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The (p, t) reaction on 2°8Pb, 2°6pb, and 2°4pb has been studied with 35 MeV protons. It is observed that the 
208 206 204 L = 0 ground-state cross section rapidly increases as one changes targets from Pb to Pb to Pb while the 

c r o s s  section for other natural-parity transitions decreases. The observed cross sections are compared with predic- 
tions of the shell model and the pairing-vibration model. Both models are seen to describe some features of the data. 

Both the shell model [ 1, 2] and the pairing-vibra- 
tion model [3, 4] have been used to describe proper- 
ties of  the lead isotopes. In this note, the predictions 
of  both these models are compared with the observed 
(p, t) strengths on 208pb, 206pb, and 204pb. These 
reactions have been studied with a 35 MeV proton 
beam from the MSU Cyclotron. The tritons were de- 
tected by either nuclear emulsions (with resolution of 
15 keV, FWHM) or a position sensitive proportional 
counter [5] (resolution of  30 keV) in the focal plane 
of  a spectrograph. In order to minimize uncertainties 
in the relative cross sections from isotope to isotope, 
the identical experimental set up was used to study 
the (p, t) reaction on all the Pb isotopes. To check 
these relative cross sections we also studied the (p, t) 
reaction on a natural lead target for which the ratio 
of  the different isotopes is known. The uncertainty 
in relative cross section from isotope to isotope is 
estimated to be less than 8%. Reynolds et al. [6] have 
studied these reactions with resolution of  220 keV; 
where similar quantities are reported, our results are 
substantially in agreement with theirs. 

Angular distributions to the lowest 0 +, 2 +, and 4 + 
states excited in each nucleus are shown in fig. 1 

* Research jointly sponsored by the National Science Foun- 
dation and by the U.S. Atomic Energy Commission under 
contract with Union Carbide Corporation. 

along with the DWBA predictions for these angular 
distributions. The DWBA calculations used the code 
DWUCK [7] (in the zero-range approximation) with 
shell model wave functions describing the initial and 
final states. Proton parameters from ref. [8] and 
triton parameters (r o = 1.16 fm) from ref. [9] were 
used. 

Our main interest in this note is in how the magni- 
tude of  the (p, t) cross section changes as one goes 
away from the 208pb closed core. In fig. 2 experimen- 
tally determined cross sections are compared with the 
predictions o f  the shell model for the transitions to 
206pb and 204pb and with the simplest pairing-vibra- 
tion model (described below) for transitions to the 
lowest 0 + , 2 +, and 4 + states. The shell model calcula- 
tions [1] used a complete six-orbit basis with two- 
body matrix elements based on those of  Kuo and 
Herling [2]. The theoretical cross sections have been 
normalized to fit the lowest states of a given L-value 
observed in the 208pb(p, t)206pb reaction; then,the 
same normalization was used to describe the other 
transitions to states of  the same spin and parity. The 
relative cross section for different L-values is not  pre- 
dicted too well by the shell model; if oexp(0) = 
N L oDW(0)/(2L + 1), then N L=O' is about 70% larger 
than N L*O. This suggests that there are correlations 
absent in the calculated ground-state wave functions 
which are significant in the two-nucleon transfer pro- 
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Fig. 1. The experimental and calculated angular distributions observed in theApb(p,  t ) A - 2 p b  reaction. Each DWBA curve has 
been independently normalized to show the agreement between the shapes of calculated and observed angular distributions. 

eess. Such correlations are predicted by Vary et al. 
[101. 

The simplest pairing-vibration model in which the 
creation operators for the lowest 0 +, 2 + and 4+states 
in 206pb are treated as bosons was used. In this model, 
the strengths for the (p, t) transitions are proportional 
to the number of phonons in the final state. Hence, 
the (p, 0 cross sections for transitions to the ground 
states of  206pb, 204pb, and 202pb are predicted to be 
in the ratio of 1:2:3, and the transition strengths to the 
lowest 2 + and 4 + states are predicted to be equal for 
all targets. 

Examining fig. 2 one sees (1) the cross section for 
L = 0 transitions to the ground-state increases rapidly 
as one moves away from the 208pb closed core, (2) 
the cross sections to the lowest 2 + and 4 + states de- 
crease as one moves away from the closed core, and 
(3) the strength to higher-lying natural-parity states 
generally decreases as one goes to the lighter isotopes. 
All these results indicate that the more neutron-de- 
ficient lead isotopes become "collective" in the sense 

that the (p, t) cross section becomes concentrated in 
the ground-state transition. 

Comparison of experiment with the predictions of 
DWUCK using shell model wave functions for 208pb, 
206pb, and 204pb (see fig. 2) indicates the shell model 
generally does very well where it has been applied. In 
particular, it not only predicts the observed trend of 
hmreasing ground-state cross sections and decreasing 
cross sections to the other natural-parity states as one 
goes from 208pb(p, t)206pb to 206pb(p, t)204pb, but 
it generally agrees in detail with experiment, with the 
exception of the strength to the second 4 + state in 
2°4pb where the observed cross section is considerably 
larger than predicted. 

The simple pairing.vibration model is in qualitative 
agreement with the systematic behavior of the ground- 
state transitions. For the lowest 2 + and 4 + states, the 
experimental cross sections decrease significantly as 
the target mass decreases, whereas the pairing-vibra- 
tion model predicts equal strengths with decreasing 
mass. 
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Fig. 2. Comparison of the experimental cross sections with ~ 
the relative cross sections predicted by the shell model (for 
transitions to 2°6pb and 2°4pb) and the pairing-vibration 
model (for the transitions to the lowest 0 +, 2 +, and 4 + states). 
Included here are all transitions to states which can be reliably 
associated with states predicted by the shell model plus the 
lowest 0 +, 2+, and 4 + states in 2°2pb. The excitation energy 
of the 0 + states are (in keV) 0, 1167, 2314 and 2°6Pb and 0, 
1728 in 2°4pb; the ~-+ states are at 804, 1466, 1783 in Z°6pb 
and at 899, 1663, 1958 in 2°4pb; the 4 + states are at 1684, 
1997, 2929 in 2°6pb and 1274, 1563, 1816 in Z°4Pb. 

In the 204pb(t, p)2°6pb react ion [4], the 0 ÷ state 

at 5.64 MeV was observed to  be strongly populated.  
In the pairing-vibration model, it  is interpreted as a 
three-phonon state. Since the 208pb ground state is 
a zero-phonon state, this state should not  be popu- 
lated strongly in the 208pb(p, t)206pb experiment.  
No L = 0 transition at the energy of  this state was ob- 
served in the experiment summarized here. 

In fact, no state within 100 keV of  this energy 
was populated with more than 3% of  the ground- 
state strength. 

The agreement between the pairing-vibration mod- 
el and the experiment considered here is, in one sense, 
rather surprising. The shell model wave function for 
the ground state of  2°6Pb is roughly 50% (Pl/2) -2.  

I f  a creation operator,  Z(2°6pb),  for this ground state 
is defined, and the ground state of  204pb is defined as 
the state resulting when this 206pb creation operator  
acts twice successively on 208pb, the (Pl/2) - 4  com- 
ponent  vanishes because of  the Pauli principle. This 
shell model results implies that  the pairing-vibration 
model ignores a rather large effect. A simple calcula- 
tion is suggested by this fact. ExpressZ(206pb) in 
second-quantized notat ion,  then define a four-hole 
state as ~(204)  =NZ(206pb)  X Z(206pb)12°8pb) 

where N is a normalizing constant;  ~k(204) is properly 
antisymmetrized. The overlap in this wave function 
with the shell model  ground-state of  204pb has been 
computed,  and that overlap is greater than 0.99. Thus, 
the shell model 204pb ground-state looks very much 
like the square of  the 206pb ground-state even when 
the large Pauli effect is considered. 

In conclusion, the present results indicate that both  
the shell model and pairing-vibration model describe 
features o f  the lead isotopes, and that there is an un- 
usually large overlap (and agreement) in the predic- 
tions of  these generally complimentary models. 

The authors wish to thank G. Bertsch and J. Nolen 
for comments on this work. 

R e f e r e n c e s  

[1] J.B. McGrory, Bull. Am. Phys. Soc. 17 (1972) 579. 
[2] T.T.S. Kuo and G.H. Herling, Naval Research Lab. Re- 

port 2258 (1971). 
[3] R.A. Broglia, Proc. Symp. on Two-nucleon transfer and 

pairing excitations, Argonne National Laboratory, 1973 
(ANL, PHY-1972H); 
D.R. Bes and R.A. Broglia, Nucl. Phys. 80 (1966) 289. 

[4] E.R. Flynn, G.J. Igo and R.A. Broglia, Phys. Lett. 41B 
(1972) 397. 

[5] W.A. Lanford et al., Bull. Am. Phys. Soc. 17 (1972) 895. 
[6] F.M. Reynolds, J.R. Maxwell and N. Hintz, Phys. Rev. 

153 (1967) 1283. 
[7] P.D. Kunz, University of Colorado, private communica- 

tion (1972). 
[8] F.D. Becehetti and G.W. Greenlees, Phys. Rev. 182 

(1969) 1190. 
[9] E. Flynn, D.D. Armstrong, J.G. Beery and A.G. Blair, 

Phys. Rev. 182 (1969) 1113. 
[10] J. Vary, R.J. Ascuitto and J.N. Ginocchio, Nuel. Phys. 

A185 (1972) 349. 

240 


