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ABSTRACT: 

Single proton transfers to low lying levels in 2 0 9 B i from the 
2 0 8Pb( 7Li, 6He) reaction at 52 MeV have been measured and spectroscopic 

factors derived from an EFR-DWBA analysis. Relative spectroscopic 

factors are in good agreement with light ion results and previous 

heavy ion work. Absolute spectroscopic factors were generally too 

large and the peaks of the angular distributions were out of phase 

with the DWBA calculations by l°-4°. 

NUCLEAR REACTIONS 2 0 8Pb( 7Li, 7Li), 2 0 8Pb( 7Li, 6He), E L = 52 MeV; 
2 0 9Bi( 6Li, 6Li), E, » 44 MeV; measured o(9). Deduced optical model 

parameters, deduced S for 2 0 9 B i . Enriched target, finite range DWBA 

analysis, resolution 70 keV, 6 » 7-39°; A6 = 3°. 

* Present address: Cyclotron Institute, Texas A § M University, College 
Station, Texas 77843; 
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I. INTRODUCTION 

There is cons»lerable interest in the use of heavy-ion single nucléon 

transfer reactions as spectroscopic tools, particularly in the study of nuclei 

lying just outside a closed shell where coupled channel effects should be 

minimal. Until recently the energy of available heavy-ion beams from FN and 

MP type accelerators, with terminal potentials of 9-10 MV, has limited the 

study of nuclei to those with Z <_ 40, since beyond that region, the resulting 

bell-shaped angular distributions have only limited spectroscopic usefulness. 
1-31 Because the heavy-ion j-dependence at forward angles has been shown ' to 

be of considerable use in complementing light-ion induced reactions, which 

are sensitive only to the % of the final state, the advent of higher energy 

machines and the increased use of heavy-ion beams from cyclotrons has opened 

new areas of interest in high Z nuclei. Of particular interest is the use 

of the (7Li,6He) reaction, since, when combined with the high resolution 
4 51 available with a magnetic spectrograph ' , it has allowed spin assignments 

for p and f states to be determined by the use of forward angle j-dependence. 

Recently heavy-ion transfer reactions on 2 0 8 P b have been observed, but 

the results were disappointing so far as j-dependence was concerned. Even 

at 312.6 M e V 6 , 7 \ the 2 0 8 P b ( 1 6 O , 1 5 N ) 2 0 9 B i reaction produced only bell-shaped 

angular distributions which were not very sensitive to the transferred 

angular momentum. 

Although the 9 0Zr( 7Li, 6He) 9 1Nb reaction at 36 MeV produces bell-shaped 

angular distributions", the 1 1 8Sn( 7Li, 6He) 1 1 9Sb reaction at 48 MeV yields 

angular distributions for 2d states exhibiting forward angle structure which 
91 could be described by a DWBA analysis ' . This encouraging result led to the 

use of the (7Li,6He) reaction at 52 MeV to find if it would be possible to 

use forward angle j-dependence to determine final state spins in the mass 

region, A = 208. Since the levels in 2 0 9 B i are well known , the 
2 0 8Pb( 7Li, 6He) 2 0 9Bi reaction was chosen as a test case. 
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II. EXPERIMENTAL METHOD 

Beams of 6Li" and 7Li~ were extracted from the exchange canal of a 

duoplasmatron ion source or from a General Ionex sputter source and acceler

ated in the Australia; National University 14UD Pelletron accelerator. Beam 

currents in excess of 400 nA for both 44 MeV 6Li and 52 MeV 7Li were obtained, 

with detection counting rates determining the amount of beam used Targets 

of enriched 2 0 8Pb(> 99%) metal and natural 2 0 9 B i , % 100 ug/cm2 on thin carbon 

backings were used for most of the measurements. At angles backward of 25° 

(lab), enriched lead chloride targets were used. 

Reaction data and elastic scattering data were measured with an Enge 

spectrograph using a resistive-wire gas proportional detector •' located 

at the focal plane. The difference in rigidity between 6 L i 3 and 6 H e 2 

was sufficient to allow unambiguous mass identification. Additionally, the 

high field necessary to bend the 6He's onto the detector, completely removed 

the 7 L i 3 elastic events from the detector, allowing high beam currents to be 

used at forward angles. Fixed monitor detectors at 15° and 30° were used for 

normalization between runs. 

I I I . EXPERIMENTAL RESULTS 

Absolute cross sections were obtained by normalizing to the forward 

angle elastic scattering, where the cross section is purely Rutherford. The 

error in the absolute normalization is estimated to be 5%, resulting mainly 

from possible angle setting errors and uncertainties in the dead time correc

tions. 

Fig. 1 shows the 6He spectrum at 6. = 32° with states in 2 0 9 B i labelled 

with the appropriate excitation energies '. The group labelled 4.45 MeV is 

unbound and, since it is believed to contain several states , no further 

analysis was carried out. The resolution is 70 keV FWHM and little background 



is evident at this angle. The small peak to the right of the ground state 

is fron the (/Li,6He) reaction on CI, which was eliminated by using metallic 

targets at more forward angles. Unfortunately, the Q value for the 
1 2C( 7Li, 6He) 1 3N reaction is such that the ground state group is in the middle 

of the lead spectrum at angles forward of % 16° (lab). Since the peak (and 

that from the 1 60( 7Li, 6He) 1 7F reaction) is very broad, because it is out of 

focus, and especially since the cross section is <v 2000 times larger than 

that of the 2 0 8 P b reaction, complete forward angle data were impossible to 

obtain with a carbon backed target. A gold backing was tried, but the 

inability to make it thin enough (counting rates from 6 L i 2 become excessive 

at forward angles) and the difficulty in making it completely carbon free 

did not allow its use at forward angles. Carbon buildup was eliminated by 

the carbon-free vacuum system of the spectrograph chamber and a liquid 

nitrogen cold shroud surrounding the target. However, the very small amount 

of carbon contaminant arising from the target manufacture made it impossible 

to obtain reliable forward angle data. 

IV. ANALYSIS AND RESULTS 

The elastic scattering data were analyzed with the optical model, using 
12) the standard form for the potentials. The computer code JIB ' was used to 

91 fit the data, starting with the parameters •* used to fit the ll8Sn(?Li,7Li) 

and 1 1 8Sn( 6Li, 6Li) reactions at 48 and 42 MeV, respectively. The parameters 

were varied two at a time until a minimum x 2 was obtained. The 2 0 8Pb( 7Li, 7Li) 

data could be adequately fitted by simple changes in the well depths, 

keeping the geometry the same as that used for the 1 1 8Sn( 7Li, 7Li) data. 

Small changes in both well depths and geometry from those use«! for the 

118Sn(6I,i,6J,i) data were necessary to fit the mBi(f'J.i,f,I,i) data. Angular 

distributions and the optical muuel fits to the data are shown in fig. 2. 

Parameters extracted from the analysis are listed in Table I. 
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The parameter sets listed in Table I were used in exact-finite-range 

DWBA (EFR-DWBA) calculations with the code LOLA ' for levels populated in 

the 2 0 8Pb( 7Li, 6He) 2 0 9Bi reaction. A radius of 1.25 fm, a diffuseness of 

0.65 fm and a spin orbit parameter of 25 were used in the calculation of 

the bound state wave functions. The bound state potentials were determined 

by allowing the depths to vary until the experimental binding energies were 

obtained. The experimental angular distribution and the EFR-DWBA fits to 

the data are shown in Fig. 3. 

Because of the very long computational time required (> 25 hrs) to 

calculate the transition to the ij^/o level, such calculations were not pursued. 

It was felt that the lack of forward angle selectivity, both in the experimental 

data and that which could be expected in the DWBA calculation (because of the 
91 lack of sensitivity for large £ transfer '), precluded any useful study of 

this level and that calculation for other levels adequately demonstrated the 

capabilities and limitations of the reaction. 

It was shown earlier that 2p_,2 final states could be distinguished 

from 2p. / 2 levels at forward angles. This is because the transferred angular 

momentum is different for the two cases, i.e., for p_, 2 I = 0,1 and 2 are 

allowed but only i = 1 and 2 are allowed for the Pj/ 2 final state, when a p * / 2 

proton is transferred from 7Li. The additional I - 0 component contributes an 

increasing cross section at forward angles for p _ / 2 that is not present for 

p., 2 final states. For transitions to f_ / 2 and fr/ 2 levels, the allowed 

angular momentum transfers are 2, 3 and 4, but the Racah coefficients weighting 

the ^-transfers produce a distinction at forward angles. It is seen in Fig. 3 

that the DWBA predicts a difference in the angular distributions for the two p 

final states (E* *•• 3.12 and 3.64 MeV) and for the two f states (E* = 0.90 and 

2.82 MeV) at angles forward of 6° cm. 

Unfortunately, our inability to obtain the required forward angle data 

does not allow an experimental determination to be made as to whether the 3p 

and 2f levels can be characterized in a similar way tn that for the 2p and If 
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final states. 

Spectroscopic factors are extracted from the relationship •* : 

M ' -J- I(2*+DW 2(*jj,* 2J 2;%i) C2 S (7 L i ) C 2S B | | 
d exp l \ 1 1 2 2 B dßjQj^ 

where B refers to the spin of states in 209ßi, and the subscripts 1 and 2 
refer to the projectile and final nuclei, respectively. The * and h are the 
transferred angular momenta, which arc summed over both the normal and 
non-normal values, and the appropriate Racah coefficient, respectively. 
C2S(.7Li) is the overlap of 7Li with 6He + p in a p s / 2 state and is taken from 
Cohen and Kurath i to be 0.59. C 2S_ is the spectroscopic factor for the 
final state in 2 0 9 B i . The calculations were normalized to the data in the 
region of the maxima in the angular distributions. 

The absolute spectroscopic factors obtained from the analysis are listed 
in Table II, which also shows spectroscopic factors obtained from other 
reactions. The errors in the present values are estimated to be 15%, includ
ing the uncertainty in the absolute normalization of the experimental data and 
in the statistical errors in the data. Uncertainties resulting from the choice 
of optical model parameters and use of standard values for the bound state 
potential parameters are not included. Since the use of optical model para
meters that fit the elastic scattering has been shown in other cases to give 

2 9") results that agree with light ion work ' J , no alteration of parameters was 
attempted. Relative spectroscopic factors, normalized to the ground state, 
are listed in Table III. 

It is seen in Fig. 3 that the calculations are slightly out of phase 
with the data. The experimental angular distributions peak at angles 1° to 4 C 

smalicr than the positions of the calculated maxima. It is also observed that 
increasing excitation energy and increasing angular momentum mismatch (the 
matching angular momentum is ̂  2n) result in the larger discrepancies. Thus 
the 3.12(3/2") MeV level and the 2.82(5/2'') MeV level are better fit than 
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the 0.90 7/2" state, even though the 7/2" level is <v2 MeV more bound than 

the 5/2" level. Similar angular discrepancies are observed in other heavy 

ion reactions leading to the same final states, such as the (^B.^Be) 

reaction 1 8 ), the ( 1 2C, UB) reaction 1 9) and the ( 1 60, 1 5N) reaction 7' 2 0 , 2 4). 

Even at 312.6 MeV, the ( 1 60, 1 5N) angular distributions are slightly out of 

phase . 

The absolute spectroscopic factors, too, seem to suffer from the same 

problem exhibited in other heavy ion reactions: namely, they are larger than 

those obtained from light ion reactions. This discrepancy, though, seems to 

decrease with higher bombarding energies. The absolute spectroscopic factors 

for the low lying, higher spin states are larger than those of the p states, 

relative to the (3He,d) data * , though not very far outside t'ie range of 

uncertainties in these values. 

It is perhaps more meaningful to compare the relative spectroscopic 

factors, as is done in Table III. It is seen that those systems which give 

a large variation in absolute spectroscopic factors by changes in optical 

model parameter sets, for example, the (^C, 1^) analysis bv Low and Tamura ) , 

still result in reasonable agreement in the relative spectroscopic factors. 

The relative spectroscopic factors obtained from the (7Li,6He) reaction are 

in good agreement with those from other work. 

It was observed in the ( 1 60, 1 5N) reaction that the normalization factor 

required to reproduce the magnitude of the experimental angular distributions 
24) decreased with increasing bombarding energy •* ' Thus absolute spectroscopic 

factors deduced from the lower bombarding energies would be larger than 

those obtained from light ion work. This suggests that higher 7Li bombarding 

energies are likely to produce agreement with light ion data. 

Tfus leads to a dilemma; as the bombarding energy increases, the 

forward angle region where j-dependence allows determination of final state 

s^ins for p, d and f levels, shifts further forward. Thus tne higher energy 

needed to get meaningful absolute spectroscopic factors makes final state 
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spin determination ;ailikely. It may be necessary, then, to measure the 

reaction at two bombarding energies in order to perform a complete spectro

scopic analysis of a final state. 

Even though it was not demonstrated experimentally that spin assignments in 

the mass 200 region can be made by use of heavy ion j-dependence with the 

(7Li,6He) reaction, the results are encouraging enough to i-uggest further 

work on other nuclei. Certainly, the calculations shown here imply that the 

forward angle region of the angular distributions for the 2 0 8Pb( 7Li, 6He) 

reaction is sensitive to the j of the final state and the available experi

mental data are consistent with them. 

We wish to acknowledge helpful discussion with Dr. K. Kemper who also 

assisted with the DWBA calculations, and the assistance of P.D. Clark in the 

data collection is acknowledged. 
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TABLE I. Optical Model Parameters 

CHANNEL 

all R x = rx A * 

Ei v U r a W r. a. R 
lab r l l CO 

(MeV) (MeV) (fm) (fra) (MeV) (fm) (fro) (fm) 

208pb(7Li,7Li)208pb 52 293.8 1.253 0.785 18.99 1.602 0.7;3 1.40 

209Bi(6Li,6Li)209Bi 44 176.8 1.180 0.880 10.79 1.725 0.740 1.40 



TABLE II. Absolute spectroscopic factors for 2 0 9 B i . 
• 

Reaction 
System 

— — — — — 
Lab 
energy 
(MeV) 

Excitation energy (MeV) (n£j). 
• 

Reaction 
System 

— — — — — 
Lab 
energy 
(MeV) 

0.0 
(h 9 / 2) 

0.9 
(2f 7 / 2) 

1.61 
(li13/2> 

2.82 
(2f ? / 2) 

3.12 
(3p 3 / 2) 

3.64 
(3p 1 / 2) 

3He,d 20.3 a ) 

44.2b> 
51c> 

1.17 
0.95 
1.00 

0.78 
1.18 
1.12 

0.56 
0.88 
0.94 

0.88 
1.15 
1.14 

0.67 
1.03 
1.08 

0.49 
0.63 
0.7-0.9 

"B.^Be 72.7 d ) 0.47* 
0.70 

0.51 
0.67 

0.60 
0.81 

0.35 
0.47 

0.58 
0.74 

"C.^B 77.4 e ) 

97.9 e ) 

116.4« 
77« 

98« 

116« 

1.23 
0.84 
1.19 
2.10* 
0.93 
1.50* 
0.63 
2.00* 
0.67 

1.16 
0.81 
1.23 
1.50 
0.70 
1.35 
0.57 
1.57 
0.65 

1.06 
0.75 
0.82 
1.25 
0.57 
1.16 
0.50 
1.06 
0.4r 

0.70 
0.54 
0.87 
1.42 
0.65 
1.34 
0.56 
1.45 
0.59 

1.19 
0.69 

1.93 
0.95 
1.72 
0.73 

0.95 
0.28 

16 0 >15 N 104 g ) 

140 g ) 

1.05 
1.00 

0.82 
0.70 

0.75 
0.57 

0.65 
0.55 

0.50 
0.58 

Range 0.47-2.10 0.51-1.7C 0.45-1.25 0.35-1.45 0.55-1.93 0.28-0.95 

S ± standard deviation 0.95±0.24 0.90±0.25 0.80+0.17 0.74±0.27 0.80+A.24 0.60±0.13 

Theory •* 0.95 0.85 0.70 0.66 0.74 0.50 
7Li,6He 52^ 1.40 1.19 1.07 0.89 

1 

0.64 

* different values from two potential sets f Analysis by Ref.20 of the data of Ref.19 
a Ref. 15 g Ref. 21 
b Ref. 16 h Ref. 22 
c Ref. 17 i Present work 
d Ref. 18 

> * » * 
e Ref. 19 



TABLE III. Relative spectroscopic factors for 2 0 9 B i 

Reaction 
System 

Lab 
energy 
(MeV) 

Excitation energy (MeV) (nAj) Reaction 
System 

Lab 
energy 
(MeV) 0.0 

d h 9 / 2 ) 
0.9 

(2f y / 2) 
1.61 

(li13/2> 
2.82 

(2f 5 / 2) 
3.12 

( 3 P 3 / 2 ) 

3.64 
(3 P l / 2) 

3He,d 20.3 a ) 1.0 0.67 0.48 0.75 0.57 0.42 
44.2b> 1.0 1.24 C.93 1.21 1.08 0.66 
51 c ) 1.0 i.12 0.94 1.14 1.08 0.7-0.9 

(a.t) 42d> 1.0 1.04 1.01 0.91 0.90 
uB, 1 0Be 72.2 e ) 1.0* 

1.0 
1.09 
0.96 

1.28 
1.16 

0.74 
0.67 

1.23 
1.06 

1 2 C , n B 77.4« 
97.9 f ) 

1.0 
1.0 

0.94 
0.96 

0.86 
0.89 

0.57 
0.64 

0.97 
0.82 

116.4« 1.0 1.03 0.69 0.73 
7 7g) 1.0* 

1.0 
0.71 
0.75 

0.60 
0.61 

0.68 
0.70 

0.92 
1.02 

0.45 
0.30 

97. ^ 1.0* 
1.0 

0.90 
0.90 

0.77 
0.79 

0.89 
0.89 

1.15 
1.16 

ne^ 1.0* 
1.0 

0.79 
0.97 

0.53 
0.67 

0.73 
0.88 

16 015 N 104,138.5 
216.6 h) 
104^ 

1.0 
1.0 

0.78 
0.78 

0.64 0.64 
0.71 

0.58 
0.62 

0.55 
0.48 

140 a ) 1.0 0.70 0.57 0.55 0.58 
312.6^ 1.0* 

1.0 
0.85 
0.86 

0.77 
0.72 

0.72 
0.67 

0.78 
0.78 

0.69 
0.53 

Range normalized to ground sta :e 0.67-1.24 0.48-1.28 0.57-1.21 0.55-1.23 0.30-0.69 

S ± standard deviation 1.0 0. 96±0.16 0.86±0.22 0.78±0.20 0.89±0.21 0.57±0.11 
TheorykJ 1.0 0.89 0.74 0.69 0.78 0.53 
7Li,3Hel 52 l ) 1.0 0.85 0.76 0.64 J 0.46 

different 
. Analysis 

values from two 
by ref,20 of t 

potential sel 
he data of red k. Ref.22 

ts; 
F.19 
; i 

a. Ref.15; 
; h. Ref. 2 
. This work. 

b. Ref. 16; c. 
4; i. Analysis 

Ref.17; d. Re 
by ref.20 of th 

f. 23; e. Ref.18; f. Ref.19; 
e data of ref.21; j. Ref. 7; 
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FIGURE CAPTIONS 

Fig. 1. A spectrum of the 2 0 8Pb( 7Li, 6He) 2 0 9Bi reaction at 52 MeV. States 

in 2 0 9 B i are labelled with the appropriate excitation energies. 

Fig. 2. Angular distributions for the 7Li and 6Li elastic scattering and the 

optical model fits to the data. Error bars represent statistics 

only. 

Fig. 3. Angular distributions for states populated in the 2 0 8Pb( 7Li, 6He) 2 0 0Bi 

reaction. The solid lines are EFD-DWBA calculations normalized to 

the data. 
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