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208 210 -
The reaction  P b (t,p  Pb(3 ) is analyzed allow ing fo r  ind irect p rocesses  to take p lace. Use is made 

of two-body tran sfer spectroscopic amplitudes which include transitions proceed ing through ground State 
correla tion s  induced by pa iring and p artic le -h o le  co llec tive  states. Both e ffec ts  are found to be important.

Elementary modes of excitation (e.g. rotations, 
vibrations, independent quasi-particles) can be 
considered as the building blocks of the nuclear 
spectrum [l ] ,  Yet these modes are not completely 
uncoupled and how they interact (anharmonic ef­
fects) is One of the open questions in nuclear  
spectroscopy [2], Another rapidly developing 
area of study is concerned with channel coupling 
(two-step processes) in nuclear reactions [3]. 
These two fields of research are intimately 
related. The importance of channel coupling de­
penda directly on the structure of the states con- 
nected by the reaction and thus on any coupling 
between elementary modes of excitation which 
might describe such states. Bearing this in mind 
we discuss the 208pij(t^ p )210p)3(3- )  reaction [4], 
calculating the coupling between the 2p and 3p-lh  

= 3‘  states of ^lOp^ ¿n perturbation theory**  
and the reaction cross  section in the coupled 
channel Born approximation (CCBA). A  complete 
analysis of the p)210p^j reaction will be
published elsewhere [4].

♦ On leave of absence from  Instituto "R . B oákovic", 
Zagreb, Yugoslavia .

** A .system atic  investigation  of octupole states around 
Pb has been ca rried  out by Hamamoto [111.

We consider the following to be the two lowest 
unperturbed 3~ states in 210pb:

' i :  = |3’ (^°®Pb55 0^(^^°Pb(gs));3 '

Ü l5/2  "^^9/2^^ ) (1)

The corresponding energies are equal to 2.62 
MeV and 3.07 MeV respectively. The bare energy 
of the j i 5/2 single part ida  state t was set equal 
to 1.85 M eV according to ref. [5].

The collectivity of the pairing phonon, 
|210pb (gs ) ; ,  is evidenced by an enhanced (t, p) 
cross section t- We describe this state by two 
neutrons moving in the seven single-particle  
orbits above the N =  126 shell closure (see table 1)

Accord ing to this re feren ce  and to re f. [10] the 15/2 
State observed  at 1.4 M eV  of excitation is  not a puré 
s in g le-partic le  State, but has an appreciable adm ix­
ture of the I (gg / 2  K) 3“ ) : 15/2"'; configuration.
This featuré is borne out by experim ent. In o rder 
to obtain a 15/2” state at the observed  energy one 
has to assume that the unperturbed energj' of the 
j i n /9  State is equal to 1.85 M eV.

208 210 
The reaction  P b (t,p ) Pb(gs) proceeds with an

intensity of about 6 ^ where [6|

and j  i  1,7 re fe rs  to the neutrón partic le  states in 
table 1.
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Table 1
Single-neutrón and proton orb its  above (p) and below (h) 

the N -  126 and Z  ~ S2 shell c losures respective  ly.

Neutrons Protons

Orbit

°3/2

®7/2

®l/2

^5/2

h5/2

hl/2

^9/2

5.93

5.88

5.44

4.97

4.82

4.18

3.41

"1/2

Í5/2

P3/2

Sz/2

^7/2

H / 2

0.0

-0.57

-0.90

-1.64

-2.35

-3.47

^1/2 

^5/2 

*̂ 3/2 

'l3/2 

f 7/2 

^9/2

0.53

-0.47

-0.95

-2.16

-2.87

-3.77

1/2

^̂ 3/2

^ l /2

‘^5/2

®7/2

^9/2

-8.03

-8.38

-9.37

-9.70

-11.43

-15.43

and interacting via the pairing forcé. A  coupling 
constant of G = 21.6 MeV/A was determinad [9] 
by fitting the extra binding energy (= 1.237 MeV)  
of the ground State of 210pb as compared to the 
binding energy of g 9/2(0). This description. and 
the use of the universal normalization factor [6 , 8], 
yields an absolute (t.p) c ross  section which agrees  
with experiment [4, 9].

The surface phonon, í Pb(3 )) is also rather 
collective, showing a large [7] (p ,p ')  c ro s s -sec -  
tion*. Its wave function is taken to be a superpo- 
sition of particle-hole excitations whose ampli­
tudes are determined by diagonalizing (RPA) an 
octupole-octupole residual interaction. The parti­
óles and holes are allowed to move in the corre -  
sponding proton and neutrón orbits Usted in 
table 1. The octupole coupling constant X3 =
= 113 A-3(71/Wo/^)3 MeV was obtained [9] by 
fitting the excitation energy (= 2.617 MeV) of the 
lowest 3 ' State in 208pjj ^he resulting wave func­
tion, with a polarization charge of 0.13, predicts 
a B(E3) valué in agreement with experiment [9].

The coupling of the pairing and particle-hole  
vibrations to the particle and hole degrees of 
freedom is the basic mechanism that generales  
the collective modes themselves, making the 
problem of calculating the microscopic structure 
of the phonons a selfconsistent dne [1]. The 
strengths of these couplings determine the collec-  
tivity of the modes. We label these strengths by

* The S (E3) valué is about [7,20J 32Bgp c o r r e -  
sponding to f}  ̂ k  0.11.

T a b l e  2
The energ ies  and ratios of the inelastic  scattering to 
the lowest 3“  State in 208p5 ¡,¡-6 given fo r the two 

lowest 3" states in ^^^Pb .

£(MeV^ 

Expt [24]

1.85

2.81

a/u (2®*̂ Pb(3¡))

Theory

2.28

3.41

Expt [24] 

0.66 

0.33

Theory

0.70

0.30

A(210{gs)) and A(208(3i)). They are determined 
by G and \3 respectively (for details see ref. [9]). 
The elementary vertices [10] of the particle 
(hole)-vibration coupling are shown in figs. l (a - f ) .  
For example the matrix elements corresponding  
to graphs l (a )  and l (d )  are
210

Pb(gs)I It |(k^k2)0 = - A(210(gs))';k r ° Y , I V
and

'208pb(3 ') i  ! (k i )3 ' )  = -A(208(3^))(k
(2)

i)>c ...............................1 ■ " 3 ‘l
respectively, where is the coupling Hamilto- 
nian and \\ a spherical harmonic**.

The particle-vibration coupling is also re s -  
ponsible for the coupling among the modes of the 
even Pb-isotopes (phonon-phonon interaction).
In perturbation theory the states ¡ 1) and ' 2 ) 
interact to third and higher order in the coupling 
strengths A. We calculated all possible third 
order contributions to this interaction. The cor ­
responding graphs are displayed in figs. l (g -k ) .  
The sum of these graphs yield a matrix element 
coupling il and |2; of -520 keV. The main con- 
tribution to the total matrix elements comes 
from graph l (g )  which contributes with -400 keV 
and -100 keV for the configurations k^ = gg/2

k2 - h5/2 and ki = j i 5/2 k2 = gg /2 respectively.
Thus we obtain the states 

I  I ) =  0.826|l/ + 0.549Í2) , (3)
j l l )  =-0.549 |1)+ 0.836|2) ,

with energies of 2.28 M eV and 3.41 MeV respec­
tively. The centroid of these levels is 510 keV 
above that of the two 3" levels observed in 210pb, 
However the observed splitting (960 keV) is al- 
most reproduced. We predict that states l l,  and 
|ll, will respectively carry 70% and 30% of the 
inelastic cross  section to the 208p b (3- )  state in 
agreement with the data***  (table 2 ).

** The re lation  of A to  the usual coupling strength [101 
K  = ( r dV/Zr)  is given by i\\) 2C^
where VfiXv¡¡/2C^ g ives  a m easure o f the zeropoint 
motion associated with the mode o f m ultipolarity A.

**♦  The c o r r e d  splitting would be obtained with a 
m atrix elem ent o f -400 keV, This would im ply a 
ehange in the structure of jl;a n d  | II) o f about 8%.
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O*/

k 

(g)

(a) (b) (c) (e) (f)

o*

( j )

P “ ‘ P b ( 3 ' ;  2 . 6 2 M e V ) >  

| ' ’ ” Pb ( g s ) >

X =  O, 3

t t , p )  /  \  
X------- ^ -----^

0 )

F ig . 1. The graphs (a) -  (f) are v ert ices  corresponding to the coupling of a parU cle (hole) to a partie le -h o le  or 
to a pa iring vibration. Graphs (g) -  (k) represen ! the m atrix  elem ents connecting the stale j l )  with the State j 2 ,' 

(eq. (1)). The spectroseop ic amplitudes fo r  the transfer of two neutrons are displayed in graphs (1) -  (m).

In the calculations of reí. [5] more basis  
states than in the present case were used to cal­
cúlate the = 3" states in xhis has 
little eífect on the structure of the low-lying  
levels though it shifts down its centroid by 300 
keV, bringing the result to agree with experi-  
ment in 200 keV.

Let US consider the (t, p) reaction populating 
these states 11) and | II in ^lOpb. The bare two- 
particle operator illustrated in fig. 1 (1) only 
allows for transfer processes which connect the

fround state of 208p^, (-q ground state of 
lOpb (X=0) or to the component ¡2) of the 3‘  

states* (X = 3). We re fer  to the corresponding 
form factors [13, 14] as FF(0) and FF(2). In this

The spectroseop ic amplitude associated with graph 
1(1) is  equal to the amplitude with whiph the configu- 
ration (k i ,k 2> enters in the pa iring phonon. In the 
present case the t ¡ i 5/2 > g9/2>3“ configuration is 
supposed to have amplitude equal to unity (see eq. 
(1)). F o r  the spectroseop ic am plitudes associated 
with the transition p)210pi^^gg^ (X = 0) the
amplitudes a(k^(0)) of the pair addition mode were 
used [9],

picture then, the form factors for direct transfer 
to the states ¡I, and | II are 0.549FF(2) and 
0.836FF(2) respectively. Two-step processes  
may be included by which we inelastically excite 
the 2.62 MeV State | 208pb(3-)^ (^g(208) = 0. 11) 
and then make X = O fransfers to the states ¡ I 
and j II/with form factors 0.836FF(0) and 
-0 .549FF(0) respectively; or, we transfer to the 
ground State of ^lOpij inelastically scatter to 
these states (/33(I) = 0.836(33(208), ¡¡sill) =
= 0.549/33(208)). The results for bare two-parti-  
cle transfer are

«1  =

and

■^theor^^’

=^exp (3^)

0.16 (DWBA)  

0.27 (CCBA)

e=5,Í5,30%heor^^2’̂ )-"̂  

(9=5,?5, Sü'^^theor^^l’®^^^^

(4)

2.3 (DWBA)

1.0 (CCBA)

(5)

where a stands for a sum of the angular distribu-
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"0+

tion over the measured points*. Thus the inten- 
sity to the state cannot be accounted for by 
thinking only in terms of bare  two-particle trans-  
fer. Moreover R 2 is in complete disagreement  
with experiment which places an upper l im it**  
of « 2  «  0.5 -  0 .2 .

There is, however, another contribution to 
the = 3” form factors which completely modi- 
fies the previous results. Because of the pres -  
ence of the pairing or partióle-hole modes in 
2^®Pb, there are admixtures in the ground State 
of this svstem of the type (j”2 {0) ®  210pb(gs))|^ 
or ((jlÍ2 )3” ® The reaction can
then proceed from the ground state of 208pb to 
the component |l) of |l) and |ll) by filling one 
hole and transfering the other neutrón into an 
empty orbit above the Ferm i level. Such pro-  
cesses  are illustrated by graphs l { m -  n) which, 
taken together, may be regarded as an effective 
two-particle transfer operator [9] which directly 
populates the |l) component of the states (3)
(fig. l{o)). We cali the corresponding form factor 
FF(1).

It is important to realize that this effect is 
not related to the competition between inelastic 
scattering and transfer reaction channels, but 
has to do with the fact that the configurations not 
included in our basis would renormalize the dif- 
ferent matrix elements calculated with wave 
functions built in this restricted subspace. This  
is the same concept as the one introduced by 
Talm i in relation to the matrix elements but gen- 
eralized to transfer operators [15].

Although all twenty-seven contributions to 
FF(1 ) are small, they combine with the same 
sign to produce a form factor of the same order  
as FF{2).  This effect was already found in the 
analysis of the 206pi3(t pj 208pi3(3-. 2.62 MeV) 
reaction [14], The particle-hole residual inter- 
action which is responsible for the la r g e S (E 3 )  
valúes observed in the decay of the 3" State***  
produces also very strong spatial correlations of 
the particle and the hole [23]. Because the two 
holes in the 206p^j(gg) ^ îd the two neutrons in 
the tritón are also highly correlated in space, 
the above effect is responsible for the large (t, p)

* The theoretica l cross  section to the ground state of 
has been norm alized  to the data.

**  Only three points were measured in the (t,p ) reac­
tion at forw ard  angles fo r  a staíe at 2.8 MeV which 
is where the Sg state was observed  in inelastic 
scattering [12]. No defin ite assignment can be made 
fo r  this State from  the (t, p) data.

* * *  Recently [22] the dynamioal basis fo r  the observed 
correla tion  between large inelastic  scatteering and 
large two-nucleon transfer reaction cross  sections 
has been discussed.

F ig . 2. Form  fac tors  associated with two lowest 3 
states excited in the 208pij p)210pjj reaction:

1) using the spectroscopic amplitudes displayed in 
fig . l(n ) and 1 (m) corresponding to transfer events 
proceeding via ground state correla tions.

2) corresponding to the puré | 2) = Ü l5/2 ’ S9/2)  ̂
configuration. , , ,

I) corresponding to the state ¡ l )  = 0.836 j 1) + 0.549 i 2 )
II) corresponding to the state |ll)=-0..549 i; +0 .836 j2 ) 

The form  fac tors  1), 2) and I) w ere calculated using á 
Q -value of -1.209 M eV corresponding to an excitation 
energ}' of 1.85 M eV, while fo r  II), Q = -2.169 c o r re ­
sponding to an excitation of 2.81 M eV. The calculations 
w ere done with the code TW O PAR  [18] and were 
checked against the resu lts of the code DWUCK [19],

cross sections, with which the |208pi3(3- )  ¿g 
excited.

The effective direct transfer from the ground 
State of 208pi3 to the state ¡I) is governed by an 
enhanced FF (I )  = 0.836FF(1) + 0.549FF(2) while 
FF(II )  = -0.549FF(1) + 0.836FF(2) is reduced by 
strong cancellation (see fig. 2). The results cor­
responding to these form factors are

0.35 (DWBA)
0.64 (CCBA)ñ f  = 

and 

^ 2  =
0.1
0.3

(DWBA)
(CCBA)

(6)

(7)
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OAQ 210
F ig . 3. Angular distributlons fo r  P b (t,p ) Pb 
reactíons; The ground State, 3^ (1.85 M eV) and 
32 (2.81 M eV) dlstributions w ere calculated uslng the 
fo rm  fac to rs  I) and II) o f fig . 2 fo r  the L  = 3 transfers. 
The ground State L  = O form  factor was obtained uslng 
the ^ *^Pb (gs )-w ave  function calculated by dlagonallzing 
a pairing fo rcé  In the tw o-partic le  subspace (see text). 
The absolute norm alízation  fac tor was determ ined to be 

= 30 M eV^fm ^ by fittin g  the CCBA ground State an­
gu lar d ístrlbution to the experim ental data. (A valué of 

= 25 M eV  fm^ is  obtained using the DWBA results 
[6 ,8 ]. The DWBA calculations w ere done with the code 
T W O PA R  [18] and checked with the code DWUCK [19]. 
The CCBA calculations w ere done with the code MARS

[21]. The experim ental data are  from  re f. [4].

The improvement over using bare two particle 
transfer amplitudes (eqs. (4) and (5)) is apparent.

The improved calculations and the data are  
shown in fig. 3. A ll the calculations use Pe rey 's  
optical parameters for the proton channel [16] 
and the average parameters of ref. [17] for the 
tritón channel. The absolute norm'alization factor 
used in plotting both the CCBA  and DW BA calcu­
lations was determined by fitting the predicted 
CCB A  ground State angular distribution to the 
experimental one (fig. 3). The resulting valué is 
equal to = 30 x 10^ MeV^ fm^ which is 20%

- x - x - x —  3 7 EXPER I ME NT

----------------  37 (C CBA) renormaUzed

---------------- 37 (C C BA )b a re

---------------- 3 7  (DWBA) reno rma l i zed

- 0- 0- 0—  3 7  (D WB A)bare

0

35 505 20

208 210 - 
F ig . 4. Angular d istributions fo r  the Pb (t,p ) P b (3 j)
reaction using the full L  = 3 form  factor I) of fig . 2 (re -
norm alized ) com pared to the d irec t tw o-partic le  transfer
neglecting ground State correla tions (bare).

See comments in the caption to fig . -3.

la rger than the universal valué of (=25 x 10“̂ 
JVIeV^fm^) empirically determined [6 , 8] in the 
framework of the DWBA. It is then clear that the 
indirect amplitude interferes destructively with 
the direct amplitude for the ground state transi- 
tion. In fig. 4 we show separately how the two- 
step processes and ground state correlations  
influence the distribution of the 3J state. Each  
effect increases the intensity by about a factor 
of two,

The final numbers display a general agree-  
ment with the experimental magnitudes of the 
3" cross sections. This is not the case for the 
shape of the 3  ̂ angular distribution. No param-  
eter fitting has been attempted, We conclude that

a) the (t p) c ross section of the two lowest 3’ 
states of 210pi3 cannot be explained without ac- 
counting for the contributions due to the corre la ­
tions induced in the 208p)j ground state by the

= 0^ pairing vibration and by the = 3” par ­
ticle-mole mode.

b) the inclusión of indirect reaction channels 
which interfere with the direct one brings the 
improved results obtained by a) in closer agree-  
ment with experiment.
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c) both a) and b) are needed in a consistent 
discussion of the 208pij (t, p)210p b (3- )  reaction. 
The importance of these two effects is due to the 
collectivity of the pairing and particle-hole  
modes in 208ptj their strong coupling in
210Pb.

We are pleased to acknowledge T. Tamura for 
many clarifications on the general subject of 
coupled channel reactions and for his generous 
willingness to construct the cfcBA Computer 
code. We are also grateful to A. Bohr for reading 
the manuscript and for many suggestions.
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