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The yrast states of 148Dy and 149Dy have been studied by ?-ray and conversion electron 
measurements in (c~,xn) and (160, xn) reactions on enriched ~S2Gd and ~36Ce targets. 
Level schemes to above 4MeV for the two nuclei are reported. The ~h~/2 spectrum 
identified in 148Dy and the ~haa/2 effective charge eeff=l.52_+0.05e, derived from the 
measured E2 transition rate between the (rch~/2) 10 + and 8 + states, are discussed and 
compared with results for other two-particle nuclei. The yrast cascades in a48Dy and 
a49Dy continue above the (Tzh2a/2) 10 + and (zchZ~/2vfT/2) 27/2- states by --~1 MeV E1 
transitions de-exciting the lowest members of octupole multiplets built on these states. 
The energy shifts for the observed members of the 7zh21/2 • 3-  multiplet are analyzed in 
terms of twoparticle-phonon exchange coupling using an empirical coupling strength 
extracted from the one valence particle nucleus 14VTb. The dominant vf7/2 x 3-  character 
of low-lying 13/2 + isomers in 149Dy and other N = 83 nuclei is emphasized. 

1. Introduction 

A recent analysis [1] of high-spin particle-hole exci- 
tations in the N = 8 2  nucleus 146Gd has shown that 
there is a large gap in the single particle spectrum at 
Z=64 .  We are examining the consequences of this 
gap by studying the nuclei around 146Gd to de- 
termine whether their high-spin level spectra can be 
described as successfully in shell model terms as 
those of the few valence particle nuclei around 2~ 
Studies of the one-particle nuclei 147Gd and 14VTb 
have already shown [1, 2] that their yrast states up to 
~ 4  MeV excitation energy arise from the coupling of 
the valence particle to the 1r core states, and 
recent results [3-5] for the one-hole nuclei 14SGd 
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and 145Eu may also be interpreted in a similar way. 
An earlier investigation [6, 7] of the three valence 
particle nucleus 149Dy located a 27/2- isomeric state 
of 7zhZ1/zVfT/2 character and partially characterized 
the states populated in its decay to the 149Dy vf7/2 
ground state. 
We have now investigated the two-proton nucleus 
148Dy, and have also obtained some useful new data 
for the ~49Dy nucleus. Since the hll/2 , Sl/2 and d3/2 
proton orbitals lie close together and are the only 
orbitals between the Z- -64  and Z = 8 2  gaps, one 
could anticipate that excitations involving h11/2 pro- 
tons would be yrast states in the Dy nuclei. Specifi- 
cally one could hope to observe in 148Dy a complete 
7zh21/2 spectrum, similar to the well-studied [-8] 7zh2/2 
sequence in 21~ In a short note [9], we have 
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already summarized some of the results of the present 
investigation, including the identification of all the 
148Dy nh~l/2 states. 
The 10 + coupling of the two h11/2 protons, which 
generates ten units of angular momentum at low cost 
in excitation energy, should play a particularly im- 
portant role in the yrast spectroscopy of the Dy 
nuclei. The maximally aligned (nh21/2)10 + and 
(?ch21/2 vf7/2)27/2- states in l~8Dy and 149Dy should 
have exceptionally pure configurations; however the 
energies of these states cannot be calculated from 
empirical single particle energies and nucleon-nu- 
cleon interactions because the ground state masses of 
the two nuclei are not known. Instead, as we show in 
a forthcoming paper [10], the experimental energies 
of these 10 + and 27/2- states can be combined with 
spectroscopic information from neighbouring nuclei 
to yield rather precise estimates of the previously 
unknown ground state masses of 148, 149Dy and sev- 
eral other nuclei in this region. 
At I = 10, the valence spin of ~4SDy is exhausted, and 
it is not obvious a priori how the yrast line should 
continue above the (h~/2) 10 + state. The present in- 
vestigation demonstrates that the next higher yrast 
states are of the type nh~l/2 x 3-,  obtained by exci- 
tation of the low-lying 1~6Gd 3- core state. Since the 
dominant component of that octupole excitation is 
nh~_l/2d~/~, we observe in l~8Dy (and also in 1r 
novel and interesting features of two particle phonon 
exchange coupling. 

2. Measurements and Results 

2.1. The 1r Level Scheme 

At the start of this investigation, all that was known 
[-11, 12] about 148Dy was that its 3.1min ]?-decay 
populates exclusively a 1 § level in l'*8Tb which de- 
excites by means of a 620keV E1 transition. Exten- 
sive excitation function measurements involving 70- 
100MeV e-particle bombardments of a >>99 % en- 
riched i52Gd target and preliminary V7 coincidence 
studies identified a cascade of 86, 94, 390, 661 and 
1,688 keV v-rays, which were assigned to l~SDy be- 
cause they followed the same (e, 8n) excitation func- 
tion and had nearly the same intensity as the 620 keV 
v-ray from the decay of 148Dy. The angular distri- 
butions of the five v-rays were later found to be 
isotropic, and a lifetime measurement using a ps 
beam pulsing system showed that these transitions 
(and some other weaker ones) follow an isomer with 
a half life of about 0.5 gs. 
Comprehensive 77 coincidence experiments were per- 
formed with two 70cm 3 coaxial Ge(Li) detectors 

using a pulsed beam of 106MeV e-particles on the 
152Gd target; the interval between beam bursts on 
target was 120ns. Coincidence data were stored in a 
four parameter (El, Ez, t12 , t2Rv) mode and were 
later sorted by setting various energy gates with 
appropriate conditions on the two time parameters. 
Some key v-ray coincidence spectra extracted from 
the list mode data are displayed in Fig. 1. The 7V 
coincidence results demonstrated that the 86 keV tran- 
sition occurs between the 0.5 ps isomer at 2,919keV 
and a shorter lived isomer at 2,833keV, which de- 
excites to ground mainly through the 94, 390, 661, 
1,688 keV v-ray cascade. They also established a wea- 
ker 101, 383keV branch in parallel with the 94, 
390keV section of the main cascade. The bottom- 
most spectrum in Fig. 1 identified the 1,061, 496 and 
1,046keV v-rays as transitions occurring above the 
0.5ps isomer; it was also found that the 496keV 
transition is in prompt coincidence with both the 
1,046 and 1,061 keV transitions. 
The remaining measurements were performed using 
the more favorable z36ce (160, 4n) reaction, which 
gave greater 148Dy yields and much cleaner l~SDy 7- 
ray spectra than the 152Gd(e, 8n) reaction. In these 
experiments targets of > 9 9 %  enriched 136Ce (in 
oxide form, made in a Sidonie mass separator) were 
bombarded with beams of 85-95 MeV 160 ions from 
the Emperor Tandem at the MPI Heidelberg; re- 
coiling nuclei were caught in Au or A1 foils placed 
directly behind the targets. Most of the measure- 
ments utilized a 92MeV beam pulsed in a 1 ps on, 
5 gs off mode. A delayed v-ray spectrum recorded in 
the intervals between beam bursts is shown in Fig. 2 
with isotopic assignments indicated for all the strong 
v-rays. Table 1 lists the energies of all the v-rays 
assigned to l~SDy, together with their observed in- 
tensities in both (e, 8n) and (160, 4n) reactions. Time 
distributions for several l~SDy v-rays obtained in a 
two-parameter measurement between the 160 beam 
bursts are shown in Fig. 3 (a); they give the half life 
for the 2,919 keV isomer 

T1/2 (2,919 keV) = 480_+ 30 ns. 

Additional 7V coincidence measurements were per- 
formed between the 160 beam bursts using 70cm 3 
Ge(Li) and 3"x 3" NaI(T1) detectors in 180 ~ geome- 
try. The t~ data shown in Fig. 3b gave the half life 
for the 2,833 keV isomer in l~SDy 

7"1/2(2,833 keV) = 65 _+ 20 ns. 

Examples of NaI spectra recorded in prompt coinci- 
dence with individual v-ray Ge(Li) gates are shown in 
Fig. 4. These results, together with the measured 7- 
ray intensities, settled the placement of all transitions 
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Fig. 2. ~-ray singles spectrum measured from 100 to 1,600ns after 1 ~ts wide ~60 beam bursts. Energies are given for ~48Dy and Z49Dy 
transitions 
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Table 1. Properties of Transitions in 14SDy 

P.J. Daly et al.: ~ h ~ / 2  and Octupole Excitations in l~Dys2 and 1649Dy83 

E 7 Rel. 7 intensity" c~ K x 102 ~ZL ~tot ~ Multi- Placement 
(keV) (160, 4n) (c~, 8n) polarity 

92MeV 106 MeV E i I i ~ I  j . 

Transitions below the 10 + isomer 

85.7(4) 18 obsc. 2.9(4) 4.8(4) E2 2,919.2 10 + ~ 8 + 
94.3(4) 50 35(8) <0.05 0.40(6) E1 2,833.5 8+~ 7- 

101.5(3) b ~14 b 12(4) 1.3(3) 1.9(4) E2 2,833.5 8+~ 6 + 
304.5(2) 13 13(3) 5(1) E2 2,732.1 6 +--, 4 + 
382.6(2) 27 19(7) 1.1(3) E1 2,732.1 6+~ 5- 
389.6(2) 70 66(9) 2.0(3) E2 2,739.1 7 ~ 5- 
661.3(2) 88 88 0.60(7) E2 2,349.5 5- -~ 3- 
739.6(3) 8.6 0.18(8) E1 2,427.7 4+~ 3- 
750.1(4) 3.7 0.55(15) E2 2,427.7 4 + ~ 2 + 

1,677.7(7) 19 17 0.11(2) E2 1,677.7 2 + ~ 0 + 
1,688.2(7) 81 83 0.18(2) E3 1,688.2 3- ~ 0 + 

Transitions above the 10 + isomer 
A2 c A4_ c 

495.9(2) 63 48(9) d 2.0(5) -0.24(6) -0.00(10) MI(+E2)  4,476.2 12---,11 
1,045.6(2) 42 31(7) 0.23(3)  +0.22(10) -0.16(14) E2 
1,061.1(2) 65 53 0.08(1)  -0.15(5) +0.00(7) E l  3,980.3 11 ~10 + 

Unless otherwise specified intensity error ~10%. For (160 ,  4n) off beam intensities are given for transitions below the 10 + isomer; 
inbeam intensities are listed for the above lying transitions and for (cq 8 n). 
b Data less certain due to poorly resolved 100.8 keV M1 transition from 149Dy/~-decay 
~ Measured in (cq 8 n). Transitions below the 10 + isomer were isotropic. 
d Corrected for 31% contribution from degenerate line in 15~ 
~ From intensity balance 
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Fig. 3. Isomeric half lives in t4SDy 
: measured with the pulsed 160 beam. 
102 a On the left is shown the half life of 

the 2.92 MeV 10 § isomer obtained 
from 7-ray singles intensities 
between beam bursts, b On the right 
is shown the half life of the 

10 2.83 MeV 8 + isomer from a y~ 
coincidence measurement, using a 
Ge(Li) as the start- and a NaJ as 
the stop detector. Only coincidences 
events during beam pauses were 
accepted 

in l~SDy b e l o w  the  4 8 0 n s  i somer ,  a n d  the  resu l t ing  
level  s c h e m e  is s h o w n  in Fig.  8. I t  is n o t e d  t h a t  the  

c o i n c i d e n c e  resul ts  c lear ly  s h o w e d  the  ex is tence  o f  an  
u n o b s e r v e d  10.5 keV t r ans i t i on  b e t w e e n  the  1,688 and  

1,678 keV levels.  

C o n v e r s i o n  e l ec t ron  m e a s u r e m e n t s  were  essent ia l  in 
o r d e r  to d e t e r m i n e  t r an s i t i on  m u l t i p o l a r i t i e s  and  thus  
the  spins  and  par i t i es  o f  the  e s t ab l i shed  ~48Dy levels.  

These  e x p e r i m e n t s  were  p e r f o r m e d  us ing  spec ia l ly  
p r e p a r e d  th in  136Ce targets  and  a s o l e n o i d  s p e c t r o m -  

e ter  [13]  o p e r a t i n g  in m a g n e t i c  lens m o d e .  T h e  tar-  
gets cons i s t ed  o f  ~ 200 g g / c m  2 of  the  > 99 % e n r i c h e d  
136Ce d e p o s i t e d  on  ~ 30 g g / c m  2 c a r b o n  foils by sput-  

t e r ing  d u r i n g  co l l e c t i on  in the  mass  separa to r .  In  the  
m e a s u r e m e n t ,  a 136Ce t a rge t  was p l a c e d  a t  45 ~ to  the  

a 6 0  b e a m  d i r e c t i o n  a n d  was  b a c k e d  by an  A1 foil, 
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Fig. 6. Conversion electron spectrum for the 70 to 280 keV electron 
energy range measured in a similar manner as the lower one in 
Fig. 5 

barely thick enough to stop the recoiling nuclei. 
Electrons were accepted in the 10 ~ to 20 ~ conical 
aperture of the lens spectrometer and were energy 
analysed in a cooled Si(Li) detector at the end of the 
solenoid. Both in-beam and out-of-beam electron 
spectra were recorded and representative samples of 
the data obtained are shown in Figs. 5 and 6. Con- 
version coefficients extracted from the electron and 7- 

ray intensities are given in Table 1, and they are 
compared with theoretical conversion coefficients for 
various multipolarities in Fig. 7. For the three low 
energy transitions in 148Dy, total conversion coef- 
ficients were also deduced from the intensity balance 
requirements between the off-beam transition inten- 
sities. These results settled the multipolarities of all 
the t48Dy transitions below the 480 ns isomer includ- 
ing E1 character for the 10.5keV transition and 
established the spin-parity values shown in Fig. 8 for 
the l~8Dy levels up to the 10 § isomeric state. 
It is clear that the 496keV M1 and 1,061keV E1 
transitions occur in cascade into the 10 + state, but 
the approximately equal intensities of these two tran- 
sitions observed in both the (~, 8n) and (160,4n) 
reactions leaves a question about the transition or- 
dering. The ordering shown in Fig. 8 is slightly, but 
not decisively, favored by the data; however as is 
discussed later, theoretical consideration of how the 
yrast line of 14SDy might continue above the 10 + 
state strongly favors this transition ordering over the 
alternative. 

2.2. The 149Dy Level Scheme 

Levels in the N = 83 nucleus 149Dy were  also strongly 
populated in the 160 ion bombardments of 136Ce 
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and it was possible to extract from the data valuable 
new information about transitions in 149Dy. In ad- 
dition, new lifetime measurements for 1 4 9 D y  w e r e  

performed using the ~52Gd(~, 7n) reaction, and more 
detailed sorting of our old a49Dy 77 coincidence data 
was also fruitful. The results of these experiments 
established that all the transitions listed as "proba- 
ble" ~49Dy 7-rays in [6] certainly occur above the 
27/2- isomer in this nucleus and a few other high- 
lying ~49Dy transitions were also identified. 
Table 2 summarizes the properties of the transitions 
assigned to 149Dy, including conversion coefficients 
determined from the electron and 7-ray intensities in 
the 136Ce(160, 3n) reaction. These conversion coef- 

Table 2. Properties of Tranqitions in 149Dy 
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31/2 
240 1 29/2 § '~h11~2 vfT/2• 

9 8 4 1 E 1  

]-1/2 =0.Ss 27/2- vfT/2 • 10 + 
2 I/2 + vfT/2 x 7- 

17/2 + vf7/2 x 5- 

�9 ~ -  12.5ns vf7/2 x3- 
13/2" (+vi13/2) 
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4.1m 7/2- v f "//2 xO § 

149 r~., 66 uY83 

Fig.& Level schemes for 148Dy 
and 149Dy with proposed shell 
model configuration 
assignments. Transition 
intensities are those measured 
in-beam in the (cq 8n) and (~, 7n) 
reactions. All multipolarities 
shown have been determined 
from conversion coefficient 
measurements. Level energies 
and more precise transition 
energies are listed in Tables 1 
and 2 

ficients are also compared with theory in Fig. 7 and 
the inferred transition multipolarities are given in 
Table 2. For the four transitions below the 0.5s 
isomer the present results confirm the multipolarities 
deduced earlier from less conclusive evidence. Con- 
sequently, the I S values shown in Fig. 8 for the 149Dy 
levels up to the 27/2- isomer can now be considered 
certain. The half life of the 13/2-- state at 1,073keV 
has been determined to be 

T1/2(1,073 keV) = 12.5 • 1.5 ns 

corresponding to a B(E3) value of 45_+5 Weisskopf 
units. 

E~ Rel. ? intensity a c~ K. 102 A; 
(keV) 

(~60, 3n) (e,7n) 
92MeV 106MeV 

Ar Multi- Placement 
polarity 

E i I~-~1 I 

Transitions below the 27/2- isomer 

110.8(4) ~ 3  b 
298.6(1) 80 83 

1,073.2(2) 100 100 
1,178.6(1) 95 91 

Transitions above the 27/2 isomer 

13(5) c 
4.9(7) 
0.46(5) 
0.17(3) 

E3 2,661.2 
E2 2,550.4 
E3 1,073.2 
E2 2,251.8 

199.4(3) 50(10) 20(6) -0.19(4)  -0.05(5) 
240.0(3) 80(20) 39(6) -0.20(5) 0.00(6) 3,885.5 
255.0(2) 32(9) ~ 6 b 
270.0(2) 42 15(3) 8.0(1.5) -0.04(5) -0.01(8) (M1 +E2)  
430.3(2) 43(8) 18(6) 
984.3(2) 78 61 0.11(2) -0.18(3) +0.00(4) E1 3,645.5 

1,337.2(4) 35(6) 18(3) +0.19(9) -0.02(9) 
1,393.7(5) 30 18(4) 0.11(4) E2 

27/2- -~ 21/2 + 
21/2 + ~ 17/2 + 
13/2+ ~ 7/2- 
17/2 + ~ 13/2 + 

31/2 ~ 2 9 / 2  + 

29/2-- ~ 27/2- 

a Unless specified otherwise intensity error ~ 10 %. In-beam intensities listed for both reactions. 
b Estimated from coincidence data. 

Value listed is c~L, extracted from Fig. 6 via comparison with 299 K line intensity. 
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The present results also establish that the cascade of 
240 and 984keV transitions populates the 27/2- iso- 
mer, and the (,, 7n) singles ),-ray intensities show that 
the 984 keV transition is lower lying. Since the con- 
version coefficient and angular distribution results 
clearly indicate stretched E1 character for the 
984keV transition, the next yrast state above the 
27/2- isomer is a 29/2 + level at 3,645keV. The 
240keV dipole transition de-excites a level at 
3,885 keV, and the other transitions in Table 2 occur 
above this level. 
Finally, the half life of the higher-lying isomer first 
reported in [6] has been redetermined to be 36 + 8 ns. 
This isomer has also been observed recently by other 
workers [14-16], but the excitation energy and spin- 
parity of the isomeric state are still unknown. 

3. Discussion 

3.1. The Nucleus tr 

In [9] we have already commented on the energy 
systematics of the lowest 2 + and 3- states in the 
N = 82 isotones and have pointed out that the location 
of the 148Dy 2 + state at a much lower energy than 
the *46Gd 1,972 keV 2 + state lends support to earlier 
arguments for the Z = 6 4  shell closure. Since the 
dominant component of the 3- octupole excitation at 
N = 8 2  is nh~i/2d~/~, involving the promotion of a 
proton across the Z = 6 4 g a p ,  the 3- energy is as 
expected lowest in 146Gd, and somewhat higher in 
148Dy, where the Fermi surface is displaced upwards. 
Later in this section the 3- energies will be examined 
from another viewpoint. 
The rate of the 10keV 3 - - ~ 2 + E 1  transition is 2 
x 10 -3 Weisskopf units, assuming that the 3 - ~ 0  + 

E3 transition rate is 37 Weisskopf units as in 146Gd 
[17]. We note that the corresponding E1 transition 
[18] in the N = 8 2  two proton hole nucleus a~4Sm is 

equally fast. Rates of 31 -*2 + E1 transitions in other 
spherical nuclei in the Zr and Pb regions are of 
similar magnitude. 

3.1.I. The nh21/2 Spectrum and the nh11/2 Effective 
Charge. The 10 + isomer at 2,919keV in 148Dy is 
without doubt the fully aligned 7ch~1/2 state, and all 
other members of the ~h21/2 multiplet are also iden- 
tified in this study. The levels with 1>6,  and es- 
pecially the 8 + and 10 + states, should have excep- 
tionally pure ~zh21/2 configurations, since the only 
other available single proton states are sl/2 and d3/2 
above the gap, and d5/2 and g7/2 below the gap. 
Examples of such complete j2 spectra are rather rare, 
and thus far include no other case with j > 9/2. 
The energy spectra of nuclei with two valence nucle- 
ons are prime sources of information about two 
nucleon residual interactions, essential for many shell 
model applications. There have been several at- 
tempts to fit the interaction matrix elements derived 
from the experimental data. Of particular note is the 
extensive analysis by Schiffer and True [-19] of all the 
known T = 0  and T =  1 matrix elements, which eluc- 
idated the universal properties of the nucleon-nu- 
cleon residual interaction throughout the nuclear 
chart. The present study provides the first infor- 
mation about residual interactions for two h11/2 pro- 
tons. It is instructive to compare these results with 
the other known cases of two identical valence par- 
ticles in the same j-shell, with nodeless radial wave 
functions (Fig. 9). 
The 0 + ground states in all six nuclei have admix- 
tures from other configurations. In particular, a large 
7~p2/2 contribution to the 9~ ground state has been 
established [20] from single nucleon transfer data, 
and one expects a similar situation in a48Dy with the 
ns~/2 and nd2/2 configurations contributing substan- 
tially to the ground state. The clustering of the h~1/2, 
sl/2 and d3/2 states in the single particle diagram 
above Z = 64 contrasts with the situation above the Z 
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2 - 

3 - 

M e V  

vf7~2 ~ f7/22 ~g22 ~g7~2 ~h,1~2 
,6 6 --8 6 
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420( ] - -  0 
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--o 
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Fig. 9. A comparison ofjZ-spectra for 
nuclei with two identical valence 
nucleons 
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= 50 and Z = 82 gaps where the lowest single particle 
states are well separated from other orbitals. 
The lowering of the 0 + levels in these j2 spectra is 
largely determined by the pairing interaction. The 
energy of the 0 + ground state relative to the top of 
the j2 spectrum can be written as 

6 E (0) = Gef f ~2, 

where Gef f is an effective pair coupling constant, Geff 
=cA-1, and f2 is the pair degeneracy of the single j 
shell, f2=j+�89 For  the four heaviest nuclei the 
strength parameter c is about 65 MeV, which is 2 to 3 
times larger than standard values [21] used in BCS 
calculations within an entire major shell. This shows 
that several orbitals must contribute substantially to 
the 0 + lowering. The variation of ~E(0) with A a n d j  
is, however, well reproduced by the A - I ( j + I )  de- 
pendence, indicating that in these four cases the 
enhancement due to other orbitals than the leading 
one is constant within 10 ~.  
As is well known, the energy levels o f j  2 spectra, such 
as those in Fig. 9, can be roughly reproduced by 
considering only a short range force between the two 
nucleons. A delta force, for example, is often used in 
first approximation. However, the observed multiplet 
members are invariably more widely spread apart 
than is calculated using a 6-force; particularly, the 2 + 
level is always found at a lower energy than the 
~E(2)/6E(O)~_l/4 given by this force. One simple 
method that has been used to improve the agreement 
with experiment is to add to the f-force a long range 
quadrupole component mediated by the core. It is 
apparent from the relative energies of the 2 + states in 
Fig. 9 that the quadrupole component must be con- 
siderably stronger in ~48Dy than in 13~Te and Zl~ 
This may be attributed to the fact that the Z = 64 gap 
lies within the N = 4 oscillator shell, giving rise to the 
low-lying AN=O 2 + excitation [22] at 2MeV in the 
146Gd core, whereas the corresponding 2 + states in 
the 132Sn [23] and 2~ core nuclei lie above 
4MeV. The ~48Dy spectrum more closely resembles 
that of 9~ where the 2 + state of the 88Sr core 
nucleus also occurs at about 2 MeV. 
In any case, the empirical h21/2 two particle energies 
now determined from the spectrum of 14SDy provide 
essential input information for calculation of more 
complex multiparticle configurations in the A ~1 5 0  
region. Furthermore the excitation energy of the 10 + 
state is vital information for the determination [10] 
of the ~SDy mass. 
The effective charge of the ht 1/2 proton can be calcu- 
lated from the measured rate of the 10 + --, 8 + tran- 
sition in 148Dy. Using the radial matrix element 

( rZ)N = 0.93 A1/3(N q- 3/2) = 32 fm 2 

and the assumption that only two protons occupy the 
h11/2 shell, we obtain 

B(E2, 10 + ~ 8 +) = 43 +_ 3 e 2 fm 4 

and 

eel f = 1.52 _+ 0.05 e. 

The rate for the 8 + --,6 + transition is subject to large 
experimental uncertainties in both the half life and 
the branching ratio but gives an effective charge 
consistent with the above value. 
This result is similar to the effective charges found for 
the two-proton nuclei 

134Te ~rg2/2(6-+4); eef f= l .5+0.1e  [24] a n d  

21~ ~h2/2(8--,6); eef f=l .5+0.1e  [8, 25]. 

As we have just discussed in connection With the j2 
energy spectra, the quadrupole polarizability appears 
to be distinctly larger in 146Gd than in the 132Sn and 
2~ cores. Such increased quadrupole softness 
should also result in enhanced effective E2 charges, 
and the similar results obtained in the three cases are 
at first sight unexpected. However, the 146Gd 2 + exci- 
tation differs markedly from those of 132Sn and 
2~ in that its structure is dominated by proton 
components [1]. Because of the strong isospin de- 
pendence of core polarization, valence protons 
should be less effective in polarizing the 146Gd core 
than valence neutrons, and accordingly the coupling 
to the 146Gd 2 + state should be most clearly manifes- 
ted in the enhancement of neutron effective charges. 
First results [26, 271 in N = 8 4  and N = 8 5  nuclei 
indeed indicate substantially enhanced effective 
charges for the valence neutrons, but a more detailed 
study of this whole question is desirable. 

3.1.2. Negative Parity States. The lowest 5- and 7- 
states in 146Gd are mainly of 7zh 11/2d5/~ character [1], 
and corresponding ph excitations are expected in 
148Dy at somewhat higher excitation energies. How- 
ever, the 5- and 7 states observed in l~SDy lie 
~0 .3MeV lower than the *'~6Gd 5 , 7-  states; we 
conclude that they must have different structures. 
Two particle excitations of the type Z~hl~/zS~/2 and 
rch11/2d3/2 should occur at low energies in Dy, and 
we interpret the 2,350 and 2,739 keV levels in 14aDy 
as predominantly (z~h~1/2s1/2) 5-  and (~zhl 1/2d3/2) 7- 
states, the expected lowest-lying (singlet coupling) 
members of the two multiplets. 

3.1.3. Octupole Excitations. At I = 1 0  the 148Dy va- 
lence spin is exhausted and higher yrast states must 
involve breaking of the 146Gd core. Since the 3- 
octupole is the lowest core excitation, the yrast line 
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can be expected to continue by excitations of the type 
10 + x 3-.  In the experiment, the strong 1,061 keV E1 
transition is found to populate the 148Dy 10 + isomer 
from a 3,980keV 11- level, which we interpret as the 
lowest member of the octupole multiplet built on the 
~h211/2 10 + state. 
Our recent analysis 1-2] of the related but simpler 
situation in the Z = 6 5  nucleus 147Tb has provided 
valuable insight, preparing the way for understanding 
the h~1/2 X 3- coupling in 148Dy. The 147Tb nucleus 
has one h~i/2 proton in its ground state and the 
lowest octupole state with U =  15/2 + is connected to 
the ground state by AI=2  transitions. This finding 
can be understood as a consequence of the Pauli 
interference with the large 7zh11/2d~/~ component of 
the core octupole, and the data have been success- 
fully analyzed in terms of particle core exchange 
interaction. In the Z~SDy 10 + state at 2,919 keV, two 
hxa/2 protons are aligned and in this case one can 
expect the lowest member of the octupole multiplet 
to be two units in spin less than the maximally 
aligned 13- member. The particle-phonon exchange 
diagram appropriate to the 148Dy ~ch21/2 x 3- cou- 
pling, with three h1~/2 particles and one ds/2 hole in 
the intermediate state, is shown in Fig. 10; the 147Tb 

147Tb 148Dy 

THEORY EXPMT 

~7/2~ 2038 
_ ,~/~. - 

~h11/2x3 ~ M1 772 
ls~.~ _ 1256 

M2 1266 E3 

rch11/2 ~/2- 0 

THEORY EXPMT 
13- 

2 _  "~h11/2 x 3 4498~/~'-.. 4476 

rm2/2 ,0 § 

3- l ;h11/2 II 3- 1h11/2 

h11/2t ~3_  h 1 1 / 2 t ~  3_ 

i i i ~ i 

I I 

6E=7W(31~1~3~}[] <IHI >2 6E=14(2i,+1)yfUllv. Es_q.i ,3i  ) <]Ht >2 " ' '  2 2 " '  2 2 ~' z~E 

( -1 
(hll/2d5/2)3 IHI3-> 2 = 856 keV from 147Tb 

E( hi 1/2)-E(d 5/2 )-E 3- 

Fig. 10. One-particle phonon and two-particle phonon exchange 
coupling involving the 1,579 keV octupole excitation in the t 4 6 G d  

core. Experimental and calculated Tchll/z x 3- and ~h~1/2 x 3- 
multiplet members in 147Tb and 14SDy are shown 

case is also illustrated for purposes of comparison. In 
second order perturbation theory, the energy shifts for 
members of the octupole multiplet in 148Dy are given 
by 

~SE((h21~/2),, x 3 - ; I )  

=14(2I' + l) x X ( Z ~ I ' ;  115-3"2 2 ,1'31) 

x ((hll/2d8/2)3 IHI 3 - )  2 

E(ht 1/2) - E(ds/2) - E3-  

where X is a 9j symbol, and I' specifies the coupling 
of the two h~1/2 protons in the initial state. The 
crucial point here is that the energy factor (IHI)2/AE 
containing the interaction matrix element is the same 
as in the 147Tb case, and therefore one can use the 
empirical energy factor from the one-particle phonon 
coupling to describe the exchange interaction of two 
particles with the phonon. With the value of 856 keV 
for that energy factor, derived from the observed 
772keV splitting of the 15/2 + and 17/2 + levels in 
147Tb, we have calculated the expected energy shifts 

2 for the four highest spin members of the h11/2 x 3- 
multiplet in 148Dy. (The I ' =  10 and 8 couplings both 
contribute to the 11 and 10 states, and the 
theoretical energies shown are the lower energy so- 
lutions obtained by diagonalizing the interaction in 
this two-dimensional basis.) In Fig. 10 the calculated 
level energies are compared with the experimental 
results. The good agreement with the observed 11-, 
12- energies provides strong support for the in- 
terpretation of these states as octupole multiplet 
members. In future experiments it may be possible to 
locate additional members of the  h2t/2 x 3-  multiplet, 
particularly the 13 member which should be an 
yrast state. 
The fact that the excitation energy of the 3- octupole 
state is higher in 148Dy than in 146Gd can also be 
understood as a Pauli interference effect. In this case, 
the geometrical blocking coefficient 14(2I '+ 1)X for 
I '=0 equals 2/12 assuming that two of the twelve 
h~/2 protons are present in the 148Dy 0 + ground 
state. With the same empirical matrix element, the 
calculated energy shift is fiE= +143keV, which is 
close to the experimental number of 

E 3 (148Dy)- E3_ (~46Gd) = 109 keV. 

As mentioned earlier, the proton pair in the 148Dy 
ground state also partially occupies the 81/2 and d3/2 
orbitals, and therefore this slightly smaller increase of 
the 3- energy in 148Dy is not unexpected. 
As far as we know, this type of particle phonon 
exchange coupling involving two particles has not 
been observed before; it is encouraging that the em- 
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pirical coupling strength derived from the one-par- 
ticle case describes the more complex situation so 
well. 

3.2. The Nucleus t~9Dy 

Earlier [6, 7], we established the l~9Dy level scheme 
up to the 27/2- isomer at 2,661 keV. In the following 
sections we discuss some important aspects of the 
~49Dy level structure in the light of recent results for 
neighbouring nuclei, especially ~48Dy, and we also 
consider the extension of the 149Dy yrast line beyond 
the 27/2 isomer. 

3.2.1. The 13/2 + Octupole Excitation. We originally 
[6] interpreted the 1,073 keV 13/2 + level as an vi13/2 
single particle excitation. In subsequent work, much 
has been learned about octupole excitations in this 
region, most notably the correct identification E28] of 
the 146Gd 3- state and the determination [17] of its 
B(E3) value. For the 149Dy 13/2 + level the measured 
half-life gives 

B(E3)=(5.9+_O.7)xlO4e2fm 6 or 45-r5W.u. 

which is close to the value for the ~46Gd octupole. 
Similar E3 strengths have also been determined [1, 
2] for low-lying octupole excitations in l~TGd, t4VTb 
and ~4aTb, and it is now clear that the 1,073keV 
state in ~9Dy is predominantly an octupole exci- 
tation built on the vfT/2 ground state. 
A similar interpretation is also indicated for the lowest 
lying 13/2 + levels [29] in other N = 8 3  nuclei. As 
shown in Fig. 11, the energies of the 13/2 + states in 
the N = 8 3  isotones closely follow those of the 3 
states in the corresponding N = 8 2  nuclei; this con- 
trasts with the energy trend observed for the vh9/2 
levels, which are probably much purer single particle 
excitations. While a large contribution of v i~3/2 single 

2881 N=82 

- - ~  - -  2464 . . . .  
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2084 
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1540 ~ ,  1579~ 1688 3-  
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1283 ~-~g~--~ -- ~-2~ . . . . .  
. . . . .  ---..._ _ 110~ _ _9_9Z~_~ I00_~ h912 

13/2 �9 

Ba Ce Nd Sm Gd Dy 

Fig. 11. Energy systematics of 3- levels in N= 82, and 
(vfT/2 x 3 ) 13/2 + and vh9/2 levels in N= 83 isotones 

particle character is definitely indicated by the fact 
that the 13/2 + states lie ~0.6MeV lower than the 
corresponding 3- core states, we conclude that the 
low-lying 13/2 + excitations in N = 8 3  nuclei are pre- 
dominantly vfT/2 x 3-. 
The situation in the N = 83 isotones is basically simi- 
lar to that observed in the N=127  nucleus 2~ 
where the corresponding single particle orbits are 
vg9/2 and vj~5/2. In 2~ a quantitative analysis 
[30] shows that the 15/2 + state at 1.42 MeV is mostly 
of vj~5/2 single particle character with about 30 % 
admixture of vg9/2 x 3 . In 147Gd a similar analysis 
indicates that the unperturbed energy of vi~3/2 is 
higher than that of vf7/2 x 3-. The situation is there- 
fore reversed compared to 2~ and the physical 
13/2 + state is mostly of vfT/2 x 3- character with 
about 30 % admixture of vi~3 2 The measured g- / �9 

factor E31] of the 13/2 + state in 147Gd is consistent 
with this mixed structure. 
Of some interest for the yrast spectroscopy of nuclei 
in this region is the unperturbed vi~3/2 single particle 
energy, which is not directly determined by experi- 
ments. The above analysis and other evidence from 
spectroscopic studies [2, 26, 32] of various Gd and 
Tb nuclei indicates that it lies more than 2MeV 
above the vfT/2 ground state, and thus higher than 
the ~46Gd 3-octupole excitation. The energy syste- 
matics of Fig. 11 also points towards the same con- 
clusion. In ~9Dy, with two valence protons, residual 
np interactions should cause a significant lowering of 
the vi~3/2 energy similar to that observed for the 
vh9/2 single particle state, which drops from 
1,398 keV in 147Gd to 1,091keV in ~49Dy. However 
from the very regular 13/2 + energy systematics, we 
infer that also in the 149Dy nucleus the vi~3/2 single 
particle state should be located above the octupole. 
That the vi~3/2 single particle energy at N = 8 3  is so 
high has not previously been clearly recognized. It 
would explain why i~3/2 neutrons rarely play a role in 
the yrast lines of A~150 nuclei, whereas the vh9/2 
single particle excitation frequently contributes to 
yrast configurations. 

3.2.2. The 17/2 + , 21/2 + and 27/2- States. In our 
earlier study [6, 7] we interpreted the 27/2- isomeric 
state as (~zh21/2)1o x vfT/2, but at that time the nature 
of the 17/2 + and 21/2 + levels remained unclear. We 
now identify them as states arising from the coupling 
of the f7/2 neutron with the 5- and 7 states of 
l~8Dy, with the three-particle configurations 
(Tchll/2sl/2vfT/2) 17/2 + and (~zh~l/2d3/2vf7/2) 21/2 + as 
dominant amplitudes. However, the ~h~/z--*d3/2 sin- 
gle particle jump implied for the 27 /2 -~21 /2  + E3 
transition is forbidden. In this region the most likely 
allowed E3 transition is ~chlt/2 ~d~/~, and its trans- 
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ition rate is known [33] from 145Eu to be 

B(E3, __. - t  >*SEu) hit~2 ds/2, =0.4 • 104e 2 fm 6. 

From the much slower transition rate observed in 
149Dy 

B(E3, 110.8 keV, 149Dy) = 0.04 x 104e 2 fm 6 

we conclude that the 3 - t  (~rh 1 a/2ds/2 vf T/2) configuration 
contributes of the order of 10 % to the 21/2 + state in 
149Dy. The small B(E3) value of the 111 keV tran- 
sition thus supports the (~htl/2d3/zVfT/2) assignment 
for the 21/2 + state and indicates also that the 

3 - 1  (ghluzds/2) configuration contributes little to the 
composition of the 148Dy 7- state. 
As will be shown in [10], the measured excitation 
energy of the 27/2- state provides useful information 
for estimating the ground state masses of nuclei in 
this region. 

spectrum in 148Dy has been identified, providing the 
relative residual interaction matrix elements for two 
h11/2 protons. The determination of the ~zh~/zE2 
effective charge gives valuable information about the 
polarizability of the t46Gd core nucleus. Of particu- 
lar interest is the first observation of particle phonon 
exchange coupling involving two particles, and its 
successful description using an empirical interaction 
strength extracted from the simpler coupling in the 
one valence particle nucleus 14VTb. The l~SDy and 
149Dy yrast lines are particularly favourable for the 
observation of such particle-phonon exchange phe- 
nomena because the high-j h11/2 protons, which are 
here valence particles, are also involved in the domi- 
nant component of the Z~6Gd core octupole. Similar 
octupole excitations also occur in heavier Dy nuclei, 
and related coupling phenomena should also play an 
important role in the yrast spectra of nuclei above 
dysprosium. 

3.2.3. High-lying Particle plus Octupole Excitation. 
We interpret the 3,645 keV 29/2 + level, which de- 
excites by the 984keVE1 transition to the 27/2- 
isomer, as the counterpart of the (~h~1/2 x3- )11-  
level at 3,980keV in t~SDy. Its configuration is thus 
(TchZu2 vfT/2 • 3 - ) 2 9 / 2  +. Again, the spin of the lowest 
octupole multiplet member is two units less than the 
highest possible spin because of Pauli interference 
with the two aligned h11/2 protons. Whether other 
multiplet members are populated in the yrast decay is 
at present not clear; in analogy to the isotone a48Tb, 
one would expect that levels of ~rh~i/2vi~3/z nature 
migth also occur in this region of the ~Z~9Dy yrast 
line. 
It is noteworthy that similar AI= 1 transitions from 
octupole states also occur in the yrast lines of heavier 
Dy nuclei. For example, in tS~ a 742keV E1 
transition de-excites [-34] the 5,813 keV 19- octupole 
state to the Ozh2v2vfv/zh9/2)18+ level, and in lS~Dy 
the (rch211/zvhg/2f.;z/2)41/2- state is fed [14, 35] by an 
839 keV E1 from the (41/2- x 3-)43/2 + yrast state at 
5,743 keV. In all cases these octupole excitations are 
built on yrast states in which all available 7ch11/2 , 
vfT/2 and vh9/2 valence spins are fully aligned. The 
fact that octupole core excitation competes success- 
fully with lifting of a neutron into the vi13/2 orbital 
reemphasizes the rather high single particle energy of 
that orbital discussed above. 

4. Conclusion 

This investigation has established the yrast level spec- 
tra of the N=82 and 83 nuclei tCSDy and l*9Dy to 
about 4MeV excitation energy. A complete ~rh~l/2 
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