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Abstract: A number of electromagnetic matrix elements between low-lying states of several nuclei 
near 2°Spb have been measured. Coulomb excitation of states in 2o,,. 206, 2o~. 2oapb and 2°9Bi 
has been studied with beams of ,,He and ~60. The energy loss of ,,He and 160 in Pb has been 
measured by a novel method and thus accurate B(E2) and. B(E3) values were obtained. 
Gamma-ray lineshapes observed after 160 bombardment were used to derive mean lifetimes of 
states at 2646.5 keV (r = 0.125_-t:0.030 ps) in 2°6Pb, and at 897.7 keV (r = 0.19±0.04 ps), at 
2624.4 keV (r = 0.13--0.05 ps), and at 2662.4 keV (r = 0.95-t-0.20 ps) in 2°TPb. The reactions 
2°apb(TLi, ~t2ny)2°gBi and 2°apb(TLi, 6Li)')2°gPb were used for the first time to derive several 
lifetimes and branching ratios in "°gBi and 2°gPb. An intermediate-coupling calculation has 
been performed which reproduces extremely well the known B(E2) values in 2°7. z°SPb 
and 2°9Bi and which qualitatively explains the observed E! matrix elements. Evidence for 
retardation of single-particle M I transitions is presented. The main cause for the retardation 
is excitations of spin-orbit partners. Possible contributions from higher-order excitations and 
from mesonic exchange currents are discussed. 

NUCLEAR REACTIONS 2°+.2°6.2°7.2°aPb, 2°9Bi(0q~,'y), E =  15-18 MeV; 
2°+'2°6'2o7'2°SPb, 2°~Bi(t60, 160'~), E = 6 9 - 8 0  MeV; measured E./, a(E~,), 
DSA. 2°Spb(7Li, g2ny)2°gBi, 2°Spb(TLi, 6Li~,)2ogpb, E ~ 28-31.5 MeV; measured 
g0-coin, E~,, DSA. 2° '* '2°6 'z°7 'z°s 'Z°9pb,  z°gBi deduced B(E).), B(M2) and life- 
times. Enriched and natural targets. Measured dE/dx of g and t60 in natural Pb 

between E:~ ~ 10-18 MeV, E~6o ~ 28-72 MeV. 

I. Introduction 

T h e  low-ene rgy  states  o f  mass-209 (207) nuclei  can  be desc r ibed  as e i ther  s ingle-  

pa r t i c l e  (ho le )  states,  o r  as s ingle-par t ic le  (ho le)  s tates  c o u p l e d  to co l lec t ive  m o d e s  o f  

exc i t a t i on  o f  the z o spb  core.  It  is cu r r en t ly  bel ieved ~ - t o )  t ha t  f rac t ions  o f  the  s ingle-  

pa r t i c l e  s t r eng ths  are  f o u n d  in the  co l lec t ive  states,  a n d  vice versa,  as a resul t  o f  

p a r t i c l e - v i b r a t i o n  coup l ing .  Ev idence  for  this f r a c t i o n a t i o n  has  c o m e  to a large  ex ten t  

f r o m  n u c l e o n - t r a n s f e r  r eac t ions  1 .3 -7 ) .  S ince  s t anda rd  D W B A  analys is  does  n o t  

a l l ow  the  e x t r a c t i o n  o f  a ccu ra t e  spec t ro scop ic  fac tors ,  pa r t i cu l a r ly  fo r  w e a k  t ransi -  

t ions  11), m e a s u r e m e n t s  o f  e l e c t r o m a g n e t i c  ( E M )  ma t r ix  e l emen t s  are  useful  to c o m -  

p l e m e n t  t he  ava i l ab le  i n f o r m a t i o n  f r o m  nuc l eon - t r ans f e r  react ions .  

A large  par t  o f  the  p re sen t  i n f o r m a t i o n  on  E M  p r o p e r t i e s  o f  s tates  near  Z°SPb 
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comes from inelastic electron scattering 12), Coulomb excitation 8-,0.,3. ~4) and 
direct decay time ~5-~7) experiments. The early work on Coulomb excitation ~3. ,4} 
was severely limited by the poor resolution of NaI(TI) detectors. The resulting un- 
certainties in B(E;.) values did not allow detailed comparisons with the predictions 
of the intermediate-coupling model to be made. In the first experimental part (sect. 2) 
of the present work we report results on Coulomb excitation of low-lying states in 
204, 2o6-2ospb and in 2°9Bi using beams of 4He between 15 and 18 MeV and beams 
of ~ 60 between 69 and 80 MeV. First accounts of this work have appeared in labora- 
tory reports ' a) and in a compilation ~ 9). After completion of these experiments the 
work of the Heidelberg group ' o) was published which has a large overlap with our 
study of the Pb isotopes. There are however a number of differences which make a 
brief description of our experimental methods necessary. A novel technique will be 
described which was used to measure the energy loss, dE/dx, of 4He and 160 in Pb. 
We have used these data instead of sometimes unreliable semi-empirical extrapola- 
tions for dE/dx to deduce absolute cross sections and B(E,;.) values with an accuracy 
approaching + 5 ~ .  The Doppler-broadened ?-ray lines observed in Ge(Li) detectors 
after ~60 bombardment were interpreted by the Doppler-shift attenuation method 
(DSAM) to obtain lifetime information. An exact method of calculating unattenuated 
lineshapes at arbitrary observation angles is described. Reasonable assumptions for 
the slowing down of the recoils are then introduced to relate the observed distortion 
and shift of the unattenuated lineshape to the lifetime of the initial state. 

In a second experimental part (sect. 3), the 7Li-induced reactions 2°apb(TLi, 6Li 7) 
2°gpb and 2°8pb(TLi, ct2n?)2°9Bi were used to study the ?-decay of the li~ and 3d, r 
single-neutron states in 2°gpb and the 2f~ and 3p~ single-proton states in 2°9Bi. The 
latter reaction provided also data on lifetimes and branching ratios for the (l h,~ ® 3 - } 
septuplet of states near 2.6 MeV which had been measured previously 8.9). 

3/2".--, 3 1 2 0  
(3 p5/2) 

?/+ ~"2"- "r' 2.826 
(Z f'5/2} " P-~ ~"Z®335Z --~'T __2662  /2" - - - - - -  - -  Z.624 5- 2.6145 

( o '/~ ? 2032 , ,.o 

",e ^1 I ..333 ',e 
(~-~ J3"z) I t~2- ? ? 1422 

I (I jl5/2) I I 
J o l o l  

~ ' - ,  r~_ I I | ~ o,a96e. 
(3p -I 3/2 ) 

5/2- ~ 0.5696 Ill I~1 

(2f-t ~"2) i 

%- o o'- o ~£ o 9,.~- ~ o 

(3p -I 1/21 207pb Z0apb (20912) Z09pb (l h9/2 ) 209Bi 

Fig. I. Decay scheme of  some low-lying states discussed in the present work. The !h]. ® 3 - ,  
septuplct near 2.6 McV in Z°9Bi has been omitted. 
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In fig. 1 some of the states studied in the present work are shown with their main 
configurations, excitation energies, and y-decay modes. It is seen that a fairly large 
number of El,  E2 and E3 matrix elements are now available in mass-207 and mass-209 
nuclei, particularly if we also consider the 20gBi septuplet (not shown in fig. 1). Inter- 
mediate-coupling calculations have been performed (sect. 4) starting from specific 
collective phonon states J in the 2°8pb core and from experimental values for B(EJl; 
g.s. ~ J) .  The purpose of these calculations is to investigate whether the same inter- 
mediate-coupling parameters can explain the data in the three nuclei 2°7pb, 2°9pb 
and 2°9Bi. 

Several M1 matrix elements are now known in mass-207 and mass-209 nuclei from 
direct lifetime measurements or can be inferred from measurements of  mixing ratios, 
branching ratios and B(E),) values. The three/-allowed M l transitions between single- 
particle (hole) states known so far in 2°Tpb and 2°9Bi are inhibited by at least a factor 

of  two. Deviations of  magnetic moments from the Schmidt value are of  course fa- 
miliar and result mainly 2 o, 21 ) from excitations of  l i~ -~ l i¥ (neutron) and 1 h .~ ~ 1 h,~ 
(proton). In addition to the renormalization of the one-body operator there are two- 
body contributions to M l matrix elements originating from mesonic exchange cur- 
rents between any two nucleons. Calculations by Chemtob 22) showed that two-body 
terms contribute significantly to the anomalous magnetic moment  of  2°9Bi(g.s). In 
sect. 5 the relative importance of one- and two-body renormalization of M l matrix 
elements will be briefly discussed. A more detailed account of  this work will be pub- 
lished elsewhere 23). 

2. Coulomb excitation of 204, zo6-zospb and 2°9Bi 

2.1. EXPERIMENTAL METHOD 

The experiments were performed with the 4He2+, 1606+ and 1603÷ beams from 

the Chalk River MP tandem accelerator at bombarding energies of  15, 16.5, 17 and 
18 MeV for 4He and of 69, 70, 77 and 80 MeV for 160. About 400 mg/cm 2 thick 
rolled targets of  natural Pb and Bi, and of isotopically enriched 2°6pb (99.8 %), 
207Pb(92. 4 %) and 2 O8pb(96. 0 %) were used. The experimental arrangement used for 
thick-target yield measurements has been described in detail previously 24,25). The 
target chamber is insulated from the beam transport system by a glass tube and serves 
as a Faraday cup. A suppression electrode at - 2 kV prevents secondary electrons 
from entering or leaving the Faraday cup. A pressure of  < 10- v Tor t  was maintained 
between the last quadrupole magnet and target to avoid charge exchange of the heavy- 
ion beams. 

De-excitation 3,-rays were observed at several angles between 0 ° and 110 ° with re- 
spect to the beam direction in two 45 cm 3 Ge(Li) detectors with a resolution of 2.3 
keV at 1 MeV. The gain and cut of  one of the detector systems was stabilized with a 
method described by Broude 26). For this purpose two peaks from 60 Hz precision 
pulsers were gated into the very low- and the very high-energy ends of one of the spec- 
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tra to derive on-line corrections for the relevant encoder. Two of  the stabilized spectra 
observed at 0 r = 55 ° using 18 MeV '*He and 80 MeV t60  beams and a 2°7pb target 
are shown in fig. 2. The lines with unshifted energies of 570, 898, 1726 and 2093 keV 
result from Coulomb excitation of  2°Tpb, whereas the 803 keV line comes from a 
small fraction of 2°opb in the target. In addition to these lines a large number of other 
),-rays are present. Some of  these lines (marked v) disappear rapidly at lower bombard- 
ing energies. The most prominent of these is the 1181 keV line in the upper spectrum 
originating from the first excited state of "~ °Po after the 2°7pb(0t, n)21°po reaction 
zT). Other lines appear also at lower bombarding energies (~7) or with all other 
targets ( e )  or both, and result most likely from light contaminants. The lines from 
(heavy-ion, xn) reactions are found to be large at energies above 17 MeV 4He and 
70 MeV ~60 indicating that nuclear interactions have to be taken into account in 
this energy region. Similar conclusions were obtained from excitation functions (see 
below) and from elastic scattering measurements 28). 

Energies of  )'-ray lines were obtained from spectra which contained, in addition to 
4He data at 0 r --- 90 °, lines from several radioactive sources covering the energy re- 
gion between 511 keV ( from 22Na) and 1836. I keV (from asy).  The efficiency of  the 
detectors was obtained from calibrated radioactive sources t placed at the beam spot 
on the target. Corrections for measured electronic dead-time losses were applied to 
all data. 

2.2. ENERGY-LOSS MEASUREMENTS 

In this section a novel method is described of  measuring the energy loss, dE/dx, of 
heavy ions in solids. The energy loss, 10-18 MeV 4He and 25-80 MeV ~60 in Pb, is 
required to deduce absolute cross sections from the measured ),-ray yields. These data 
were not available and semi-empirical extrapolations 29-31) predict different values. 

A 1.5 mg/cm 2 layer of natural lead was evaporated onto a l0 ~ug/cm 2 carrier foil 
of cellulose nitrate. One half of the foil was masked during the evaporation of lead. 
Onto both halves a 30 ~ug/cm 2 surface layer of copper was evaporated to prevent oxi- 
dation of the Pb surface. The three-layer foil was mounted in front of a surface-bar- 
rier detector with the lead boundary parallel to the scattering plane of an Ortec scat- 
tering chamber. Particles of 4He and 16 0 of the required energy were produced by elas- 
tic scattering of small-intensity beams from ~ 50/~g/cm 2 self-supporting lead foils. 
Two clearly resolved peaks were observed in the surface-barrier detector. The differ- 
ence of the peak centroids is proportional to the effective dE/dx in the lead. Finally, 
the thickness of  the lead in the three-layer foil was determined by Rutherford scat- 
tering of a 13 MeV 4He2 + beam. The uniformity of  the deposit, tested by moving the 
target, was better than 1.5 %. 

The results are shown in fig. 3 together with semi-empirical extrapolations accord- 
ing to Northcliffe and Schilling 29) (solid lines), Williamson et al. 30) (dashed line, 

Supplied by International Atomic Energy Agency, Vienna. 
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4He), and Booth and Grant al) (dashed line, 160). The systematic errors in the mea- 
sured dE/dx were estimated to be < 2.5 %. Both the 4He and t60  data are in good 
agreement with the predictions of  Northcliffe and Schilling 29). The Booth and Grant 

parametrization of the 16 O effective charge, used in the Coulomb excitation work of  
ref. lo), overestimates dE/dx by typically l0 %. 

180~ 

E 
_°160,- 
I o, L 
E i 

> 14Or 

"~ 1 2 0  L 

,.,-, i 
"a i 00.., I_ 

=2.4  . . . . . . .  , o ' , 2  .... ' f 6  . . . .  

- ~ "  \ \ \ . x 1 6  
o E ~ * / f  ~ . . .  

T 2.2 i_ 0 in Pb 

E . • \\ 

> Z.Or- " -\ 
, 

x 1.8 C 

W 
"o 1.6~ 

~-____ 1 . . . . . .  I . . . . .  1 ,_ r_ .... . . .  i _ L ', 
50 4 0  50 60 70 80  

E ( M e V )  

Fig. 3. Energy loss of '*He and 160 ions in natural Pb. The solid lines are extrapolated values from 
the compilation of Northcliffe and Schilling 29). The dashed lines are taken from ref. 3o) for 4He 

ions and are calculated with the semi-empirical formulae of ref. 31) for t°O ions. 

2.3. THE B(E).) VALUES AND STATIC QUADRUPOLE MOMENTS 

The measured y-ray yields were compared with theoretical Coulomb excitation 
calculations to deduce B(EZ) values and, possibly, static quadrupole moments Qs of  
the octupole vibrational states. The Winther-de Boer Coulomb excitation program 32) 
was used to calculate excitation cross sections and y-ray angular distributions for a 
given set of B(E,~.), Qs, scattering angle and bombarding energy. To obtain thick- 
target yields the cross sections were weighted by the experimental (dE]dx)-I and 
integrated over angles and energies. The integration over energy extended down to 
25 MeV for 160 and 6 MeV for 4He, at which energies the cross sections were neg- 
ligible. Angular distribution coefficients were obtained also. The integration code ac- 
cepts experimental branching and mixing ratios and takes into account feeding from 
higher excited states. 
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Fig. 4. Excitation functions for 7-rays originating from states at 570, 898, 2662 and 2624 keV in 
2°VPb. The solid lines are the result of a calculation using the Winther-de Boer Coulomb excitation 

program. The statistical errors are smaller than the data points. 

T h e  ca l cu l a t ed  t h i c k - t a r g e t  yields  fo r  E3 exc i t a t i on  o f  a s ta te  at  2.6 M e V  c h a n g e  by 

a b o u t  3 ~ fo r  4He  a n d  by a b o u t  16 o//o fo r  ~ 6 0  b e a m s  a s s u m i n g  a c h a n g e  A Q ~  = 1.3 b. 

T h e  4He  d a t a  are  t h u s  fair ly  insens i t ive  to  the  d e f o r m a t i o n  o f  the  s ta tes  a n d  were  used  

(wi th  Q~ = 0) to  d e d u c e  accu ra t e  B(E2)  values.  Exc i t a t i on  f u n c t i o n s  o b t a i n e d  w i t h  

TABLt" 1 

B(E2) values from absolute cross sections 

Nucleus Ji  -* J t  Er (keV) Type B(E2; J,  -* Jr )  (e 2 • b~.) 

this work other work reL 

z°4Pb 0 + 2 + 899.0-I-0.3 E2 0.151 -t-0.015 0.145-t-0.015 ~o) 
2°6pb 0 + 2 + 802.9±0.2 E2 0.095 £0.005 0.092 ~0.006 1~) 

0 + 3- 2645.4-0.8 E3 0.50 ±0.03 0.66 ~-0.07 1o) 
0.64 :t:0.04 12) ~) 

2 ° 7 p b  ,2 I -  ~- 569.65 0.1 E2 0.0214+0.0010 0.0213±0.0009 ~6) 
~- 3- 897.7-t-0.3 E2 0.0t21 i-0.0005 0.01244-0.0010 1o) 
.~- ~+ 2624.451.0 E3 0.23 :-0.03 0.19 [0 .02 1o) 
.~- ~+ 2662.4£0.6 E3 0.29 ~0.02 0.26 :2:0.03 1o) 

2°SPb 0 ~ 3- 2614.5_--0.6 E3 0.54 £0.03 0.72 --__0.04 12),) 
0.58 --0.04 2% 

2°9Bi ~- 3- 896.5 ~0.3 E2 0.0024--0.0002 0.0018-t-0.0006 9) 
0.0014:: 0.0002 8) 

a) From inelastic electron scattering. 
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4He beams and a 2°Tpb target are shown in fig. 4. The yields at 18 MeV for the 570 
and 898 keV states are significantly lower than the best fit. This is somewhat surprising 
since the small adiabaticity parameter ~ for these states implies a much smaller in- 
crease in yield with bombarding energy than for the octupole vibrational states, which 
do not exhibit a sizeable deviation. In any case the 18 MeV data were not included in 
the analysis, as was already indicated on the basis of  the y-ray spectra. The B(E2) 
values are shown in table 1 together with the most accurate previous measurements. 
Corrections for internal conversion 33) have been applied. The quoted uncertainties 
include 4-4 ~o for the absolute detection efficiency and 4-2.5 ~o for the stopping 
powers in addition to the statistical uncertainty. The agreement of  our values with 
previous measurements is generally good except for the (ee') data in 206.2ospb and 
the B(E2) in 2°9Bi. In the latter case our value was corrected for feeding from higher 
excited states (a 13 ~o correction at 17 MeV) yet it is nearly a factor of two larger than 
the one obtained by Broglia et al. 8) at the rather high energy of  19 MeV. 

The data for z°4Pb were obtained with a natural lead target and the B(E2) cal- 
culated with the assumption that it contained 1.48 ~ of 2°4pb and 22.6 ~ of 2°TPb. 
It is of interest to note that the main E2 strength located 21 ) near 4.07 MeV in 2°spb, 
is apparently increasingly pushed down into the lower states as the mass number de- 
creases. This trend is also indicated by the monotonic increase in the energy of  the 
lowest 2 + states toward lighter isotopes 34) and by the decrease t2) ofB(E2; 0 ÷ ~ 2 +, 
4.07 MeV) from 2°apb to 2°6pb. 

The accuracy of  y-ray yield measurements at the lower 160 energies was limited by 
relatively large background, particularly for the strongly Doppler-broadened 1726 
keV, -)+ ~ ½+ transition in 2°7Pb and the 1843 keV, 3- ~ 2 + transition in 2°6pb. 
The most accurate ratios of yields were obtained with t6 0 and 4He beams for the 
relatively sharp (r ~ 1 ps) 2093 keV, ~+ --, -~- line in 2°Tpb, yielding a static quadru- 
pole moment Q~ = -0 .34-0 .7  b, a value smaller than that obtained by Barnett and 
Phillips 2s) for the 3- state in 2°Spb, Q~ = - 1.34-0.6 b. The present experiment is 
clearly too inaccurate to be theoretically significant. It should however be pointed out 
that absolute yield measurements (combined with accurate relative dE/dx measure- 
ments) can now be made with considerably improved accuracy. The 2614.5 keV, 
3- ~ 0 + transition in 2°Spb is most suitable because of the long lifetime of the 3-  
state (r ,~ 25 ps) which eliminates significant Doppler broadening. Experiments with 
heavier ions such as 32S or 3 5CI would increase the size of the reorientation effect by 
roughly a factor of  two. 

The E2/MI mixing ratio for the 898 keV, t -  ~ ½- transition in 2°7Pb was deter- 
mined from angular-distribution measurements. From a fit 6(½- ~ ½-) = -0 .075 
+0.025 was obtained using the sign convention of  Rose and Brink 35). This value 
is in agreement with the result of  the Heidelberg group 36) yielding 6 = ( - )0 .0964-  
0.011. A second solution for ~5 which corresponds to almost pure E2 is incompatible 
with substantial Doppler broadening of the 898 keV line. A more accurate estimate 
of the t -  --* ½- M1 matrix element with the DSAM is described in the next section. 
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2.4. L IFETIMES F R O M  ~,-RAY LINESHAPES 

The velocities of  Pb and Bi recoils after Coulomb excitation with t 6 0 ions extend 
up to v/c ~ 0.015. The 898, 1726 and 2093 keV lines in 2°Tpb and the 1842 keV line 
in 2°6pb show substantial Doppler broadening, allowing the deduction of mean life- 
times for four levels by the Doppler-shift attenuation method. Theoretical line shapes 
were calculated on the Chalk River CDC 6600 computer for a large number of  life- 
times and the best fit to the data was found from a ;(2 analysis. The methods used to 
calculate the lineshapes have been described before 2,,, 25, 37) and only the essential 

features are reiterated here: 
(a) For a given beam energy the correlation between the direction of the excited 

recoil nucleus and the direction of the y-ray is determined by the excitation cross sec- 
tion and up to 15 additional angular-distribution tensors cq, (k - 2, 4, 6; x = 0 to k). 
This information was computed using the Winther-de Boer Coulomb excitation pro- 
gram 32) and stored on magnetic tape. The tensors with k ~ 0 are essential if line 
shapes at 0 r yt 0 ° are to be calculated. As pointed out previously 25, 3~) the line shapes 

observed near 0 r = 90 ° are insensitive to the static deformation of the excited state. 
In all cases the counting statistics were insufficient to determine Q, reliably at 0.e = 0 °. 

(b) The energy loss of  the recoils was calculated f rom expressions for nuclear and 
electronic stopping given by Lindhardt et al. 3s) because the reduced velocities, 
137 v / (cZ{ ) ,  do not exceed 0.12 which is about the limit for the domain of pure elec- 
tronic plus nuclear stopping. The effect of  nuclear scattering was taken into account 
only approximately following a procedure due to Warburton et al. 39). The effect of  
nuclear scattering on the line shapes is relatively small, particularly for the shorter 
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-J I • r = 0 . 1 2 5  ps , + , / ~  
iT.r~_: E . a O M . ~ O  : O. 3-t~ E,.o'eO /~.~'"~ O.-,.O" 

E% = 7O u e v . .  8 r ,  55" 750- - 

n," 500.-. 250 

~ 250 '  125-  250" 

1840 1850 1860 1870 1830 1840 1850 1860 1870 1820 18'50 1840 1850 1860 

F ( k e V )  7 
2 0 6  Fig. 5. Some of  the },-ray lineshaloes of  the 3 -  --* 2 + El transition in Pb obtained after thick-target 

Coulomb excitation with ~60 ions. The solid lines are calculated shapes assuming a mean lifetime 
r = 0.125 10s. 
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lifetimes (T ~ 0.2 ps), because o f  the reasonably large initial recoil velocities (v/c 
0.015) and because recoil and target have nearly the same mass. 

(c) The slowing down of  the 16 0 beam in the target was taken into account  down 
to a cut-off  energy of  25 MeV using the measured dE/dx. 

(d) The resulting line shapes were folded with a Gaussian resolution function o f  
the correct  width. Spectra f rom monoenergetic ~:-rays were used to subtract Compton  
distributions underlying the broadened lines 24.25). 

The shapes o f  the 2645 ---) 803, 3 -  ~ 2 + T-ray in 2°6pb observed at 0 °, 55 ° and 110 ~ 

are shown in fig. 5. The 80 MeV data  have also been used in the analysis, al though a 
large fraction o f  the line intensity results f rom rather high energies between 70 and 80 
MeV (about  ¼ and ½ for typical E3 and E2 excitations, respectively). As seen from 
fig. 5 a mean lifetime z = 0.125 ps fits both the 70 and 80 MeV data reasonably well. 
Our  lifetime value is about  a factor  three smaller than the one obtained by the Heidel- 
berg g roup  lo). The reason for the discrepancy is not known al though it might pos- 

sibly result f rom their neglect o f  the angular distribution tensors ~k~- 
The 897.7 --+ 0, ~z- --+ ½- transition in 2°7pb observed at 0~ = 0 ° is shown in fig. 6. 

The best fit corresponding to z = 0.19 ps (solid line) differs f rom a distribution as- 

suming z = 0.10 ps (dashed line) by an energy shift and a change of  shape. Line 
shapes at 70 MeV yielded the same lifetime which is also consistent with two measure- 
ments by the Heidelberg g r o u p  10.36) and our  results for 6(E2/M1) and B(E2; 
½- 

For  the 2624 --+ 898, ~ + --+ ~z- transition in 2 o 7pb the count ing statistics were poor.  

The lineshape obtained with 80 MeV ~60 at O r = 110 ° was fitted with a lifetime 
z = 0.13 ps (see fig. 7) in qualitative agreement with ref. t0). A considerably longer 
lifetime is indicated for the 2662 keV ~+ member  o f  the ( ½ - ® 3 - )  doublet in Z°7pb. 

TABLE 2 ) 
Mean lifetimes from Coulomb excitation 

Nucleus E,,c J~ Method r (ps) 
(keV) 

this work other expts, ref. 

2°4pb 899.0 2 ~ TTY b) 4.6 =i_0.5 4.8 4-0.5 
2°6pb 802.9 2 + TTY 12.8 4-0.7 13.2 --0.8 

2645.4 3- DSAM 0.125±0.030 0.4 ±0.2 
2°Tpb 569.6 .:_,'- TTY 185 -t9 186 4-5 

897.7 ~- DSAM 0.19 ,0.04 0.17 --0.05 
2624.4 ~ + DSAM 0.13 :[_0.05 0.25 -:_=0.20 
2662.4 ~+ DSAM 0.95 ±0.20 >.0.6 

Z°aPb 2614.5 3- TTY 27.4 ~1.5 25.5 , I . 8  
Z°OBi 896.5 ½- TTY 13.3 --2.0 

b2 ,) 

io) 

to) 

to) 
to) 
to) 
2s) 

~) id)=, 2 ~ 0.37 assumed; from ref. tg). 
b) TTY: B(E).) and lifetime was deduced from thick-target yield. 
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Acceptable fits are obtained at 0 r = 0 °, 55 ° and 110 ° (see fig. 8) for the 2662 --, 570 

7-ray. 
A summary o f  mean lifetimes f rom the present Coulomb excitation work is given 

in table 2. The uncertainties in the D S A M  values include a 15 % uncertainty in the 
s topping power for the Pb recoils. The lifetimes f rom B(E2) values were corrected for 
internal conversion. 

3. Lifetimes in 2°9pb and 2°9Bi from 7Li-induced reactions 

The nucleus 2°gPb cannot  be studied by Coulomb excitation and until recently no 
lifetimes < 100 ps were known in this nucleus. The low-lying states have been studied 
by nucleon-transfer  reactions yet these reactions produce only small recoil velocities 
which make them unsuitable for studies with the D S A M  or the recoil-distance method. 

The (heavy ion, xn)  reactions cannot  be used since with the available targets only 
neutron-deficient isotopes can be strongly populated.  We have made use o f  the com- 
paratively large recoil velocities f rom the (7Li, 6Li'/) and the (7Li, ct2nT) reactions to 
measure some lifetimes in 2°9pb and also 2°9Bi, which had been extensively studied 

by Cou lomb excitation a. 9). A detailed account  o f  these reactions and their usefulness 
fcr  lifetime measurements in other  nuclei o f  the Pb-region may be found elsewhere ao). 

A 10 mg/cm 2 thick target o f  2°apb was bombarded with a 60 nA, 31.5 MeV 7Li 3+ 

t:eam. A 300/~m thick annular  detector was placed near 180 ° to detect back-scattered 
particles. Gamma-rays  were detected in a 45 cm 3 Ge(Li)  counter  at 0z = 40 °, 60 °, 90 ° 

:51.5 MeV ZLi 2°spb TARGET 

2 ° 9 B i  -- 

750 {;'Li~a 2 n y )  - "  

"J 210 
W Bi 7 ~ ~ ' !  
Z 

T , ; 
tO ; 

500 -- 
rr" 
I.J 
a_ 

Z°gp b 

z 250 --- 
0 

• _] .. 
I 0 20 30 

E ( M e V )  

Fig. 9. Particle spectrum obtained with a 10 mg/cm 2 2°SPb target and a 31.5 MeV ;Li beam in 
coincidence with )'-rays. Random coincidences have been subtracted thus eliminating a broad peak 
from inelastic scattering near 25 MeV. The position of energy windows used for optimum separation 

of final nuclei are shown. 
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Fig. 10. Gamma-ray spectrum obtained in coincidence with the lowest energy window of fig. 9. 
All 7-rays indicated result from 2°9Bi with the exception of the 847 keV and the 1013 keV lines. 

and 135 ° . Pulse heights and time relationships were recorded on magnetic tape when 
?-rays were coincident with particles. An intense, structureless, about 5 MeV wide peak, 
which was caused predominantly by 4He, was observed near 16 MeV in the particle 
detector. The reason for the large cross section lies probably in the ~-t cluster struc- 
ture o f  7Li(g.s.) as discussed previously 4~). A coincidence particle spectrum, correct- 
ed for random events, is shown in fig. 9. Almost  complete separation of  ?-rays from 
2°9Bi, 2~°Bi and 2°9pb was obtained by sorting with suitable energy windows.  Par- 
ticles in the low-energy 4He window between E = 10.5 and 16.5 MeV are found 
to coincide with many known v-rays in 2°9Bi. This observation suggests a reaction of  
the type 2°apb(TLi, ~2nT)2°9Bi which can be viewed as a (t, 2n?) reaction with addi- 
tional recoil imparted to the compound nucleus by the back-scattered 4He. Gamma-  
rays coincident with the 2°9Bi-particle window are shown in fig. 10. The energies o f  
unshifted ?-ray peaks most  o f  which can be associated with 2°9Bi are indicated. Ex- 
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ceptions are lines at 847 keV, probably from 56Fe(n, fly), and at 1013 keV, possibly 
from 27Al(n, n'y). The 2224 keV )'-ray results from a previously unobserved 3120 ---, 
896.6 transition, where the initial state is most likely the 3p~ single-particle level ob- 
served near 3116 keV in the (3He, d) and the (ct, t) reactions ~ 9). The relatively strong 
1547 keV line has been ascribed to a level at 3156 keV. A 1544 keV y-ray has been 
observed in the (n, f ly) reaction 42), however we have no evidence for a reported 4-2) 
35 ~o branch from the 3.15 MeV level to the ground state. 

From the yields and energy centroids of  y-ray lines at four angles, branching ratios 
and mean lifetimes were determined. The effective recoil velocity for the (YLi, c~2n) 
reaction was estimated in two ways. The (YLi, c~2n) reaction was simulated by a 
fictitious 2°8Pb(YLi, ~z)Z11Bi reaction whose Q-value was varied until the c~-energy 
coincided with the centroid of the observed g-energies calculated within the energy 
windows displayed in fig. 9. This assumption yielded u/c ,~ 0.0050. Alternatively, the 
2563 and 2826 keV ?-rays were known a.,3) to be almost fully shifted, yielding 
v/c = 0.00525. The latter value was adopted for the analysis whereas the average v/c 
for the (7Li, 6Li) reaction was calculated from the known Q-values to be 0.0058. The 
measured F-factors were related to nuclear lifetimes by the computer code of Broude 
'**) which uses the slowing-down theory of Lindhardt et al. 3s) and the treat- 
ment of nuclear scattering due to Blaugrund 45). The results are summarized in table 
3. The lifetimes are in good agreement with those from Coulomb excitation s, 9) and 
resonance fluorescence 43) measurements with the possible exception of the 2601 

TABLE 3 

Lifet imes and  branching  rat ios in 2°9Bi and 2°gPb 

Nucleus  E,  Ji ~ dt E., Branching  F-factor  Mean  lifetime z(ps) 
(keV) (ke~') ratio ( ~ )  . . . . . . . . . . . . . . . . . . . .  

this work o ther  expts, ref. 

2°9Bi 2493 ~+ -+ .~- 2493 > 95 < 0.05 > 3 55 + 1 6  9) 
2563 ~+ --* 2-  2563 > 95 0.91 ±0 .04  0.020-1-0.015 0 .022±  0.004 43) 
2584 "~+ -+ 2 -  2584 32 / 

72- 1687 68 0.26,1,0.06~ 0.44 .1.0.14 0.40 -{-_ 0.150"25 9) 

+ 0.20 9} 2601 .l,}+ ~ ~ +  992 99 ") 0.19,1,0.05 0.64 _--.0.20 0.35 _ 0.15 

2617 t+  --* ~-  2617 40 "< 0"08 t 9) 
--~ 72- 1720 60 < 0.05/ > 3 15 + 5 

2741 -1,}+ ~ ~j~+ 2741 56 < 0.05 t 
~ 1133 44 < 0.05~ > 3 17 ± 5 

9) 

2826 ~ -  --~ .~- 2826 60 0.99-t-0.04 t s) 
72- 1930 40 1.04 +O.06J < 0.02 

3120 { -  --+ 72- 2224 > 95 0.88-¢-0.07 0.03 --0.02 
3156 ~ 4~ .+ 1547 > 80 < 0.05 > 3 

2°9pb 779 ~ +  -~" 1] + 779 100 < 0.05 > 3 
1567 ¢]+ ~ ~+ 1567 > 99 0.29.1.0.04 0.47 -t-0.13 

0.006 :L 0.002 

a) As measured  by Hertel et al. o); the shorter-l ived ~ + m e m b e r  o f  the 2.6 MeV doublet  was 
only popula ted  weakly and decays mainly  (_> 85 9/0) to the g round  state. 
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1609, ~--~+ ~ -13+ transition. New lifetime estimates were obtained for the 3d,~ and 
3p~ single-particle states in 2°9pb and 2°9Bi, respectively. The branching ratios are 
in good agreement with those of ref. 9). 

4. Electric transitions in 2°7'2°sPb and 2°9Bi 

The admixtures of collective components into states with predominantly simple 
shell-model configurations are responsible for enhanced E2 transitions observed in 
nuclei near closed shells. Phenomenological models for coupling the shell-model wave 
functions to vibrational modes of excitation have been developed by Bohr and Mottel- 
son 46), Choudhry 47), de Shalit 48) and others. The particle-vibration coupling has 
been particularly successful when applied 2, s, ~o, 49) to nuclei in the lead region. We 
have used the intermediate-coupling unified model 47.5o) to calculate El and E2 
matrix elements in the three nuclei 207, 2o9pb and 2°9Bi. Impressive agreement with 
all known E2 matrix elements can be obtained with a single value of the intermediate- 
coupling strength. The model is however not adequate for describing El transitions 
and only qualitative agreement with observed B(EI) values was obtained. These cal- 
culations are described in the remainder of this section. 

4.1 INTERMEDIATE COUPLING MODEL, B(E2) VALUES AND MIXING RATIOS 

The energy eigenvalues were found from the Hamiltonian 50) 

H = HsM+Hs+Hi,t, 

where HsM is the shell-model Hamiltonian for the odd nucleon moving in the effec- 
tive average nuclear potential, Hs is associated with the surface energy of the surface 
vibration, and Hi,  t is the Hamiltonian for the particle-surface interaction. Following 
Rustgi et al. 50) we have in second quantization 

H~ = ½rio E (b. b~ + b;b.), 
# 

= ( b . + ( - )  b_u)Yso.(O , ~), 

where b~ and b~ + are annihilation and creation operators, respectively, for phonons 
of spin R and Z-component ~; co is the frequency of the surface vibration related to the 
mass parameter B and the deformation parameter C by o = (C/B)~; ~ is the dimen- 
sionless coupling strength related to the coupling constant k by ~ = k(~nhoC)*. The 
Hamiitonian H was diagonalized using eigenfunctions I~tj; NR; IM> of H 0 = 
Hs• + H~ as basic vectors, i.e. 

Holctj; NR; IM)  = (Ei+ Nhto)l~tj; NR; IM).  

In this expressionj and ct are spin and other quantum numbers of  the extra nucleon, 
N is the number of  surface phonons, and 1 = R+j  is the total angular momentum 
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with Z-component  M. For  the off-diagonal matrix elements of  Hin  t we  obtain 

(~j '  ; N'R', IMIH~ntI~j; NR; IM)  

-- -½~hog(- )~ + i'- '(j'½Ro OJj½ )W(jRo I R'; j 'R)\/  2 j '  + I < N'R'IIb +I I N R ), 

thus defining the reduced matrix elements and coupling scheme we used. The eigen- 
vectors IE; I M )  are expanded in terms of  the basis vectors, i.e. 

IE; IM)  = ~ ajNRl(~)Jotj; NR; IM),  
jNR 

where the expansion coefficients aj.Ne~(~) are found by diagonalizing H for a series of  
intermediate-coupling parameters ~. 

For the calculation of  E2 matrix elements we have considered the core states in 
2°apb to be the ground state and quadrupole phonon state at 4.07 MeV, for which 
(e, e ')  experiments have given B(E2; 0 + -o 2 +) = 0.30+0.02 e 2 • b 2. 

The choice of  sign for the collective matrix element is of  importance if we are to 
calculate E2 transitions in the odd-proton nuclei 2°7T1 and 2°9Bi because in these 
nuclei the E2 matrix elements resulting from collective and from single-proton tran- 
sitions can either add or subtract. This question was first discussed in detail by Rose 
and Brink 35) and their formalism has been applied successfully to a number of  
transitions in nuclei near the 160  closed shell 5~ -53). We have adopted in the present 
work a positive sign for (12+llb+ll00+), which ensures that the effective charges for 

TABLE 4 
E2 transitions and mixing ratios near 2°Spb and ~60 

Nucleus (nlj), (n6)r B(E2)c,p Inter- fl, u 6,,p bs.~t i) 
(e 2 • f ro ' )  mediate 

coupling 
-- 2.4 

"°~Pb 2f~ 3pt, 71 -:-3 71 0.94={=0.02 
3p~ 3p.~ 61 _~.3 65 0.80+0.02 --0.096--0.011 f) - 0.070 flo 
2f.]. 2f~ 16 --0.085---0.013 ' )  --0.045 ft, 

2°gpb 3d 1_ 2g 1. 185 _--'50 214 0.89+0.10 
4s4r 3d~ 154 -,.-8") 142 0.65-t-0.02 

2°9Bi 2fk lh~ 30 4-3 31 2.36-t-0.12 
2f t_ lh~ 480 +170 b) 645 0.89+0.17 
2f~ 2fk 0.06 positive 

+1.12 3p,~ 2f~ 500 _+2ooI°°° 764 1.55 o.~5 
t~O lp~ lp½ --0.17 +0.01 n) --0.095fl° 
15N lp,  1. lpi. 7 .4+2.8 c) 1.374-0.25 ") 0.13 '--0.02 n) 0.081 flu 
170 2s~ ld,  1. 6.3+0.1 d) 0.34 c) 
17F 2s t. ld~ 64.0 -t- 1.6 d) 1.22 ") 

") Ref. 15). I') ReL s). c) Ref. 57). a) ReL 5a). 
c) < lp , r2 ' lp>  = 7.06 fin 2 and (2s l r2 l ld)  = --15 fm 2 assumed. 
t) Ref. a6). ~) Ref. 54). h) Ref. sl). 
~) Bare-nucleon a-factors assumed. 
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E2 hole transitions in 2 ° 7 p b  a r e  positive, as is found in mass-15 nuclei st), and which 
reproduces the negative signs of 6(~-- ~ ½-) and 6(-~- ~ I - ) .  The sign of the latter 
mixing ratio was obtained by re-analyzing the original angular-distribution data of  
Lazar and Klema 54) with the sign conventions of ref. 35). All the E2/M1 mixing 
ratios known in 2°7Pb and in mass-15 n'lclei are contained in table 4. As expected the 
3-  ~ ½- neutron-hole transitions in 2o: Pb and in ~ 50 have the same sign. It would 
be of interest to measure E2/M1 mixing ratios for transitions between single-particle 
(hole) states in 2°9Bi and 2°7T1 to see whether single-particle and collective E2 
contributions are additive as is the case in ~SN [refs. 51- 53)]. 

Results of the intermediate-coupling calculations are summarized in figs. 11 and 12 
and table 4. The unperturbed single-particle energies have been chosen such as to 
reproduce approximately the experimental level scheme at an intermediate coupling 
strength ( ~ 2.5. The B(E2) values are compared in fig. 12 and table 4. Generally 
good agreement is obtained for ~ ~ 2.4. The only possible exception is the ~- --+ ~- 
E2 transition in 2°9Bi measured by Broglia et al. a). It should, however, be noted that 
their value for B(E2; -~- ~ ½-) is almost a factor of two lower than determined by 
the present experiment (see table 1). Also shown in table 4 is the effective charge for 
E2 transitions, evaluated using harmonic oscillator eigenfunctions with an oscillator 
parameter b 2 = mog/h = 5.324 fm 2. Since all states considered here are bound by 

TABLE 5 

Intermediate-coupling wave functions for 2o7. zogpb and z°gBi at ~ = 2.4 

2°7pb E(keV)  (nl~)sM SM p ~ ® 2  + p / , ® 2  + f ~ , ® 2  + f i ® 2  + 

0 3p½ 0.926 0.218 0.309 
570 2f~. 0.948 0.206 --0.092 --0.215 0.062 
898 3p t  0.919 --0.219 --0.180 0.140 0.236 

2340 2f~, 0.927 0.285 0.122 0.210 

2°gPb s~ ® 2 + d~ ® 2 + dt. ® 2  + g~_ ® 2  + g ~  ~ 2  + i ~  ® 2 + 

0 2g~, 0.960 0.153 --0.034 --0.228 0.047 
778 1i¥ 0.959 0.157 -0 .060  --0.228 

1566 3d} 0.840 0.158 -0 . 078  - 0 . 1 6 2  0.058 0.484 
2032 4s½ 0.923 0.237 0.302 
2493 2g~ 0.834 0.191 .-0.066 --0.163 0.145 0.465 
2539 3d~ 0.921 --0.196 --0.180 0.123 0.258 

Z°gBi p~ ® 2  + p.~ ® 2  + f½ ® 2  + fk ® 2  + h~ ® 2  + h 9  ~ 2  + 

0 lh~ 0.963 0.126 --0.048 --0.230 
897 2f:~ 0.951 0.125 --0.045 --0.214 0.089 

2826 2f½ 0.704 0,093 -0 . 056  --0.123 0.105 0.683 
3120 3p,} 0.771 -0 , 116  --0.132 0.097 0.605 
3640-] 3p t. 0.880 0.274 0.388 
44213 

0.025 
0.158 
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several MeV, the radial integrals agree well with those f rom a more realistic Woods- 
Saxon potential 55). It is seen that the effective charges are not constant and therefore 
the intermediate-coupling model is more appropriate. The reason for the success of  
the intermediate-coupling model lies probably in the localization of  the main E2 
strength in the 4.07 MeV 2°SPb state which is sufficiently collective that the neglect of  
antisymmetrization in the model is not very serious. 

The encouraging agreement for the E2 transitions allows a reasonable estimate of  
the amount  of  collective admixtures in the single-particle (hole) states in 2 0 7 , 2 0 9 p b  

and 209Bi to be made. The wave functions for a number of  levels are shown in table 5. 
The collective components amount to typically 15 ~o as compared with an estimated 

I0 ~ for the single-hole states in mass-15 nuclei s6). The present calculation over- 
estimates the collective admixtures since we neglect unidentified E2 strength above 
4 MeV in 2°spb. On the other hand we have not considered possible other particle- 
core coupling configurations, and excitations of  i~ - ,  i~ (neutron) and h~ ~ h~ 
(proton) which are important for calculations of  M I transition rates. 

4.2. E L E C T R I C  D I P O L E  A N D  O C T U P O L E  T R A N S I T I O N S  

The low-lying collective states in 2 ° 9 B i  and 2 ° 7 p b  that arise from weak coupling 
of the lowest single-particle (hole) configuration to the octupole vibrational state at 
2.6 MeV in 2°8pb, decay by El or E3 transitions to lower-lying shell-model states. 
The El and E3 strengths are summarized in tables 6 and 7, respectively. The B(EI)  
values are seen to be more than four orders of  magnitude weaker than the giant di- 
pole strength located 59) near 13 MeV in 2 ° 8 p b  with B(E1; 1- --* 0 +) ~ 20 e 2 • f m  2. 

TABLE 6 

El t rans i t ions  in Z°VPb and 2°9Bi 

Nucleus  Ji ~ Jt B(EI ;  JI -~ Jr) a) Present b) 
(e 2 • fm 2) model  

2OTpb 

2O9Bi 

~+ ---, ~-  ( 7 . 2 - 1 . 5 )  ( - -5 )  25 ( - -5 )  
2 + --~ ~- ~ 4  ( - -5 )  3.2 ( - -6 )  
~+ --* ~- (9.4:L3.6) (---4) 14 ( - -4 )  

~ +  --,'- ~-  (1.0":0.3) ( - -3 )  1.6 ( - -7 )  
~+ -,- ~-  (I.7_--'0.3) ( - -3 )  0.22 ( - -3 )  
~+ --,- ~ -  ---,3 ( - . 4 )  3.7 ( - -5 )  
~+ -9-~-  (2 .6±0 .9 )  ( - 5 )  2.2 ( - -5 )  
~÷ --9-~- (2.0-t-0.7) ( . - 4 )  2.7 ( - -4 )  
6 ÷ -~-~-  (4 .9~1 .7 )  ( - -6 )  I.I ( - -4 )  

H a m a m o t o  ¢) 

0.3 ( -3 )  
0.55 (-  3) 
1.6 (--5) 
0.75 ( -  5) 
0.6 ( -4)  
1.1 ( -6 )  

a) Powers o f  ten in parenthesis :  the 2°9Bi values are taken from refs. 9, 43); the Z°Tpb values are 
f rom the present  work. 

h) B(E2;  2 + ~ 3 - )  - 8 • 10 -3  e z - fm 4 a s sumed;  effective charge for E1 transi t ion 0.3 and  0.065 
for 2°~Pb and  2°9Bi, respectively. 

") Ref. 2). 
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TABLE 7 

E3 transitions in 2o7.2OSpb and 2°9Bi 

Nucleus j rr E~--2614.5 B(E3; J~ --~ Js.~.) 
(keV) (e 2 • b 3) 

.) b) 

z°aPb 3 - 0 0.0771 +0.0043 (0.0771) 

z°TPb 5 + -b 48 0.0725 +0.0050 0.0730 

6 ÷ - I0 0.0767-3-0.0100 0.0726 

2°9Bi 2 .÷ --122 0.053 ~0.007 
_~+ -- 51 0.074 _-k0.011 
g÷ -- 32 0.065 ±0.010 

~ +  -- 15 0.078 :k0.012 
~ +  -- 13 0.072 :k0.011 
~+ + 2 0.057 :t-0.009 

-~+ +127 0.048 ±0.007 

~) The data on 2°7"2°Spb are from the present work; the data on 2°9Bi are from Hertel et  al. 9). 
b) Hamamoto. ref. 2). 

Therefore E1 transitions are expected to be very sensitive to small admixtures in their 
wave functions. The most important admixtures contributing to El transitions between 

collective IJ¢) and shell-model IJs) states are probably 

[J¢) = aol(~j) ® 3 - ) + a l l ( ~ ' j )  ® O+)+azl( f l j s )  ® 1 - ) +  . . . .  

IJ~) = bol(flJ~) ® 0 + ) + b , l ( ~ J )  ® 2+) + . . . .  

where a0, bo > 0.7. Previous calculations of E1 matrix elements by Hamamoto z) 
have only considered single-particle (hole) admixtures [(~)')) into the collective state. 
Then the reduced matrix element for E1 transitions is al bo (~'jll(E1)[lflj~). Typically 
[all 2 = 0.01, and this implies that the El transition rate is reduced by a large amount. 
Alternatively, Broglia et al. a) have shown that several El transition strengths in 
2°9Bi can be fitted by including the I(~j) ® 2 + ) admixtures and by adjusting indi- 
vidually the coupling strength to the 1- giant dipole state. 

We have calculated the E1 transition strengths using the intermediate-coupling 
wave functions [Js) from table 5. The small single-particle (hole) admixtures [(~'j¢)) 
in the collective states were taken from the work of Hamamoto 2). Configurations of  
the type [(fljs) ® 1 - )  were neglected to avoid the introduction of  more parameters 
in Hin, and to circumvent problems of antisymmetrization arising from the predom- 
inant particle-hole structure of both the 3- and 1 - states. The values of table 6 were 
obtained assuming B(E2; 2 ÷ -~3 - )  = 0.008 e 2 • fm z and different effective El char- 
ges in 2°Tpb and 2°9Bi. The agreement for some 2°9Bi transitions is poor, however a 
modest variation of the effective E1 charge could have reduced the discrepancies con- 
siderably. The El transition strengths in 2°~pb are qualitatively reproduced, partic- 
ularly the difference in the lifetimes of the 7~ + and ~÷ states. 
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The  B(E3)  values  in 207, 2ospb  f rom the p resen t  work  a n d  in 2°9Bi f rom ref. 9) are 

shown  in table  7. The  s imple  w e a k - c o u p l i n g  mode l  which  predicts  equa l  B(E3,  

J ~ g . s . ) i s  seen to work  well. T h e  largest  r educ t ion  in E3 s t reng th  occurs  for  the 

J = ~÷ a n d  -12 -s-÷ m e m b e r s  o f  the  2°9Bi septuple t  which  also exhib i t  the largest  energy  

shift.  

5. Magnetic dipole transitions 

The  i n f o r m a t i o n  f r o m  present  a n d  p rev ious  work  on  lifetimes, b r a n c h i n g  ra t ios  
a n d  mix ing  ra t ios  in 207, 209pb a n d  2°9Bi can  be c o m b i n e d  to p rov ide  eight  t r a n s i t i o n  

p robab i l i t i e s  for  M I  decay.  These  B ( M 1 )  values  are listed in table  8 toge ther  wi th  

theore t ica l  p red ic t ions  which  will be descr ibed  below. Five o f  the  t r ans i t i ons  are be- 

tween states o f  p r e d o m i n a n t l y  s ingle-par t ic le  (hole)  cha rac te r  a n d  two o f  those  are  

f o rb idden  b y / - s e l e c t i o n  rules. T h e  p robab i l i t i e s  for the a l lowed t r ans i t i ons  are  com-  

pa r ed  in  table  8 to those  o f  the ex t reme shell mode l  in which  pure  conf igura t ions  a n d  

f r ee -nuc leon  .q-factors are assumed .  T h e  exper imen ta l  B ( M I )  values  are smal ler  by 

factors  o f  be tween  two a n d  four ,  a mos t  in te res t ing  obse rva t i on  in view o f  the k n o w n  

dev ia t ions  o f  magne t i c  m o m e n t s  nea r  2 ° s p b  f rom the Schmid t  values.  

It  shou ld  first be r emarked  tha t  the coup l ing  o f  a par t ic le  (hole)  to q u a d r u p o l e  or  

oc tupo le  p h o n o n s ,  which  have been s h o wn  to descr ibe  ex t remely  well the E2 a n d  E3 

TABLE 8 
MI transitions in z°7"z°gPb and 2°9Bi 

Nucleus J, -~ ,/r Ev ~'(M1) B(MI) 0~  2) 
(keY) (ps) 

exp Shell ,) theory 
model 

2O~pb 

2O9pb 
2O9Bi 

] -  -,- ½- 897.7 0.19 ±0.03 0.41 ___0.07 1.16 0.30(0.26) ") 
~--~- ~- 1771 0.021 ±0.007 *) 0.49±0.16 1.50 0.14(0.12) ¢) 

~+  -~- .~+ 779 > 3 < 0.04 0 10.0(9.2) • 10 -3 ") 
• ~- ~ ~- 1 9 3 0  0.0106-_k0.0020 b) 0.76±0.15 2.86 0.90(0.61) ") 
~- ~ ~- 896.6 18.2 ±3 ¢) (4.3 .50.7)10 -s 0 2.5(2.3)" 10 -2"~ 

~+ ~ ~+  992 0.41 ±0.12 d) 0.14±0.04 4.9(3.7)- 10 -2 r) 
~+  --, ~ *  993 0.64 -50.20 0.09±0.03 0.014(0.077) f) 
~+  --,- ~ ÷  1133 38.6 ±11.4 h) (1.0 ±0.3)10 -3 5.8(108). 10 -3r) 

") Use B(E2; .~- ~ ~-) ~ 16.3 e 2 -fm '~ from the intermediate-coupling calculation (~ ~ 2.4) 
and ~ ~ --0.085--'-0.013 from ref. 24). 

~) Use B(E2; ~- --, ~-) = 645 e 2 •fm 4 from the intermediate-coupling calculation (,~ ~ 2.4) 
and branching ratio of table 3. 

¢) Use measured B(E2; t -  ~ 2-) and b - 0.37 from ref. 19). 
d) Use T t. ( ~ + ) ~ 0.0437!-0.012 from ref. 19) and branching ratio of table 3. 
~) Numbers in brackets include reduction of amplitude ofsingle-particle states due to particle-core 

coupling. 
t) Numbers in brackets obtained with .q3- -- 0. 
=) Pure configurations and free-nucleon o-factors assumed. 
h) Lifetime of ~ + state taken from ref. 9), branching ratio taken from the present work. 
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matrix elements in mass-207 and mass-209 nuclei, is not well suited for calculations 
of M l matrix elements. If we assume a vanishing magnetic moment of  the 2 + and 3-  
phonon states, the only effect of the particle-core coupling on M 1 transitions is through 
the reduction in the amplitudes for the single-particle shell-model states. Typically 
for the amplitude given in table 5 this leads to a reduction of  B(M1) by only m 20 ~o. 
Assuming a magnetic moment of a particular sign for the 2 + or 3- state can lead to 
further reduction of B(MI);  for example in 2°7pb, the magnetic moments of the ½- 
and I~- states and B(M 1; {-  ~ ½-) could be brought into agreement with experiment 
if we assumed 92 ÷ = -0 .4 .  Such a large negative y-factor for a collective state seems 
however highly implausible (collective states with a very large number of configura- 
tions are expected to have the " random" y-factor + Z/A) and would have to be justi- 
fied by a detailed microscopic description of  the phonon state. 

A physically more meaningful explanation of the retardation of M 1 matrix elements 
and magnetic moments is provided if one considers the polarization of the core by 
the valence nucleon. This polarization is brought about by the short-range nucleon- 
nucleon force which gives rise to l ho~ excitations of spin-orbit partners (jpj~ t). In the 
region of 2°8pb there are two particle-hole states, l i¥-l i~ (neutrons) and l h F l h  ~ 
(protons), that can give rise to a renormalization of the M! and # operators. The 
contribution from core excitation, A, can be evaluated with the formalism of  effective 
operators 6o), which yields in first-order perturbation theory [for the exact expression 
see ref. 60)]: 

1 
d ( p o r  MI) ~ --(jjhlVi2lJ~j~) - ( jp lMl o rp l jh ) .  

~p--~h 

The corresponding diagram is shown in figs. 13b and c, the curly line being the anti- 
symmetrized two-body reaction matrix element of the interaction V12 and the dashed 
line indicating the M1 or p operator. A general qualitative argument can be given 
which shows that A has the opposite sign of the single-particle (hole) matrix elements 
shown in fig. 13a. Consider the case where the valence nucleon is a proton (neutron). 

I ..... X ~.~- --X ~ ..... X 

(a) (b) (c) 

(d) (e) 
Fig. 13. Diagrams for (a) single-particle contribution; (b) and (c) first-order renormalization; 
(d) and (e) some of the second-order diagrams that contribute to M 1 renormalization. 
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The reaction matrix element for excitation of  a neutron (proton) particle-hole pair is 
negative because it is dominated by the attractive triplet-even states. On the other 
hand excitation of a proton (neutron) particle-hole pair implies a positive reaction 
matrix element since the attractive force between tS o states cannot contribute be- 
cause of angular-momentum restrictions. Furthermore, since the M1 or /1 matrix 
element changes sign in going from neutron to proton spin-orbit partners and the 
spin-orbit splitting e p - e  h is always positive, the contributions of neutron and proton 
pairs to A are additive, reducing both the magnetic moments and the M1 transition 
probabilities from the single-particle configurations. 

The renormalization of magnetic moments in 2°Tpb and 2°9Bi due to core polari- 
zation has been estimated previously 20, 21, 61) with a variety of  potentials. We have 
performed a similar calculation and extended it to M I transitions using the separable 
non-local potential of Kahana et al. 62) and the formalism of  ref. 60). A spin-orbit 
splitting of  4.89 MeV ( lh~-lh~)  for protons and 5.22 MeV ( l i~- l i~)  for neutrons 
was assumed. The B(MI)  values for transitions in 2o7.2Ogpb and 2°9Bi were renor- 

malized in this way and are shown in table 8. The corrected magnetic moments of shell- 
model states in 2°7pb and 2°9Bi are given in table 9 together with the results of pre- 
vious calculations 2 o, 21 ). 

TABLE 9 

Magnet ic  m o m e n t s  in 2°Tpb and  2°gBi ") 

Nuc leus  State ttsM t~c,p Present  Blomqvis t  Mavromatis  
work  et aL zo) and  Zamick  zi)  

2°7pb 3P½ - I 0.64 0.59 0.61 0.45 0.63 
2f~-  t 1.37 0.65 --0.05 b) 0.88 0.91 
3p~_- ~ -- 1.91 -- 1.07 
2f~_- 1 -- 1.91 --1.08 

zO,~Bi I h~ 2.62 4.08 3.76 3.34 3.42 

a) In nuclear  magne tons .  
~) Ref. 16). 

In z°vPb this approach explains the deviations of  the magnetic moments of the 
3p~ -~ and 2f~ -1 states from the single-particle moments rather well. The small dif- 
ferences of our calculated values from previous work by Blomqvist et al. 20) and by 
Mavromatis et al. 21) must be attributed mainly to differences in the realistic nucleon- 
nucleon interaction and to our slightly smaller spin-orbit splitting. The renormaliza- 
tion of the magnetic moments of the -~- state in 2°Tpb and especially of the 2°9Bi 
ground state turns out to be too small. On the other hand the core polarization con- 
tribution is too large in the case of  M1 transition rates. A large discrepancy is ob- 
served for the allowed 2f~ ~ --* 2f~ 1 transition in 2°Tpb which is retarded by about 
a factor of  three whereas the present calculation yields a retardation by a factor of ten 
(table 8). A similarly large disagreement is observed for the M1 transition between the 
2f~ and lh~ states in 2°9Bi, for which the M1 matrix element in the simple shell model 
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(fig. 13a) is identically zero. However figs. 13b and c do contribute and yield a B(M 1) 
of  0.023 nuclear megnetons, which is larger than the experimental result by about  a 
factor five. Another/-forbidden M1 transition occurs between the li~ and 2g~ states 
in 2°9pb with a B(MI)  determined by the experimental limits on the mean lifetime of  
the 779 keV state, 3ps < z < 1 ns. Using the calculated B(M1) and a calculated 
B(E2; 12--~ + --, ~)+) = 7.9 e 2 • fm 4 obtained with the wave functions of  table 5, the 
expected lifetime is z(779 keV) = 1 i.7 ps consistent with the experimental limits. An 
accurate measurement of this lifetime would appear worthwhile. 

The partial success of  the first-order core polarization picture raises the very in- 
teresting question for the origin of  the remaining discrepancies. Second- (and higher-) 
order contributions f rom diagrams such as shown in figs. 13d and e can certainly be 
significant and provide a modification of the first-order result. There are a very large 
number of  particle-hole states that can contribute in second order, and unless the 
signs are randomly distributed and the magnitudes are similar, these diagrams could 
alter the results given in tables 8 and 9 considerably. The second-order contributions 
have been evaluated by Mavromatis  and Zamick 2 ~) for the magnetic moment  of  the 
2 o 9Bi ground state and amount to - 0.21 nuclear magnetons thus worsening the agree- 
ment with experiment. The contribution from mesonic exchange currents between 
any two nucleons can be very significant and has been estimated 22) to contribute 

0.5 nuclear magnetons to/t(2°9Bi) which is nearly of  the same order of  magnitude 
as the core polarization contribution. It can therefore be hoped that a combination 
of exchange currents and higher-order core polarization terms will provide improved 

calculations of  magnetic moments and M 1 transition rates. 
The three known MI transitions from the 11 + 13+ and 125 + members of  the -2- , 2 - - -  

(3- ® h,~) septuplet in 2 ° 9 B i  to the first 1__3_+ state at 1.608 MeV present another 
interesting problem. Hamamoto  has calculated the energy shift and wave function 
of  this septuplet by mixing with the single-particle states l i~, I i~. We have calculated 
the B(MI )  values for these states using Hamamoto ' s  wave functions and assuming 
g3- = 0.58__0.14, g~ = l and gs = 0.35 ,q~,e, where g~r,e = 5.88. AS shown in table 8 

the results are not in good agreement with the experimental values. We have also cal- 
culated these three B(MI )  values for the case g3- = 0; although this gives numbers 
which are closer to experiment, there is still a large discrepancy. It  ought to be em- 
phasized that the particle-core-coupling models do not lead to sufficient renormaliza- 
tion effects for magnetic dipole strengths, or for magnetic moments, and the magni- 
tudes of  these small B(M 1) values provide a very sensitive test of  the small compo- 
nents in the wave functions of these states. Thus a more realistic calculation of  these 
M1 transition probabilities will require a microscopic description of  the octupole 

vibrational states. 

6. Conclusions 

The present experiments have determined a number of  electromagnetic matrix ele- 
ments in nuclei near 2°SPb. Absolute cross sections from Coulomb excitation with 
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+He and 160 beams were measured in five nuclei. The extracted B(E2) and B(E3) 
values are accurate to at best + 5 ~ and are found in reasonable agreement with other 
recent measurements. Four Doppler-broadened 7-ray lineshapes observed after bom- 
bardment with the ~60 beam at several angles were interpreted by the DSAM. The 
7Li-induced transfer reactions have been shown to provide a promising way for 
measuring lifetimes with ~ < 10 ps in heavy nuclei. The 2°spb(VLi, ct2n?)2°9Bi reac- 
tion has been used to extract a number of lifetimes in 2°9Bi and good agreement with 
previous work using Coulomb excitation and resonance fluorescence was obtained. 

The good accuracy of  B(E2) and B(E3) values in 2°Tpb, 2°gPb and 2°9Bi allows a 
sensitive test of particle-core-coupling models in the Pb region to be made. An inter- 
mediate coupling calculation has successfully accounted for all known B(E2) values 
with a unique value of the coupling strength. The collective components in the wave 
functions of  the lowest single-particle (hole) states are typically ~ 15 ~o and give a 
fair idea of the quality of the shell closure in the 2°spb ground state. It is worth men- 
tioning that this information cannot be obtained from single-nucleon-transfer reac- 
tions to the states in question, even if spectroscopic factors could be measured with 
high accuracy. Spectroscopic factors of about unity are obtained whether the relevant 
states are good single-particle (hole) states in a closed core or a strongly correlated 
core. This is because, among the very large number of (Np-Nh) excitations that con- 
tribute to the correlated ground state, the occupation number for any particular 
particle (hole) is expected to be very small. Therefore, our relatively large estimate 
for collective admixtures is not in contradiction with spectroscopic factors of ~ 1 
quoted in the literature t). 

The intermediate-coupling model is found to be quite inadequate for giving good 
values for B(EI)  and B(M1). The B(E1) values depend quite sensitively on the small 
admixtures of  single-particle and other particle-hole states. Reasonable estimates 
have been made by including single-particle components in the multiplets obtained 
by coupling single-particle states (pt for 2°7Pb and h i for 2°9Bi) to the 3-  phonon 
and assuming a reasonable value for B(E1; 2 + --, 3 - )  in 2°Spb. The need for an El 
effective charge suggests that the model is still quite crude and some effects from the 
giant dipole states should be included. Coupling to 2 +, 3 - and 1 - phonon states seems 
to be a reasonable idea but is so complicated that a microscopic calculation might 
just as well be undertaken. 

The particle-core-coupling model is completely inadequate for calculating mag- 
netic moments and B(M 1). The structure of the magnetic-moment operator indicates 
that it is the spin-orbit partners in a shell which give rise to its renormalization where- 
as the core-coupling model uses the quadrupole phonon state made up primarily of  
2hco excitations. The portions of the Hilbert space spanned by MI and E2 operators 
are quite different. Therefore we have calculated the renormalization of  the three 
allowed MI, two/-forbidden MI and three magnetic moments (in 2°7pb and 2°9Bi) 
in the first-order perturbation theory. In all eight cases this procedure explains quali- 
tatively the observed deviations from the extreme shell-model picture although some 
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q u a n t i t a t i v e  d i s c r e p a n c i e s  r e m a i n .  P e r h a p s  t he  s o u r c e  o f  these  d i s c r e p a n c i e s  c a n  be  

a t t r i b u t e d  to  s e c o n d -  a n d  h i g h e r - o r d e r  r e n o r m a l i z a t i o n  a n d  to  t he  effects  o f  m e s o n  

e x c h a n g e  c u r r e n t s .  C e r t a i n l y  t he  las t  t w o  c o n t r i b u t e  s ign i f i can t ly  to  t he  r e n o r m a l i z a -  

t i o n  o f  t h e  g r o u n d  s t a t e  m a g n e t i c  m o m e n t  o f  2 o 9Bi" N o  d o u b t  t h e  r e n o r m a l i z a t i o n  o f  

m a g n e t i c  m o m e n t s  a n d  M1 t r a n s i t i o n  r a t e s  p r o v i d e s  a m o r e  c h a l l e n g i n g  t h e o r e t i c a l  

p r o b l e m .  
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