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A unified picture of the low lying states of 2°9Bi is attempted in terms of surface and pairing vibrations as well as 
particle and hole degrees of freedom. 

The nucleus 209Bi has been investigated by means 
of high resolution inelastic scattering [ 1 - 4 ] ,  Coulomb 
excitation [5, 6] and resonance fluorescence measure- 
ments [7]. Through these experiments a septuplet of  
states around 2.6 MeV of excitation was identified, 
with spins ranging from 3[2 ÷ to 15/2 ÷. These states 
have received much attention and their main features 
explained [8 -10]  in terms of the coupling between 
the odd-proton moving in the lh9/2 orbital coupled to 
the lowest 3 -  state of  208 Pb, as shown in figs. 1 ( a ) -  
l(d). 

The nucleus 209pb which is unstable has been 
studied by means of the 207pb(t, p)2°9pb, 210pb(p, d) 
209pb and 208pb(d, p) 209pb reactions [1 1 -14]  done 
also with high resolution. It was recognized [15] that 
in this case the description in terms of  the [](v) ® 
X~r( 208 Pb); ] ' )  states, ](v) denoting a single-particle 
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neutron orbital, was too limited to account for the 
variety and richness of  the experimental data and that 
both surface and pairing multipole vibrations had to 
be included. The corresponding analysis [15] was car- 
ried out in the basis spanned by the state vectors 
[/l(V) ® k~(208pb);/ ' )  (k I = 3, 5, 2 and n = ( - 1 )  x) 
and [j~-I (u) ® k~(210pb);j ') (~'2 = 0, 2, 3, 6 and 8). 
Good agreement was found with the experiment. To 
be noted is that the 15/2-  member of  the I lg9/2(u)® 
3 - (208pb) ; j  ') multiplet was observed in the 
207pb(t, p)209pb reaction with an intensity of ~ 0.4 
of  the intensity with which the lowest 8 + state 
(1.271 MeV) was excited in the 208pb(t, p)210pb reac- 
tion. Also the 7 / 2 - ,  5 /2 -  and 3 / 2 -  members of  the 
same multiplet were observed with relatively large 
spectroscopic factors in the 21°pb(p, d)209pb reac- 
tion. It was found that the energy of the members of  
the octupole multiplet is strongly affected by the 
states of  type IJ2-1(u) ® ~,~(21°pb); j ') ,  through the 
graphs (k) - (n) of  fig. 1. 

From the experier~ce obtained in 2°9pb it seems 
likely that to obtain a quantitative estimate of  the 
209Bi septuplet one should utilize as basis states 

II) = Ilh9/2(lr) @ 3- (2°8pb) ; / ) ,  (1) 
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Fig. 1. All the 1/~ contributions to the energy matrix elements of the effective Hamiltonian, in the basis spanned by the vectors 
(I), (2). The time is assumed to run upwards. An arrowed line represents the fermion fields, while a double arrowed line and a 
wavy line represent the pairing and surface vibration boson. An open circle or an open square stands for the bare particle-hole and 
pairing multipole interaction (four-point vertices), respectively. 

and 

III) = I / - I (70 @ ~Tr(210po);/'). (2) 

Thus, the multipole surface and pairing vibrations and 
pairing vibrations and the particle and hole proton 
states around 208pb are utilized as building blocks to 
construct the 209Bi spectrum 4:. This is carried out be- 
low in the framework of  the nuclear field theory 
[16 -18 ] .  

The particle-vibration coupling strength and the 
energy completely determine the properties of  the 
free fields. In the case of  the pairing fields, a multi- 
pole pairing force [15] with constant matrix elements 
was diagonalized (RPA) adjusting the coupling 
strengths to reproduce the experimental energies. The 
particles and holes (ground state correlations) were 
allowed to move in the N = 2 - 1 0  shells in the case of  
neutrons and in the N = 1 -9  shells in the case of  pro- 
tons, N being the harmonic oscillator principal quan- 
tum number. The Coulomb correction to the energy 

* A preliminary account of this approach was reported in [19]. 
See also ref. [10]. 

of  the valence particles was included. Its magnitude 
was fixed from the energy difference between the unper- 
turbed energy of  the state Isl/l(n ) ® gs (210po; 1/2 +) 
(E = 3.053 MeV) and the energy of  the state excited 
in the 210po(t, a) reaction [19] with l = 0 with spec- 
troscopic factor S ~ 2 (E = 2.43 MeV). The resulting 
value is E c ~ 300 keV. 

In the case of  the surface phonons a multipole par- 
ticle-hole interaction containing both isoscalar and 
isovector components was diagonalized. Excitations of  
AN = 0 and AN = 2 type were allowed for ~Y = 2 + and 
AN = 1 and AN = 3 for X 'r = 3 - .  The selfconsistent 
values of  K(r, ~) were utilized for 7, = 2 (cf. ref. [20]; 
see also ref. [21]), and all the resulting phonons were 
allowed as intermediate states in the matrix elements 
of  fig. 1. For the ~. = 3 mode, K (Z = 0, ~, = 3) was 
adjusted to reproduce the experimental energy 
(2.615 MeV) of  the lowest octupole mode, setting the 
ratio ~ (r = 0, ~. = 3)/r (r = 1, h = 3) equal to - 4 . 6  
(cf. eq. (3.5) of  ref. [21 ]). The resulting value of  the 
isoscalar strength is (91/.4 2)(Mw/h)3 MeV. 

The energies of  the fermion fields, i.e., the energies 
of  the proton particle and hole statesj(Tr) = (lh9/2, 
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2f7/2, 1i13/2, 3P3/2, 2f5/2, 3Pl/2, li11/2) and j - l ( n )  = 
(3Sl/2, 2d3/2, lhl 1/2, 2d5/2, 1 g9/2)were taken from 
experiment. 

Utilizing the calculated particle-vibration and four- 
point vertices coupling strengths and the correspond- 
ing free field energies, the effective matrix elements 
displayed in fig. 1 were worked out. As discussed 
in [ 18], the small parameter upon which to expand in 
the nuclear field theory is 1/~2, where ~ = ~1(1+1/2) 
is the effective degeneracy of the valence shells. Be- 
cause the particle-vibration vertices are of order 1/x/-ff 
and the four-point vertices are of order 1/I2 (cf. ref. 
[17]), while a closed loop contributes a factor I2, the 
graphs displayed in fig. 1 constitute all the 1/~ (lowest 
order) contributions to the energy. The energy de- 
nominators of each graph contains products of differ- 
ences between the exact energy and the energy of the 
intermediate states. There is thus one matrix for each 
state which has to be diagonalized selfconsistently. 
The resulting energies and wavefunctions for all the 
states of type (1)- (2)  which are strongly excited in 
any of the reactions 

Table 1 
States strongly excited in one or more of the reactions 
2°8Pb(aHe, d)2°9 Bi, 21°po(t, a)2°gBi and 2°9Bi(d, d')209Bi(ftr). 
In the first and second column the spin and parity and the 
energy of the states is given. In column 3 the main compo- 
nent of the wavefunctions in terms of the basis states (cf. eqs. 
(1) and (2)) are collected. The number in parentheses at the 
end of each wavefunction is equal to the square root of the 
sum of the amplitudes squared. In the fourth and fifth col- 
umns we give the experimental and theoretical energy differ- 
ence E] = (E/ -  2615) keV of the members of the septuplet 
measured with respect to the energy of the 3-  state in 2°aPb. 
For the second state 3/2÷(2.95 MeV) and for the 1/2 + (2.43 
MeV) and 11/2- (3.69 MeV) we give instead the absolute ex- 
citation energy. In columns 6 and 7 we collect the experimen- 
tal and theoretical inelastic excitation cross section normalized 
to the 3-  (2°apb) cross section according to 
do (h9/2 (209 Bi) --, j(2o9 Bi)) 
da(gs(20apb) -., 3_(20apb)) (%). A polarization charge of 

0.3 for protons and 0.8 for neutrons (cf. ref. [20l) was utilized 
in the theoretical estimates to account for the effects of high 
lying octupole states. In the columns 8 and 9 the experimental 
and theoretical values of the (t, a) spectroscopic factor are dis- 
played. In the two final columns we give the spectroscopic fac- 
tors associated with the (3 He, d) reaction. 

2°9Bi (d, d')209Bi, 21°po (t, r,)209Bi, (3) 

and 

208lab (3 He, d) 209 Bi, 

are displayed in table 1. Note that the square of the 
amplitudes of each state sums to a number different 
from one (also shown'in table 1). In fact, the normal- 
ization of each state corrects for the overcompleteness 
of the basis (1) and (2) (cf. ref. [22]). 

Utilizing the amplitudes of table 1 we have graphi- 
cally calculated the inelastic transition probabilities 
and the one proton pick-up and stripping spectroscopic 
factors~ again to lowest order in the parameter 1/~. 
The corresponding results are displayed in table 1 in 
comparison with the experimental values associated 
with the reactions (3). 

The interplay between states of type (1) and (2) 
in the physical states is particularly illustrated in the 
case of the two 3/2 + states. These states start at an 
unperturbed energy of 2.615 MeV (corresponding to 
the Ilhg/2 ® 3-  (208pb); 3/2 +) component) a n d  
2.733 MeV (corresponding to the 12d3/~ 2 @ gs (zluPo); 
3/2 +) component). The matrix elements between them 
are 

319 keY (E = 2.479 MeV) 

M(m)(E) = ~482 keY (E -- 3.075 MeV) 

(graph (m) of fig. 1), 

and 

-93 keV (E = 2.479 MeV) 

M(~)(E) = -102 key (E-- 3.075 MeV) 

(graph (£) of fig. 1). 

The energy dependence o fM (m) and M (1~) is again re- 
lated to the overcompleteness of the basis (1), (2). The 
main consequence of including states of both types 
(1) and (2), and to treat its interaction according to 
the nuclear field theory rules, is evidenced in the very 
different ratio of the (d, d') and (t, e) cross sections 
associated with the two 3/2 + states. While R 1 = B(E3; 
(3/2)l)/B(E3; (3/2)2) is approximately equal to 4, the 
ratio R 2 = o((t, a); (3/2)1)/o((t, or); (3/2)2) is close to 
one. Noting that the component of type (1) carries 
basically all the inelastic strength while the (t, ct) pro- 
ceeds through the component of type (2), a treatment 
which neglects the overcompleteness of the basis pre- 
dicts R 2 = 1/R 1" 
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EWHV) 

JR CXPa) 
3/2+ 2.494 

5/2+ 2.618 

7/2+ 2.585 

9/2+ 2.566 

11,2+ 2.600 

13,2+ 2.600 

n/2+ 2.744 

3/2+ 2.95 

1/z+ 2.43 

1112‘ 3.69 

a) Ref. 2 
6) Ref. 19 

wavefunction 

-0.53(d;j2 0 o+ > 

-O.O3,d;;, a 2+ > 

o.02if,,2 0 3- > 

0.76ih9,2 0 3‘ > 

(0.928) 

0.02id;f2 0 o+ > 

-0.06,d;;2 0 2+ > 

-0.011d3,2 -l 04+> 

0.071f7,2 0 3- z 

0.981h9,2 0 3- > 

EE B(E3) (7.) s(t,o) 

exp’) th exp’) th exC.6’ 

-121 -136 4.2tO.3 3.7 L.&O.3 

3 - 46 9.1to.5 8.6 

(0.983) 

-0.05.d3,2 -1 B 2 +> 

-0.02id;;2 0 4+ > 

-o.02,s;j2 P 4+ b 

-o.04if7,2 e 3- > 

1.001h9,2 P 3- > 

(1.005) 

-0.011d;f2 B 4+ b 

0.021f7,2 B 3- > 

0.96,h9,2 D 3- > 

(0.985) 

-0.03jd;;2 P 4+ > 

-0.02/f,,2 * 3- > 

1.021h9,2 P 3- > 

(1.018) 

o.091f7,2 s 3- > 

0.96,h9,2 13 3- > 

(0.965) 

1.081h9,2 B 3- > 

(1.081) 

-0.92!d;;2 P 0” > 

0.181d;;2 P 2+ > 

0.141s;f2 0 2+ > 

o.171f7,2 P 3- > 

.0.711h9,2 B 3- > 

- 30 30 12.&0.5 11 

- 49 - 90 13.eO.6 15.8 

- 15 - 20-l 18.5 

d) 
> 37.4+_(0.7: 

- 15 - 80 20.7 

/ 

129 190 23.7kO.7 20.0 5 0.2 

3.075 Ek” 1.1$(0.2) 1.3 2.220.3 
d) 

(1.195) 

.0,.99l s;;, P 0’ > 2.5 Me” 1.8 

0.11:f7,* B 3- > 

L 

_ 

1.96 

th 
1.81 

0.03 

. 0.06 

0.01 

< 0.02 0.01 

< 0.01 

0.99,h;;,2 0 o+ > 3.76 MeV 10 11.86 < 0.05 0.01 

o.071i13,2 s 3- > 

Ref. 23 
error estimated (not given in original reference). 
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The largest coupling between the main components 
(1) and (2) of the two 3/2 + states is due to the graph 
(m) of fig. 1. However, the contribution of the graph 
(~) of fig. 1 and the corresponding contributions to 
the (d, d') process amount to ~ 30% of the previous 

contribution. 
A consistent picture of the low-lying levels of 209 Bi 

can be obtained in the framework of the nuclear field 
theory in terms of pairing and surface vibrations and 

single-particle and hole degrees of freedom. 

Discussions with A. Bohr and B.R. Mottelson are 

gratefully acknowledged. 
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