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THE SPECTROSCOPIC UTILITY OF THE TWO-PROTON PICK-UP (6Li ,8B) REACTION* 

t R. B. Weisenmiller, N. A. Jelley, K. H. Wilcox, 

Abstract: 

G. J. Wozniak, and Joseph Cerny 

Department of Chemistry and 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

October 1975 

Data for the (6Li ,8B) reaction on targets of lOB, 12C, 

13c , and 160 at 80 and 93 MeV are presented. Spectroscopic selec-

tivity is observed and evidence for the dominance of spatially 

symmetric transfer of the two protons is shown. On the T = 0 z 

targets a close similarity is found to the analogous (p,t) reac-

13 
tion, and the C results indicate the location of low-lying Ip-

11 
shell states in Be. 

Although light-ion induced two-nucleon transfer reactions have been 

used extensively ,to study two-particle and two-hole configurations, the 

3 
difficulties ,inherent in observing the (n, He) reaction have hindered the 

study of two-proton hole states. However, the development of heavy-ion beams 

has made available several possible reactions capable of probing such states 

in neutron-excess nuclei. We wish to report on results, obtained in the first 

survey of a two-proton pick-Up reaction on Ip-shell targets, which demonstrate 

th f 'b'l't f h (6L, 8 )' f d' h f' e,easl. l. l. yo tel., B reactl.on as a means 0 stu yl.ng t ese con l.gura-

:tions. 
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Among the two-proton pick-up reactions reported
l

, 2 to date -' (6Li , 8B) , 

11 13 18 20 . 
( B, N), and ( 0, Ne) - the f1rst has several experimental advantages. 

798 
Both B and B are particle-unbound, thus allowing clean separation of the B 

particles from other boron isotopes by particle identification techniques with 

solid-state detector telescopes. Since 8B has no bound excited states, its 

energy spectra lack the shadow peak ambiguity of the (180 ,20Ne ) reaction, though 

this advantage is also shared by the (11B,13N) reaction. However, the (6Li ,8B) 

reaction is the lightest of the broadly feasible two-proton pick-up reactions, 

and the kinematic contribution to the energy resolution is therefore smaller, 

particularly for light targets. 

This study focussed on Ip-shell targets because this region has been 

investigated thoroughly with other two-nucleon transfer reactions and the 

coefficients of fractional parentage (c.f.p.) relevant to two-nucleon transfer 

3 
have been calculated; furthermore, there is an obvious symmetry in the (mirror) 

f · 1 l' () d (6 . 8 ) . . 1na states popu ated 1n the p,t an L1, B react10ns on T = 
z 

o targets 

12 160 , 10 and we report results from three such targets: C, and B. The two-

particle c.f.p.4 for 8B (2+) + 6Li (1+) + 2p show that the two protons can be 

transferred from a spatially symmetric (10) state or an anti-symmetric (3p ) 

state relative to the 6Li core. The simplest cluster transfer mechanism 

1 
corresponds to an internal S state (as in the (p,t) reaction) for the trans-

ferred nucleons, which for the (6Li ,8B) reaction can only arise from the 10 

component. However, there is a much larger amplitude for the 3p than for the 

1 . f . '. 5 o component, so 1 ant1-symmetr1c transfer is important the expected symmetry 

between the (6Li ,8B) and (p,t) reactions might be distorted. Although most of 

the established two-proton hole states in the Ip-shell can be populated by both 

transfer symmetries, there area few known levels which would be fed predominantly 

b 1 · 3,5 . Y spatia ly ant1-symmetric transfer, and two examples of these are d1scussed 

below. 
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The general techniques for the production of lithium beams at the 

Lawr~nce Berkeley Laboratory SS-inch cyclotron and the identification of
8

B 

reaction products have been described previously.2 Because these reactions 

have highly-negative Q-values, beam energies of 80 and 93 MeV were used. 

Two telescopes, consisting of two transmission (6E) detectors, typically 15 

and 10 ~m thick, a 200-~ E detector and a 1000-~ reject detector, were 

employed. Each subtended 0.29 msr; a typical energy resolution was 300 keV. 

Background reduction in this moderately low yield reaction (~ 1-15 ~b/sr c.m.) 

was accomplished by requiring a conformity in the particle identification 

signals generated by each of the two 6E detectors. 
16 

Two 0 targets were used: 

a 16% oxidized (by atom) 0.34 mg/cm
2 

Li target and a 0.21 mg/cm
2 

silicon dioxide 

target. 
2 2 10 

Other targets were 0.22 mg/cm natural carbon, 0.14 mg/cm B (96%), 

2 13 and 0.14 mg/cm C (90%). Kinematic shifts were utilized in the analysis to 

discern the levels of interest from those arising from target contaminants. 

12 6 . 8 10 12 10 
A comparison between a C( L~, B) Be spectrum and a C(p,t) C 

6 spectrum, Figs. l(a) and l(b), shows that a close similarity exists between 

these reactions. In both spectra the 0+ ground state and the first excited 2+ 

state (2~) are strongly populated, in agreement with the calculated two-particle 

3 
transition strengths. The next higher peak, observed at 5.96 MeV in lOBe, 

could be expected largely to consist of the 2+ member of the 2+, 1 doublet at 

tpis energy,7 since lowest order shell model configurations and a simple pick-

up reaction mechanism prohibit forming the 1 state; indeed the angular distri

bution of the analog of this state in the (p,t)data
6 

is consistent with L = 2 • 

The population of this 2; level is less than the 2~ level, although transitions 

3 
to the former have a much greater theoretical strength. Possibly some of this 

missing strength is contained in the 2; level at 7.54 MeV in lOBe which, although 

8 
thought to havea,dominant sd-shell character, is observably populated. 
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Comparison with the (p,t) data, shown in Fig. l(b), implies that the analog of 

this 2; state might be the 6.6 MeV level in 10c, which is again consistent with 

h () 1 d ' 'b' 6 t e p,t angu ar ~str~ utl:on. Finally, evidence is seen at several angles 

'7 + 
for the weak population of a probable 2 state at 9.4 MeV and a state at 11. 8 MeV. 

Figures 2(a)-2(b) provide another example of the similarity between the 

(6Li ,8B) and (p,t)9 reactions, now employing 160 targets. In both spectra, the 

+ + 
Ip-shell two-hole states, such as the 0 ground state and the two lowest 2 

states, are populated the strongest, while the non p-shell states, such as the 

- 8 + 6' 14 , 1 k 1 and 0 levels at 6.09 and .59 MeV ~n C, respect~vely, are on y wea ly 

populated. (These 1- and 0+ states are obscured in Fig. 2(a) because of a 

carbon contaminant peak, but were seen using the Si0
2 

target.) The large 

theoretical spectroscopic amplitude for the 2~ configuration may well be' shared 

, 10 
among the 7.01, 8.32, and 10.44 MeV states, all of which are fed by the 

(6 , 8 ) , 
L~, B react~on. 

Another interesting comparison can be made between these two reactions 

10 3 
induced on a B target. In this case, Cohen and Kurath predict that a low-

lying excited state in the product nucleus should be populated more strongly 

th 't d' h" b 'h 10 (6 , 8 )8 . d t h . an ~ s groun state. T ~s ~s orne out ~n t e B L~, B L~ a a, s own ~n 

10 8 11 
Fig. 3(a), and also in the B(p,t) B data, which are not shown. One sees 

+ the expected strong population of the 3 level at 2.26 MeV relative to that of 

the 8Li 2+ ground state [the known
7 8Li level at 6.53 MeV was also observedJ. 

The weak popUlation of two specific. final states in the above data 

·6 8 
indicates that spatially anti-symmetric transfer of two protons in the ( Li, B) 

reaction is probably not an important transfer mode. Little yield at all angles 

of the 1+ level at 0.98 MeV in 8Li , see Fig. 3(a), was observed; this is partic-

, 10 
ularly significant since this level is essentially solely connected to the B 

ground state via spatially anti-symmetric transfer. Similarly, transitions from 

16 + 10 , 14 o to the 1 state at 11.29 MeV ~n C are only possible via this transfer 
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3,5 ( , mode and again are not observed react10ns on target contaminants obscure 

. this region in Fig.· 2 (a), but this fact was established with the Si0
2 

target). 

Also noteworthy in this context is the general similarity observed in the (p,t) 

(6 , 8 ) , th· and L1, B react10ns on e T 
z = ° targets. 

h (6, 8 ) ,13 , T e L1, B react10n on a C target prov1desa good test of the 

spectroscopic selectivity of this reaction, because transitions to the llBe 1/2+ 

12 10 -
ground state are forbidden in first order (see earlier Be,· 1 level 

d ' ') h' 1 1· 1 d' ,11 "f d 11 1SCUSS10n. T 1S unusua eve or er1ng 1n Be, cons1st1ng 0 ans -'she 

1/2+ ground state with the lowest lp-shell 1/2 state lying at 0.32 MeV, was 

13 
explained by Talmi and Unna as a consequence of the differing interaction 

energies of the 2s l /2 and lPl/2 neutron with the lP3/2 protons. An energy 

spectrum of the l3C (6Li ,8B)11Be reaction is shown in Fig. 3(b). Using the 

12 . 
. energy scale readily determined from the C contaminant, we find that the 

observed strength is predominantly to the 1/2 state at 0.32 MeV, thereby 

12 
additionally confirming its assignment as the lowest lp-shell level. 

Al 'h 13 (6 , 8 )11· " 3(b); so seen 1n t e C L1, B Be energy spectrum 1n F1g. 1S a 

12 
state at 2.69 MeV and a peak at ~ 4.0 MeV (which may contain both of the known 

states at 3.89 and 3.96 MeV). Observation at several angles determined that 

the known levels at 1.79 and 3.41 MeV are populated weakly, if at all. 

. h f h lIb d' h 9 ( ) 11 ,12 Eac 0 t ese eve s was 0 serve 1n t e Be t,p Be react10n, but it can 

populate both positive and negative parity states. The fact that the states 

t 2 69 d n. 4 0 M ' h (6, 8 ) . , 1 'd' a • anv. eV were seen 1n t e L1, B react10n strong y 1n 1cates 

that these states are lp-shell states and thus would have negative parity; this 

is consistent with the predicted
3 

locations of the first three negative parity 

11 -
states in Be (given a 1/2 state at 0.32 MeV, a 3/2 is expected at 2.6 MeV 

[but with a small transition strength], and a 5/2-, at 4.98 MeV). 
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The differential cross sections for these (6Li ,8B) reactions decrease 

monotonically with angle (see Fig. 4). This is consistent with what one might 

\ 

expect for a high~energy heavy-ion reaction on light targets when one is far 

from the grazing angle. Typical cross sections (0 ~ 20°) for the dominant 
c. m. 
lOB, 12 16 transitions were .~ 15 ~b/sr c.m. for reactions on C, and 0 targets 

, .. 13 
and ~ 2 ~b/sr on the C target. The highly-negative Q-values of these reactions 

cause a mismatch of the dynamic properties of the 6Li and 8B nuclei, which 

contributes to the small cross sections observed. 

While it may be difficult to extract quantitative spectroscopic information 

from this reaction owing to the large kinematic mismatch (even"if the relevant 

optical model parameters existed), considerable qualitative information has been 

gained. Furthermore, no evidence for the spatially anti-symmetric transfer of 

the two protons in this heavy-ion reaction was observed. Although the (6Li ,8B) 

reaction has other possible complications compared to the counterpart (p,t) 

reaction, it clearly offers excellent possibilities for the spectroscopic study 

of two-proton hole states in neutron-excess nuclei. 

We would like to acknowledge our gratitude to Dr. D. Kurath for 

providing some two-nucleon fractional parentage coefficients and for some 

useful discussions on anti-symmetric transfer, to Dr. D. Ashery for help 

with some of the experiments, and to Drs. D. K. Scott and M. S. Zisman for 

some valuable discussions. 
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FIGURE CAPTIONS 

, ) . 12 (6 . 8 ) 10 . (6. 8 .) b Fig. lea A composite spectrum of the C Ll., B Bereactl.on E Ll. = 0 MeV e-

tween 8
1ab

.= 12.8° and 16.8° in which the data were,kinematically shifted to 8 
lab. 

,12 10 . = 15.8°. (b) The C(p,t) C reactl.on induced by 54 MeV protons at 19.5° 

(D A h t 1 6). (Th' 1 1 . t th f . .. . th 10 , • s ery ~~. l.S ang e l.es a e l.rst ml.nl.mum l.n e C g.s. 

angular distribution). 

Fig. 2{a) An energy spectrum from a partially oxidized Li target for the 

16 (6 . 8 ,)14 . o Ll., B C reactl.on. These data were collected at 13.5° with a 93 MeV 

6 10 
, Li beam. Carbon contamination gave rise to the B.e st,ates. (b) The 

16 ( ) 14 .. d db' 54 1 27° ( l' t 1 9) o p,t 0 reactl.on l.n uce y . MeV protons at D. G. F eml.ng ~ ~. . 

. 3 ( ) . f h 10 (6 . 8 ) 8 . . (6. 80 ) Fl.g. a A composl.te spectrum 0 t e B Ll., B Ll. reactl.on E Ll. = MeV 

between 8
1ab

• = 9.7°, and 20.3° in which the data were kinematically shifted 

8 9 70 (b) . f h 13 (6 . 8 ) 11 . to lab. = •• . A compOSl.te spectrum 0 t e C Ll., B Be reactl.on 

(E 6Li = 80 MeV) between 8
1ab

• = 9.4° and 20.3° for a total of 32,900 ~C in 

which the data were kinematically shifted to 8
1ab

• = 14.3°. Oxygen contamina-

14 
tion gave rise to the C states. 

Fig. 4 Angular distributions for reactions induced by an 80 MeV 6Li beam: 

12 6. 8 10 
(a) C( Ll., B) Be g.s.; 

16 6. 8 14 13 6 . 8 11 * -(c) O{ Ll., B) Cg.s., and (d) C( Ll., B) Be (0.32 MeV, 1/2). 
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