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Abstract 

LBL-672 

The differential cross sections for the excitation of the 0.90 MeV 

(2f
7

/ 2) and 1.61 MeV (li1312) single proton levels and the weak coupling 

multiplet at 2.62 MeV in 209Bi have been measured with 61.2 MeV protons. 

The experimental shape for this 1. 61 MeV level very clearly has the character 

of an angular momentum transfer L=3. The results of collective model calcu-

lations and microscopic model calculations with core polarization are compared 

with the data. It is found that L=4, 6, and 8 core admixtures are important 

in the 0.90 MeV transition and that an 8% admixture of the 13/2 member of the 

2.62 MeV multiplet in the li
1312 

single proton state is needed to explain the 

1.61 MeV transition. The cross section for the 2.62 MeV multiplet is consistent 

with the weak coupling interpretation. 

f Travel funds provided by Oak Ridge Associated Universities 

tt Research supported in pa~t by the Office of General Research and the Work
Study Program at the Un~versity of Georgia, and by the Oak Ridge National 
Laboratory operated for u. s. Atomic Energy Commission by the Union Carbide 
Corporation. · 

ttt Work performed under the auspices of the U. S. Atomic Energy Commission. 
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1. Introduction 

Di££erential cross sections £or the excitation o£ the 0.90 MeV and 1.61 

MeV levels and the multiplet o£ states centered at 2.62 MeV in 209Bi have been 

measured using 61.2 MeV protons £rom the Oak Ridge Isochronous Cyclotron. This 

• .p • .p • t l-5) .p d . d t . d .p th 1s one o~ a ser1es o~ exper1men s per~orme 1n or er o prov1 e ~ur er 

6-10) data to test the current microscopic models of inelastic proton scattering 

and at the same time provide information on core polarization e£fects in nuclei 

near closed shells. It was expected that the shapes of the experimental cross 

sections obtained with 61 MeV protons would be more strongly structured than at/ 

lower proton energies and would, therefore, more stringently test the assump-

tions of these microscopic models. Other nuclei studied with 61 MeV protons 

are 89y, 9°zr, 92zr, and 208Pb which is the core nucleus for 209Bi. Scattering 

of 40 MeV from 89Y has also been studied to investigate the energy dependence 

of the reaction. 

The nature o£ the low lying levels in 209Bi is £airly well established 

as a result of a large number f . . 1 t f ll-l6 ) . el t. o prev1ous one-nuc eon rans er , 1n as 1c 

17-22) scattering , and Coulomb excitation23 , 24 ) experiments. The ground, 0.90, 

and 1.61 MeV levels are the lh
912

, 2£
712

, and li
1312 

single proton states, 

respectively, while the multiplet of states at 2.62 MeV is obtained by coupl-

208 ing the lh
912 

proton to the 3- vibrational state of the Pb core. With the 

21 exception of the experiment of Benenson et al. ), who measured the differential 

cross section £or the 1.61 MeV level using 39.5 MeV protons, the earlier 

inelastic scattering studies o£ this nucleus have concentrated on the strongly 

excited core multiplets like the group centered at 2.62 Mey22). The cross 

sections for these core excited levels are expected to be more or less consistent 
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with the weak coupling model. It is the transitions between the single proton 

states which are most interesting £rom the point o£ view o£ the microscopic 

approach to inelastic scattering. The cross sections £or these transitions 

are quite sensitive to admixtures o£ core excited states in the single proton 

states. There have been several theoretical estimates o£ the mixing between 

. 209 .25-28) the single proton states and low lying core excited states 1n B1· • Ad-

mixture o£ the 13/2 component o£ the 2.62 MeV multiplet in the li1312 single 

proton state is o£ particular importance in the 1.61 MeV transition. 

It was originally hoped that in the present experiment. the di££erential 

cross sections £or the 2£
512 

(2.84 MeV) and 3p312 (3.14 MeV) single proton 

states could be measured in addition to those £or the 0.90 and 1.61 MeV levels. 

As it turned out only a partial cross section (3D-65°) could be obtained £or 

the 0.90 MeV level and the 2.84 and 3.14 MeV levels could not be resolved £rom 

other nearby levels. Full angular distributions (13-90°) have been obtained 

£or the 1.61 MeV state and the 2.62 MeV multiplet. The data has been analyzed 

using both the collective model and the microscopic model with core polarization. 

These results are discussed and compared with the £indings 6£ some o£ the 

earlier experiments mentioned above. 
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2. The Experiment 

Data :for this experiment were obtained with a 61.2 MeV proton beam 

:from the Oak Ridge Isochronous Cyclotron (ORIC) and the broad-range spectro

graph29). Protons scattered from a 12 mg/cm2 209Bi target were detected by 

Ilford 5.2 x 25.4 em nuclear track plates, which had 50~ thick G5 emulsions 

with extra plasticiser. A more detailed description of the beam optics, 

spectrograph and plate technique has been given elsewhere1 ). The overall 

resolution varied from 40 keV at smaller angles to 55 keV at larger angles. 

An example of the spectra observed is shown in fig. 1. There are 12c, 14N, 

and 16o contaminants in the 209Bi target and at some angles the elastic 

scattering peaks from these nuclei overlapped the 209Bi inelastic peaks. The 

contaminants were identified by their kinematic shift with scattering angle. 

Three di:f:ferent beam runs were required to complete this experiment. 

The relative normalizations of the data were determined by making short exposures 

('elastic calibrations') during each beam run at a number o:f selected angles 

in order to observe the protons elastically scattered :from 209Bi with the same 

solid angle, Faraday cup Calibration, and effective target thickness as in the 

inelastic scattering exposures. The absolute solid angle o:f the spectrograph 

and the effective target thickness were evaluated by comparison o:f these 

'elastic calibrations' with the known elastic cross sections o:f 208Pb measured 

earlier30). The elastic cross sections for 209Bi and 208Pb are assumed to be 

the same. The absolute values of the inelastic cross sections could be in 

error by about ±5.3% primarily due to the error in the knowledge of these 

elastic cross sections. 

-·· 

.. 
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The experimental cross sections for the excitation of 209Bi levels at 

0.90 MeV, 1.61 MeV, and the multiplet centered at 2.62 MeV are listed in Table 

1. The data for the 0.90 MeV state are incomplete at forward angles because. 

this cross section is very small and the tail of the elastic peak and the 

contaminants overlap this peak. 

The errors shown with the experimental data in Table 1 include those 

due to counting statistics, an estimate of the error made in the background 

subtraction, and an estimate of the scatter in the track counting. 
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3. Analysis of the Experiment 

3.1 COLLECTIVE MODEL 

The experimental cross sections have been compared with the results o:f 

distorted wave collective model calculations and deformation parameters have 

been extracted. The collective model form factor is of the usual derivative 

form, i.e. 

FLOL(r) "'B R d U(r) 
L o dr 

(1) 

where BL is the deformation parameter, U{r) is the optical potential :for elastic 

scattering, and R is the radius parameter. The optical parameters used in the 
0 

208 calculation are the best :fit parameters for Pb of ref. 30. Both the real and 

imaginary parts o:f the central optical potential have been deformed, Coulomb 

excitation has been included, and statistical :factors for J = 0 ~L transitions 

have been assumed. 

The collective model :fits to the experimental data for the 1.61 MeV 

level and the 2.62 MeV multiplet are shown in :figs. 2 and 3, respectively. The 

two angular distributions exhibit nearly identical L=3 shapes, but the cross 

section :for the multiplet is about 19 times larger than that :for the 1.61 MeV 

level. The L=3 shape :for the 1.61 MeV excitation illustrates the importance 

of mixing between the lh
912 

and li
1312 

single proton states and L=3 core excited 

states. A collective model fit to the differential cross section for the exci

tation o:f the 3- (2.62 MeV) state in 208Pb~by 61.2 MeV protons3 ) is shown in 

:fig. 4. This cross section is practically identical to the cross section for 

the 2.62 MeV multiplet in 209Bi which is consistent with the expectation that 

the latter is well described in the weak coupling picture. Finally, for the 
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purpose of comparison, a collective model fit to the _data obtained by Benen~on 

et a,J.. 21 ) for the 1.61 MeV level is sho'Wll in fig. 5. In obtaining this fit,, 

which yields a slightly larger value of B
3 

than the present 61.2 MeV data, the 

. 31 208 best fit optical parameters of Fr~cke et al. ) for Pb at 40 MeV have been 

assumed. 

The s
3 

obtained above for the two transitions in 209Bi have been con

verted to B(E3t) according to the prescription, 

(2) 

and are compared with the results obtained in other experiments in Table 2. The 

value of B(E3t)2 •62 from the present experiment is in reasonable agreement with 

those from the two recent Coulomb excitation experiments, but is somewhat smaller 

than the older (a,a'), (e,e'), and (d,d') values. The values of B(E3t)1 •61 

sho'Wll in the table are roughly consistent with the exception of the Coulomb 

excitation result of Broglia et a1. 24 ) which is quite small. The B(E3t)1 •61 from 

the (p,p') experiments appear to be·a little high, but it is expected that there 

is a small contribution to the (p,p') corss sections from multipoles other than 

L=3. 

The ratio B(E3t)1 •61/B(E3t) 2•62 provides a rough measure of the mixing 

between the li1312 single proton state and the 13/2 member of the multiplet. 

An uppe:r: limit for the admixture is given by 

(3) 

where valence contributions, contributions from other multipoles, and L=3 core 

admixtures in the lh
912 

single proton state have been ignored and the factor 5 
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results ~rom the statistical ~actors ~or these transitions. The present 

experiment gives A2 = 27% as compared to 16% ~rom the (d,d') experiment and 

25% and 11% ~rom the CQulomb excitation eXperiments o~ Hertel et ~· and 

Broglia et ~·, respectively. Other estimates ~rom one-nucleon trans~er 

11-16 reactions range ~rom 6-11% ). This mixing amplitude will be discussed 

more care~ully in the next section o~ this paper. 

The shape o~ the experimental cross section for the o. 90 MeV excita-

tion was out o~ phase with L=2 collective model calculation although this state 

is excited via the E2 mode in Coulomb excitation. References 23 and 24 give 

( t) ( 8 + 6) -3 2 2 ( +0.16) -3 2_ 2 . B E2 = 1. - 0. x 10 e b and 1.39 _
0

_
23 

x 10 e~ , respect1vely. The 

61.2 MeV (p,p') cross section for this transition is compared with the results 

o~ L=4 and L=6 collective model calculations in fig. 6. This comparison suggests 

that inelastic proton scattering is sensitive to L=4 and L=6 core admixtures in 

the lh
912 

and 2~712 single proton states. 

3.2 MICROSCOPIC MODEL 

Theoretical differential cross sections have been calculated for the 

0.90 MeV and 1.61 MeV excitations ·in 209Bi using a microscopic model in which 

the KK ~orce is used for the projectile-target interaction and "knock-on" ex-

change contributions have been treated with a zero-range approximation developed 

elsewhere9 ). There are no free parameters in these calculations as it has been 

shown that the KK force and other similar interactions give a ~air reproduction 

o~ experimental (p,p') cross sections for transitions in doubly closed shell 

nuclei where reasonable nuclear wave ~unctions are available32 ). There are a 

total o~ 16 allowed values of orbital, spin, and total angular momentum (LSJ) 

trans~er for the 0.90 MeV transition and 20 allowed ~ues ~or the 1.61 MeV 
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transition. The normal parity (LOL) multipoles are L=2, 4, 6, and 8 for the 

former and L=3, 5, 7, 9, and 11 for the latter. Two different methods have 
. 

been used to include the contributions from core polarization. For the lowest 

allowed normal parity multipole, L=2 in the case of the 0.90 M~V transition and 

L=3 for the 1.61 MeV transition, a macroscopic description of the core has 

been assumed with the core coupling constant determined from the experimental 

effective charge in the manner first suggested by Love and Satchler33 ). For 

all other multipoles the effect of core polarization has been estimated by 

including 2p-lh components in the wave function using first order perturbation 

theory. The KK force has also been used as the coupling interaction between 

the valence proton and the core. This approach is not completely consistent, 

but it has the advantage of minimizing the uncertainty in at least part of the 

nuclear wave function. A mixed treatment of core polarization was previously 

used in the analysis of the 39.5 MeV data for the 1.61 MeV transition21 ). 

With the macroscopic description of the core, the form factor for a 

normal parity multipole is given b,y33) 

(4) 

where IL(r} is the radial part of the valence fonn factor, yL is the core coupling 

constant, 

(5) 

and k (r) = R dU(r)/dr where U(r) is the optical potential. The quantity < k > p 0 v 

is the radial expectation value of RSMdU(r)/dr taken with respect to the initial 

and final states of the valence nucleon. SM denotes shell model quantities •. 

In this model the effective charge for a single proton transition is given by 
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< k > 
= 1 + L z RL v , 471' c c L > YL < r 

{6) 

where Z is the charge of the core, R = 1.2A1/ 3 is the core radius, and < rL > 
c c c 

denotes the radial expectation value of rL. It is also useful to note that 

the single particle B(EL) is given by .;·: 

B(EL) = 
2jf + 1 

2j. + 1 
l. 

(7) 

From the single particle wave functions of Blomqvist and Wahlborn34 ) we obtain 

< kv > = -48.8 MeV and< r 2 > = -16.5 fm
2 for the lh

9
/ 2 + 2f

7
/ 2 transition and 

< kv > = 68.9 MeV and < r 3 > = 237 fm3 for the lh
912 

+ li1312 transition. Using 

the experimental B(E2t) and B(E3t) of Hertel et al.
23 ) we find e!ff = 3.10 and 

3 4 -4 -1 -3 -1 eeff = 6.5 which corresponds to y2 = 7 x 10 MeV and y
3 

= 2.71 x 10 MeV • 

These are the parameters which have been used in the present calculations. 

The microscopic treatment of core polarization using first order per

turbation theory has been described in detail elsewhere9, 35 ,36 ) and will not 

be discussed here. Harmonic oscillator wave functions have been used with 

hw = 6.8 MeV. The particle-hole space and energy denominators employed in the 

present calculation are essentially the same as in ref. 21. The lk
1712 

and 

lt1912 neutron particle orbitals and the 1~712 , lj
1312

, 3f
712

, 2h
912

, and lt
1912 

proton particle orbitals have been added in the case of the 0.90 MeV positive 

parity transition. This particle-hole space incorporates most of the lhw 

excitations for the 1.61 MeV negative parity transition and most of the 2flw 

excitations for the 0.90 MeV transition. 

The microscopic model cross sections which have been obtained are com-

pared with the experimental data in figs. 7 and 9. The microscopic model cross 

section for the 1.61 MeV transition at 39.5 Me~1 ) is shown in fig. 8 for 
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comparison. The agreement between theory and experiment is quite good. In 

.the case of the 1.61 MeV transition, L=3 core polarization is dominant as 

expected and contributions from other multipoles make up only about 25% of the 

cross section. The complete theoretical cross section which has been obtained 

for this transition at 39.5 MeV is slightly lower than the one obtained in 

ref. 21. The previous calculation assumed a somewhat stronger projectile-tar-

get interaction and did not take into account the fact that the contributions 

to the cross section .from "spin-flip (S=l) multipoles are reduced as a result 

of core polarization • 

. The 0.90 MeV transition is quite interesting in that the L=4, 6, and 8 

normal parity mul tipoles are dominant. "Spin-flip" mul tipoles give only about 

10% of the theoretical cross section. The theoretical result does not repro-

duce, in detail, the structure in the experimental cross section, but it is 

clear that one gets an entirely different look at this state in the (p,p') 

reaction than one does in Coulomb excitation where L=2 dominates. 

The contributions to the 61.2 MeV cross sections from the individual 

normal parity multipoles are shown in Table 3. In the table, phenomenological 

refers to the results obtained with the macroscopic core model of Love and 

Satchler33 ) in which the core coupling constant has been determined from the 

Coulomb excitation measurements23 ), microscopic rei'ers to the results obtained 

using the microscopic model for the core, and Ep denotes the enhancement factor 

which provides a measure of the importance~o.f core polarization. In the case 

of the L=2 and L=3 components of the 0.90 and 1.61 MeV cross sections, both the 

phenomenological and microscopic estimates oi' the cross section are shown for 

comparison. 
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The dominance o:f the L=3 component in the cross section :for the 1.61 

MeV transition is quite clear and the importance o:f the L=4, 6, and 8 multipoles, 

in the lh912 ~ 2:r712 transition is also evident. Excluding the L=3 component 

o:f the 1.61 MeV cross section where core polarization is extremely large, it is 

seen that the contributions from core polarization decrease only slowly with 

increasing multipole. The phenomenological estimates o:f the L=2 and L=3 com-

ponents o:f the 0. 90 and 1. 61 MeV cross sections are larger than those obtained 

with the microscopic model :for the core. The discrepancy is particularly large 

in the L=3 case. It is expected that the microscopic core calculations should 

underestimate the effect of core polarization, at least for the lower multipoles, 

as core correlations, i.e. the effect of interactions between the core particles, 

have been neglected in these calculations. These interactions give rise to low 

lying collective states in the core nucleus and these states can play an impor-

tent part in the core polarization process. Core correlations can be taken 

into account by applying the T.D.A. and R.P.A. approximations as described by 

Siegal and Zamick37). A simpler estimate o:f the contribution from the low 

lying collective states can be made by using the particle-vibration coupling 

model of Mottelson23). 

In this model one considers only the mixing between the single proton 

state and low lying particle-vibration states in 209Bi. I:f the positions and 

strengths of the particle-vibration states in 209Bi are unknown they can be 

inferred from a knowledge of the low lying vibration states in 208Pb by apply• 

ing the weak coupling assumption. The model :further assumes a macroscopic 

treatment o:f the core. The :fo~ :factor :for inelastic _proton scattering has 

the :form given in eq. {4) with 
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(8) 

where hwL is the energy of the Lth core vibration, CL is the corresponding core 

stiffness parameter, and Q is the difference in energy between the initial and 

final single particle states. CL is related to f3L by 

a 2 
L = 

hwL 
(2L + 1) 2C 

L 
(9) 

Results obtained using this model are shown in Table 3 under the heading vibra-

tional model. In making these estimates we have used e
3
= 0.098(hw

3
= 2.62 MeV), 

13
5
= o.o43(hw

5
= 3.20 MeV), e2= o.053(hwL= 4.07 MeV), 134= o.o62(hw4 = 4.31 MeV), 

a6= 0.055(hw~ 4.41 MeV), and 138= 0.038(hw8= 4.60 MeV) from ref. 3. Harmonic 

oscillator wave functions have been used to describe the valence nucleon and 

< k > has been taken to be 60 MeV. The results show that an appreciable v 

fraction of the core polarization strength can be contained in the low lying 

states of the core nucleus. In the case of the 1.61 MeV transition, mixing 

between the single proton states and low lying L=3 core excited states is the 

most important factor. 

A better estimate of the effect of core polarization might be obtained 

by adding the microscopic and vibration model contributions. As the core 

polarization strength contained in the low lying states decreases rather 

rapidly with increasing multipolarity, this would primarily effect the lower 

multipoles. In the case of the 0.90 MeV transition the L=4 component of the 

cross section would be pushed up relative to the other components. This would 

result in· a slight increase in the total cross section and some additional 

structure might appear in the theoretical result. These remarks are only 
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intended to be suggestive. The microscopic and vibration model contributions 

are not necessarily completely additive, because the microscopic result may 

contain some unknown fraction of the low lying strength. Other factors might 

also be relevant to this discussion. For example, there are indications that 

core polarization and (p,p') transitions involving higher multipoles might 

be sensitive to the two body spin-orbit38 ~ 39 ) force which has not been con-

sidered in this work. In any event, it is probably better to investigate 

these factors in transitions which involve fewer multipoles. 

The L=3 component of the 1.61 MeV cross section needs further discussion. 

According to the vibrational model estimate in Table 3, mixing between the sin

gle proton states and low lying L=3 core excited states accounts for only 30% 

of the phenomenological cross section which fits the data. This result corre-

spends to a 3.3% admixture of the 13/2 member of the 2.62 MeV multiplet into 

the li
1312 

single proton state and a 0.3% of the lli
1312 

x· 3-; 9/2 > core 

excited state into the lh
912 

single proton state. If the single particle 

wave functions of Blomqvist and Wahlborn had been used in making this esti-

mate the resulting admixtures would be 3. 8 and 0. 4% and this mixing would 

account for 40% of the phenomenological cross section. A 10% increase in the 

absolute normalization of the experimental cross sections could only lead to 

a 5-6% increase in this estimate. 

By adding the microscopic and vibrational model contributions, 67% of 

the phenomenological L=3 cross section can~be explained. A more consistent 

(but not necessarily more reliable) estimate of the high lying core polariza

tion strength can be obtained by using the energy weighted sum rule40 ) with 

the assumption that the centroid of the higher strength is at lhw. Using 

" 
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this estimate we get 62% of the phenomenological cross section which is close 

to the result obtained by adding the microscopic and vibrational model contribu-

tions. The remaining discrepancy of about 35% must presumably be associated 

with the low lying core polarization strength. 

In computing the mixing between the single proton states and low lying 

core excited states we have used the experimentally observed energies. This 

is not strictly correct because there are energy shifts associated with the 

mixing. These energy shifts are at most a few hundred keV while the single 

proton states and core excited states are typically separated by a few to 

several MeV, therefore, the use of the experimental energies is generally a 

good approximation. This is not so for the li
1312 

and llh
912 

x 3-; 13/2 > 

levels which are separated by only one MeV. If the unperturbed position of 

the li1312 level is taken to be 1.91 MeV instead of the experimental energy 

of 1.61 MeV, the estimated admixture of the llh
912 

x 3-; 13/2 > state in the 

li1312 state is 8% and the 35% discrepancy in the theoretical cross section 

can be understood. As a result of this 8% mixing, the li
1312 

state is pushed 

down 65 keV and the llh
912 

x 3-; 13/2 > state is pushed up 65 keV. Coupling 

to the higher L=3 core excitations results in an additional 10 keV downward 

shift in the position of the li
1312 

level. In order to understand the experi

mentally observed energies of these levels, it is necessary to consider other 

admixtures5- 8 ) and configuration interaction in the multiplet states41 ). We 
.. 

simply remark that the 8% admixture required to fit the present experimental 

data is a little higher than most of the previous theoretical estimates5-8 , 41 ), 

but it is not outside the limits of such calculations. 
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Benenson et ~.21 ) previously reported that the 1.61 MeV cross section 

at 39.5 MeV could be understood in terms of a 5.5% mixing of the two 13/2 states 

and a 0.5% mixing between the two 9/2 levels with no contribution from higher 

L=3 core excitations. They did not measure the cross section for the excita

tion of the 2.62 MeV multiplet of 209Bi or the 3-(2.62 MeV) state in 
208

Pb. 

Their conclusion is consistent with their assumed value for 8
3
= 0.13, which is 

considerably higher than the value obtained from the present· experiment. 

The proton charge transition density p (r) for the excitation of the p 

3- (Q= -2.62 MeV) state in Pb208 has recently been determined in an electron 

scattering experiment42 ). The. energy of this experiment was too high to allow 

a determination of the normalization of this density. A theoretical cross 

section for the excitation of the 2.62 MeV multiplet in 209Bi at 61.2 MeV has 

been calculated from this charge transition density. We have assumed that the 

neutron transition density is given by p (r) = NZ p (r) and have normalized n p 

p (r) to B(E3t) = o.5o e 2b3 • This is the value obtained in the present experi
p 

ment and lies roughly half way between the results for the two recent Coulomb 

excitation experiments23 ,24 ). The KK force has been used and exchange has 

been included approximately. The result is shown in fig. 10. The theoretical 

result is in good agreement with the magnitude and general slope of the. experi-

mental cross section, but it does not exhibit the sharp diffraction structure 

which is present in the experimental data. The effect of an imaginary component 

in the projectile-target interaction has b~en investigated using the "frivolous" 

model of Satchler43 ). This model requires a knowledge of the ground state density 

distribution which was inferred from the most recent electron scattering experi

ment performed on 208Pb44 ). The result obtained with the imaginary part of the 
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interaction included is also shown in fig. 9. It is concluded that the imagi-

nary part of the interaction is important, but may be overestimated by this 

model. The result could be improved by using a somewhat weaker real interaction 

10 such as the KB force ). 
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4. Conclusion 

The lowest three excitations in 209Bi have been studied via the (p,p') 

reaction at 61.2 MeV. Investigation o£ the lh
912 

~ 2£
712 

single proton tran

sition suggests that core polarization decreases only slowly as the positive 

parity multipoles increase £rom L=2 through L=8. Analysis of the cross sections 

£or the lh
912 

~ li
1312 

single proton transition and the 2.62 MeV multiplet 

indicates that there is an 8% admixture of the 13/2 member of the multiplet in 

the li1312 single particle state. In arriving at this value we have included 

the effect of mixing between the lh
912 

and lli
1312 

x 3-; 9/2 > states and con

tributions from high lying L=3 core excitations. These three effects give, 

respectively, 10.6, 2.3, and 3.0 to the required L=3 enhancement factor of 16.9 

with the remainder of 1.0 coming from the valence contribution. 

This 8% admixture is in accord with the results of one-nucleon trans-

.per studl.. es11- 16). Th t · d · · .1. e pres en experJ.mental at a l.S also J.n agreement with 

the Coulomb excitation data of Hertel et al. 23 ) but does not agree with the 

Coulomb excitation results of Broglia et a1. 24 ) which indicate a much smaller 

admixture. The (d,d') experiment o£ Ungrin et al18) suggests an admixture 

intermediate to those implied by these two Coulomb excitation experiments. 

This experiment confirms that shapes of differential cross sections 

with higher energy protons reveal the dominant angular momentum transfer much 

more clearly than at lower energies. The original hope ~or this experiment 

was to obtain information on the valence contributions to the excitation of 

the 1.61 MeV level. Instead, the e~erimental cross section demonstrates the 

importance of core polarization in a very clear-cut manner just because the 

208 low-lying 1=3 core-excited state of Pb is strongly mixed into the 1.61 MeV 

level of 209Bi. 

.: i 

i __,. ' 

I 
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It would be interesting to have more infor.mation concerning core 

polarization in the positive parity multipoles. A more complete cross 

section for the lh
912 

+ 2f
712 

transition would be helpful. Cross sections 

for the excitation of the 2f
512

, 3p
312

, and 3p112 single proton states would 

be extremely useful. Transitions to these states select out the L=2, 4, 6, 

L=4 and 6, and L=4 multipoles, respectively. In addition these states are 

closer in energy to the low lying L=2, 4, and 6 core excited states and core 

polarization effects should be larger. 
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Table 1. Differential Cross Sections for States in 
209

Bi excited by 61.2 MeV Protons 
- 7- 13+ 

e 2 2 3 - Collective Multiplet C.M. 
(de2:J_ 0.90 MeV . 1.61 zvev Centered at 2. 62 MeV 

13.06 5.68 ± 1.25 X 10-l 
14.07 6.07 ± 1. 39 

12.12 ± 1.26 X 10° 15.07 5.24 ± 0.99 
17.08 5.41 ± 0.25 10.68 ± 1.10 
19.09 5.35 ± 0.54 
20.10 5.19 ± 0.30 9.99 ± 0.84 
23.10 3.35 ± 0.67 6.52 ± 0.39 
25.11 2.99 ± 0.52 4.01 ± 0.25 
27.63 1. 78 ± 0.14 3.14 ± 0.32 
30.14 

4.13 ± 0.69 X 10-2 
1.88 ± 0.31 3.15 ± 0.32 

32.15 2.75 ± 0.24 3.76 ± 0.38 
35.16 3.46 ± 0.77 1.92 ± 0.22 3.78 ± 0.38 
36.16 3.55 ± 0.86 1.50 ± 0.11 2.97 ± 0.31 
37.16 3.99 ± 0.54 1.39 ± 0.10 2.72 ± 0.28 
38.17 3.83 ± 0.54 1.31 ± 0.10 2 2.27 ± 0.23 I 

1\) 

40.18 2.68 ± 0.46 9.31 ± 0.78 X 10 1.26 ± 0.13 w 
I 

42.19 1.88 ± 0.40 7.17 ± 0.82 1.04 ± 0.13 
45.19 \ 1. 89 ± o. 32 6.62 ± 0.48 1. 32 ± 0.13 
47.20 1. 71 ± 0.34 8.03 ±.0.54 1.37 ± 0.13 
50.21 2.22 ± 0.35 6.81 ± 0.61 1.32 ± 0.13 1 
53:22 1.50 ± 0.30 5.41 ± 0.54 9.08 ± 0.92 X 10 
55.23 

8.60 ± 1.90 X 10-3 
3.33 ± 0.33 6.00 ± 0.35 

58.24 2.26 ± 0.25 4.92 ± 0.37 
60.24 6.40 ± 1.60 3.03 ± 0.32 5.24 ± 0.43 
62.75 5.60 ± 1.40 3.60 ± 0.28 6.15 ± 0.62 
65.25 7.80 ± 2.1 2.97 ± 0.28 5.20 ± 0.29 
68.26 2.76 ± 0.35 3.73 ± 0.21 
71.26 1.28 ± 0.25 2.18 ± 0.13 
74.27 1. 36 ± 0.16 l. 91 ± 0.12 
77.27 0.90 ± 0.20 2.00 ± 0.12 
80.28 1.06 ± 0.16 1. 80 ± 0.11 

f; 83.28 0.71 ± 0.12 1.45 ± 0.10 
90.28 0.44 ± 0.09 0.73 ± 0.05 1 

Errors quoted include ~ounting statistics, an estimate of uncertainties 
0\ 

Expressed in mb/sr in CMS. -.;j 

in the background subtraction and an estimate of the reproducibility of the track counting. 
1\) 



Table 2. Summary of experim~ntal B(E3t) values for 1.61 and 2.62 MeV states in 209Bi 

B(E3t)1 •61 (e~
3 ) B(E3t~ 2 • 62 (e~3 ) B(E3t)1 •61/B(E3t) 2•62 Experiment 

0.72 ± 0.07 (a.,a.')l7 

0.67 ± 0.05 (e,e')20 

(2.03 ± 0.36)x1o-2 0.63 ± 0.03 0.032 ± 0.007 (d,d')l8 

(2.2 ± o.B)xlo-2 0.45 ± O.l5a 0.049 ± 0.025 C .E. 23 

(1.24 ± 0.32)Xl0-2 0.57 ± 0.03 0.022 ± 0.007 C.E. 24 

3.5 X 10-2 (p,p')21 

(2.7 ± 0.3) 0.50 ± 0.05 0.054 ± 0.009 Present 

a Includes strength from 1.61 MeV level. 

'· f 
·-~~ ----- --

I 
1\) 

-'="" I 

~ 
I 
0\ 
-.J 
1\) 
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Table 3. Separate contributions to 61.2 MeV cross sections from normal parity multipoles for 
three models discussed in the text 

Transition L Phenomo_nol_ogical. Microscopic Vibrational 

lh9/2 + 2f7/2 

~ 

~ lh9/2 + lil3/2 

2 

4 

6 

8 

3 

5 

7 

9 

11 

acr(mb) bE 
p 

0.0131 6.84 

0.4500 16.9 

acr is integrated cross section with core polarization included. 

acr(mb) b a E 0 (mb) p 

0.0075 4.40 0.0048 

0.0191 4.52 0.0087 

0.0194 3.85 0.0071 

0.0233 3.42 0.0051 

0.0235 4.14 0.1360 

0.0185 3.13 0.0018 

0,0111 2.50 

0,0059 2.04 

0.0051 1.85 

bE is enhancement factor relating cr to the cross section for the valence nucleon alone, 
p i.e. 

2 
0' = e: 0' • p v 

b 
E p 

3.54 

3.04 

2.32 

1.61 

9.96 

1.02 

I 
1\) 
\.11 
I 

&; 
r 
Ei 
1\) 
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Figure Captions 

Fig. I. ~ 209B .. t 1 ~ ~7 5° Spectrum o£ scattered protons .Lrom · ~ a an ang e O.L c:. • • 

Fig. 2. L=3 collective model £it £or Q = 1.61 MeV excitation in 
209

Bi 

(p,p')209Bi* reaction at 61.2 MeV. 

Fig. 3. L=3 collective model fit for Q = 2.62 MeV multiplet. in 
209

Bi 

(p,p') 209Bi* reaction at 61.2 MeV. 

Fig. 4. L=3 collective model fit to Q = -2.615 MeV excitation in 
208

Pb 

208 * (p,p') Pb reaction at 61.2 MeV. 

Fig. 5. L=3 collective model £it to Q = -1.61 MeV excitation in 209Bi 

(p,p')209Bi* reaction at 39.5 MeV. 

Fig. 6. L=4 and L=6 collective model fits to Q = -0.90 MeV excitation in 

209Bi(p,p') 209Bi* reaction at 61.2 MeV. 

Fig. 7. Microscopic model result for Q = -1.61 MeV excitation at 61.2 MeV. 

The curves show the LSJ = 303 valence (D) and valence plus core (D + C) 

contributions and the total result which includes contirbutions £rom all 

allowed multipoles. 

Fig. 8. Microscopic model result for Q = -1.61 MeV excitation at 39.5 MeV. 

The partial cross sections are shown in the same manner as in fig. 7. 

Fig. 9. Microscopic model result for Q = -0.90 MeV excitation at 61.2 MeV. 

The LSJ = 202 valence (D) and valence plus core (D + C) contributions 

are shown as well as the cross section obtained by including only the 

S = 0 multipoles. The total result includes the effect of the "spin-flip" 

multipoles. 

Fig. 10. Microscopic model result for Q = -2.62 MeV multiplet at 61.2 MeV 

obtained by £olding with electron scattering transition density. The ef£ect 

of adding an imaginary component to the interaction is also shown. 

. .... 



; · ... l 

400--------~~~------~---------------------------. 

rs-

I 
209Bi (p, p') 

Multiplet Ep = 61.2 MeV 
E 300t 

I 
9= 27.5° 
60.4 Microcoulombs 

E 
10 

0 

I l I I 1.61 l2j I 1 ..... 0: 
I ~ w . 

1-' 0.. 200 
C/) 
1-
z 3.64 3.14 3-
::> 

~ J 
+- Collective 

0 Multiplet 
(.) 

74 

100. . . . .. . 2.84 

0·90 

' 
140 150 ISO 170 !80 

POSITION FROM ·END OF PLATE (mm) 
190 200 

,{, 

c:~· 

~·· 
'<:..~, 

L .... ,.t 

.. 
\,.,.;' 

..... .J. 

(.;.. 

"' 

1 c~:: 

&; 
1 
0\ 
-.1 
I\) 

C..-.: 



-.... en ....... 
en 
c: .... 
c 

..c 

E -
3 

"'0 
....... 
b 

"0 

I 
10 

0 
10 

-I 
10 

-2 
10 

, 
I l r'\. 

I ~}'! 

I .q 1\ 

v '4r 
~ 
H\ 

-28- LBL-672 
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