oh ol o | interactions,
thch is already apparent from the very similar 0% to 67 spacings of the vf7 /2

- configuration. Also the 8"‘ energy is quantitatively described by the lowering of
th__e:_ vhg /2. €ReIgy in the N=83 isotones. In fact the relative (vf,,h 289 /2)8 and
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(uf72/2)6+ two-neutron interaction, that can be extracted from the 8% and 67
energies at N=84 and the 9/27 excitation in the respective N=83 isotopes, results
for the three nuclel as -540 (150Dy), —523 (152Er), and -470 keV (154YDb). Most
dramatically the (vfy j,hg ,)87 lowering becomes evident in 1SSHY, where the state
‘drops below the (v 772)6“‘ level giving rise to the 057 ms Al=8 «—decay isomer
[HOF 791. The occurance of this isomer is correctly predicted by our calculations.

In contrast to the 8% energy variation, which similar as the /27 lowering is
caused only by interaction with 07 proton pairs, unpaired protons contribute to
the 71:}1121 /2‘Jf7 /2}19 /2 high—spin states, and consequently the energy shifts are here
strongly affected by the Pauli principle. The effect is analogous as in the nhy; /thg /2
configuration in the odd-odd N=83 isotones, where in the 9% (I___ ~1) coupling
© ‘the mhyy g M= 11/2 substate is vacated and therefore the (xh;, ovhg /2)1‘*‘ attraction
can be exploited. Since in the 159Dy 187 state the rh,, 2 M= 11/2 and 9/2 substates
are both occupied, only the I -2 state will significantly drop in 152Er, where
it occurs 395 keV below the 181 excitation. This energy lowering, but less
pronounced, occurs also for the other lower spin couplings, and the 17% state

182 keV below 18% in °%YD is of this origin.

5.1.3 Yrast states in odd—Z IN =84 nuclei.

Yrast data for the odd-Z N=284 isotones are compiled in Fig.5.3. In these nuclei
the analogous configurations, but coupled to the odd h,, /2 proton, have only been
recognized up to 27/27 at ~2.3 MeV, corresponding to the (nhfln/zva J2hg /2)8"'
states in the even isotones at similar energy.

The 14°Th results are from the 14°Dy 27/2~ GT-decay (chapter 4) and from
a tecent in-beam study [LAC 911. The 151Ho was studied by Gizon et al. (GIZ 811,

but we have in two cases rein
data were ambiguous. Additional information about configuration assignements
comes from data [BAR 881 on the !S1Er 27/2” GT-decay. The °3Tm data are
still ‘quite limited (RAT 84, with tentative I assignements above 1.8 MeV. ..
E 'The “evident message of Fig.53 is again the decreasing excitation of ‘the
"c.ogfigura.{ion involving the hg /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 h;; /o Proton at
odd—Z will also contribute to the spin and therefore the addition of a proton pair
activates the 17 attraction for the (I,,.-1) 25/2” coupling. This becomes manifest
in experiment where the low 25/27 state drops from 316 keV above 27/27 in Tb
to 229 keV below 27/27 in Ho. In both nuclel the low 25/27 state is strongly fed
in GT-decay and consequently is dominated by the (mh,, /2vh9 /2)9+ coupling,
whereas the higher-lying 25/27 state, not observed in GT-decay, contains largely
the (mhy; /2vhg /2)1O+amplitude. The different Z—dependence for the two 25/27
energies thus reflects the similar behaviour of the (xh,; /2Vig /2)10'*' and 97 states

in the odd-odd N=83 nuclei.

N=8L thiy v’ States

Exp. SM. Exp. SM. Exp. S.HM.
25722163 2751 2685
257
heon v o h LTI %53 “ 2556
Ry VieNep 2303 2304 257~ 2377
2712 27/ 24221 2199 (2238
B —r 2037 271772090
- 1813 (257 —1879 1879 | 23271924
2. %73 1717 212- 1694 171 335 s X _1772
W= 7 B 1685 1785 gég_f 1752
yorm_1382 17 o 1381 1380 19271438 1729
4 1373 375
hy, v,
15/ 822 B gy B s sy ay
' - 3 ¥ ®
Thyp W2 e—o 18 g0 a2 0
149
Th 151H 0 153Tm

Fig.5.3 Experimental (left) and calculated (SM right) yrast levels in N=84
~ 2n+1 2n+1 151
odd-Z nuclei of the configurations nh11/2 uf.,/z and nhn/z vf7/2h9/2. In Ho
and 1%3Tm the energies calculated relative to the ground state {*) are given,
for. 149Tb ground state masses from Table 4.2 have been used. References to the
experimental data are glven in the text where also the 21/27 and 25/27 level

. assignements ‘in *51Ho are discussed. (cf. caption to Fig. 5.2.)
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5.2 Gamow—Teller strength.

An important application of the mh /zvhg /2 interaction is the calculation of
p—strength functions. In this region (N=82) the only allowed decay is the

d nr tha I\I: 8‘)

rhy, j2> vhg /2 (T-transition, and for the 2 pa
can be calculated from the Tchlf /2 and wh,, /2Vh9 /2 interactions alone. In contrast
to the above discussed yrast states, where the squared amplitudes of individual
two-body couplings largely specify the level energies, the strength functions are
significantly more sensitive to the detailed properties of the two-body interactions
since they are governed by the amplitudes of the contributing couplings. Moreover,
here all states with a given spin 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, but in general the
determination of this value is beset with serious experimental difficulties.

The reduced phase space for 8—decay to levels in the daughter at high excitation,
where configuration mixing further reduces the feeding 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 Qg~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 07— 11
decays of the doubly even N=82 isotones above Gd, where the nh,, > vhg /2
GT—decay almost exclusively proceeds to a single low-lying 17 state in the odd~odd
daughter. These results are summarized in Fig5.4. In each case the pertinent
detection sensitivity is also shown, and it becomes evident that eg. in 1%2Tm half
of the strength could have been missed even in the unlikely case thai: it were
concentrated in a single state lying 1.2 MeV below the parent state.

The expenmenta.l data [(KLE 88] for GT-decays of '%Er and '52YDb in the
figure also include additional results from a current analysis of new data. The
‘decay of 18Dy was studied earlier [KLE 85], with much superior sensitivity than

the other two, since the production of 15°Fr and 13?Yb isotones is more difficult.
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Fig.5.4 Measured GT strength functions for 07— 1% decays of doubly even N =82

nuclei compared to results calculated with (a) the empirical =h

11/2\:119/2 and .

nhli /o two-body interactions, (b) Schiffer-True interactions (Ro=0.1 fm), and
(c) surface delta interactions (Ap=0.429 MeV, A;=0.106 MeV [WAL 891). The
sensitivity limit for detection of an individual level is given. Open strength bars
are drawn for levels with unclear spin-parity. Theoretical level energies are
“relative to the lowest experimental 17 state. Reference to the data are given

in the text.
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To demonstrate the strong dependence of the calculated strength function on
the detailed properties of the two-body interactions we show for each case the results
obtained with three different interactions, namely (&) our empirical rchﬁ /2 and

mhy; ;pvhg s interactions, (b) the Schiffer-True interaction [SCH 763, and (c¢) with

tren T R

214 QY 3 ey b
i TEIIg vl LUilCoiUlis,

ta (SDI) interaction [WAL 891 We calcula

a surface de
with the OXBASH shell model code [BRO 861, where we restrict the
configuration space to nhfll/lz in the parent nucleus and to Tthff /;1\;119 /2 in the
daughter nucleus. In the figure, the calculated 1T energies are normalized to
the lowest experimental 17 state.

The result for #®Tb is trivial, because the wh,, /ovhg o configuration has
only one 17 state. The 'rrhl‘;> oVhg o configuration of 150Ho forms five 17 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 17 state should clearly have been seen in experiment.

The calculated results for %2Tm 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 17 state of calculation (a) lies close in energy, in %9Ho
and *?Tm, to an experimental state with similar properties, where the data are
compatible with a 17 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 Qg, Ty /2, and feeding fractions. But in general undetected
f—feeding may ﬁdl_give rise to much larger, and iIn any case not controlled
uncertainty, '

.}_"I*he_.'pr_e_s_er_ﬁ_: results strongly suggest that in the three N=82 decays considered




63

the full 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 3—decay measurements of N=82
and 83 nuclei above the doubly magic 146Gd, namely the decays of the 1/27
ers in 147Th and %%Hp and on the unusual B—decay of the

and 11/27 isom
1/2 o R

27/27 3—quasiparticle isomer in 149Dy at 3 MeV excitation. For these nuclei
the only allowed p—decay is the wh,, 2> vhy /2 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 vhg /2 orbital in the daughter nucleus. The p~decay data firmly identify
specific one~ or few-nucleon configurations at low excitation in the daughter
nucleus, and moreover, the y—decay of the primary p-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.

Results of the latter type include the identification of particle-phonon
multiplets in the N =83 nuclei, formed by the coupliﬁgs of the vf, /2 valence
particle with the respective N=82 core phonon. The 1*°Ho decay data have
disclosed the octupole septuplet in 14°Dy which exhibits smaller anharmonicities
than found in the lower-Z isotones. This result therefore indicates a further
decrease of the negative 37 phonon quadrupole moment, in accord with
expectations based on its microscopic structure. The decay data of 147Th gave
new results on the vi, /2% 2% quintet in #7Gd, suggesting a positive quadrupole
moment for the %8Gd 2% particle-hole phonon. Also this result can be
anticipated from the microscopic composition of the 148Gd 27 state.

The s, /2 147Th ground state cannot decay by an allowed transition. Our
data have shown that the decay predominantly proceeds to the vp, /2 state in
147Gd via the TSy y5—> VP /9 first forbidden pseudoscalar tramsition, which
here however is found to be 8 times slower than the same transition as
observed in 27Tl g -decay. This reduction can be attributed to high-lying
[rsy /g (v ) -1, /o= States in 147Gd that screen the transition to the
low-lying vp, /o state. Such particle~hole excitations are precluded in 297Pb.

The comparison of the *7Tb(1/2%) and 47Tb(11/27) decays strongly




suggests that pair scattering of protons across Z=64 is essentially not contributing
to the B-decay. Consequently, the considerable fraction of GT-decay strength
to high-lying states in 1%7Gd must be attributed to decay of the odd h,, /2
valence proton, and in fact their y-decay is consistent with I™=9/27. These
levels are interpreted as (lh9/2X2f4sGd}Q,/2 excitations, and the resulis give
quantitative information on the quadrupole core polarization at N =83 which is

-

responsible for the unusually large neutron effective charge values found in
these nuclei, eg. in atomic spectroscopy with collinear laser beams.

Since mhy, ,, pairs do not contribute to 147Th 11/2” decay, the data provide
an accurate value of the nh,; /2 Gamow-Teller single particle transition strength.
From the shell model expectation of a decay strength proportional to the
number of h,, /2 protons in the parent nucleus one would anticipate twice the
strength for the 148Dy two-—particle nucleus, but instead we find the ratio to
be only BMSDY/ Bl47Tb—127(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
B—decay rates.

For theoretical interpretation of the GT-strength function data, knowledge
of the rh,, /thg /2 two—body residual interaction is necessary, and previously
only the 1" coupling was known from experiment. The GT-decay of the }4°Dy
(mhlzl /2vf7 /2)27/2_ isomer allowed to determine the 10" and 97 =h; /zvhg /2
residual interactions from the decomposition of three nucleon excitations in
149Th populated in this decay. With these results, and the remaining 2+ to 8+
residual interactions estimated from other data, we have caiculated the yrast
states in N =83 and 84 nuclei with up to ten valence particles in =h,;, 2 vi /2
and vhg /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 07— 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 rchl'ri /2"119 /2 and rchl‘? /zvhg /2
configurations allow respectively five and thirteen 17 states. The data cannot
exclude feeding into 17 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 'n:hlzlx;z 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 from the strength observed in experiment.
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