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12 c* and 8se Production in 12 c+ 208 Pb Collisions* 
t t~ 

A. N. B ice, A. C. Shott e r 1 and Joseph Cerny 

Department of Chemistry 
University of California, and 
Lawrence Berkeley Laboratory 

Berkeley, CA 94720 

Abstract: The mechanisms involved in the production of fast 

a-particles in 12 c induced reactions have been studied for 

the 12 c+ 208 Pb system at the bombarding energies of 

E12 =132, 187 and 230 MeV. Absolute cross sections for the 
c 

reactions 208 Pb( 12 c, 12 c*~a+ 8 Be), 208 Pb( 12 c, 8Be(g.s.)) and 

20 8Pb( 12c, 8se(2.94 MeV)) have been determined by coincidence 

measurement of two or three correlated a-particles. Inclusive 

a-particle production cross sections were also measured at 

E12 =187 MeV. It is fourid that t~e inelastic process 

( 12 ~, 12 c*~a+ 8 Be) does not contribute significantly to fast 

a-particle production but that the production of 8se by 

projectile fragmentation is an importarit source of a-particles. 

At the highest bombarding energy (230 MeV) it appears that ~he 

12 C•3a fragmentation reaction becomes more prominent at the 

expense of the 12 c~a+ 8 Be fragmentation channel. 

NUCLEAR REACTIONS: 208 Pb+ 12c, £=132, 187 and 

230 MeV; measured d2cr/dEdD(E ) , d2cr/dEdrt (E8 ))' 
a Be(g.s. 

d2cr/dEdD(E 8 ), d2cr/dEdD(E 12 *); 
Be(2.94 MeV) C 

deduced contribution of projectile breakup to fast 

a-particle cross section. 

t . 
~resent address: U.S. NRC/ACRS, Washington, D.C. 20555. 

t Permanent address: Physics Department, University of Edinburgh, 
Edinburgh, EH93JZ, United Kingdom. ' 
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I. Introduction 

A prominent feature of reactions involving very asymmetric 

heavy-ion systems at bombarding energies of -8-20 MeV/nucleon is 

the copious production of noncompound a-particles with mean 

velocities close to that of the projectile. This reaction 

characteristic was noted as early as 1961 by Britt and Quinton l) 

who suggested that the principal process involved in the 

production of beam velocity a-particles was the breakup of the 

incident projectile in an interaction with the surface of the 

target nucleus. It was not until the measurements of Galin 

et al. l) that interest was renewed in determining the origin of 

the fast alpha particles. Measurements of a-y coincidences by 

Inamura et al. 3 ) indicated that many of the fast a-particles 

are produced in reactions that can be regarded as incomplete 

fusion/massive transfer, that is, only a portion of the projectile 

is captured or fuses with the target nucleus. Additional 

experimental investigations 4- 12 ) have established conclusively 

the existence of an incomplete fusion reaction mechanism in the 

. t t . f 6.L . t 16 0 . t . 1 . t h h t t t 1n erac 1on o 1 . o proJec 1 es w1 eavy arge s a 

bombarding energies of -7-17 MeV/nucleon. Furthermore, evidence 

has been obtained that central collisions do not, in general, 

participate in incomplete fusion reactions and that this mass 

transfer process occurs over a narrow range of entrance channel 

. angular momenta, L, beginning near the critical angular momentum, 

Lcrit' for complete fusion. Finally, it is found that the 

-· 
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average angular momentum transferred to the target nucleus in the 

capture of projectile fragments increases linearly with captured 

mass. 

K. Siwek-Wilczynska et al. 9 • lO) recently proposed a simple 

model of incomplete fusion reactions. From a study of a-y 

coincidences resulting from the dominant incomplete fusion 

reactions 160 Gd( 12 c,a) and 160Gd( 12 C,2a) at bombarding 

energies of 7.5-16.7 MeV/A, Siwek-Wilczynska et al. concluded that 

incomplete fusion reactions are simply an extension of the fusion 

process to angular momentum values above the initial system's 

critical angular momentum. Each virtual projectile fragment was 

assumed to carry a part of the total angular momentum in 

proportion to its mass number. The capture of a projectile 

fragment by the target nucleus was postulated to occur within 

sharp L-windows which are defined in relation to the critical 

angular momentum for the target plus fragment system. Above a 

bombarding energy of approximately 15 MeV/A, the balance of the 

nuclear, Coulomb and centrifugal forces is no longer sufficient 

for the capture of a projectile fragment to occur: therefore, the 

cross section for binary incomplete fusion processes must begin to 

decrease while that for multibody fragmentation processes increases 

in magnitude. 

More recently the generalized concept of critical angular 

momentum was extended by J. Wilczynski et al. 12 ) with the 

proposal of a sum rule model that permits one to predict absolute 

cross sections for all incomplete fusion channels as well as for 
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complete fusion. In this model, reaction channel cross sections 

are strongly dependent upon l) a phase space factor which has an 

exponential dep~ndence on the ground state Q-value, Qgg' and 

2) transmission coefficients which create an L-window effect. 

This sum rule model was found to predict rather well the 

binary reaction cross sections resulting from incomplete fusion 

reactions in the 14 N+ 159Tb system and the excitation functions 

for the two main incomplete fusion channels in the 12 c+ 160 Gd 

system. However, it should be noted that for the 12 c+ 1 ~ 0 Gd 

system over bombarding energies of 90-200 MeV, only 20-40% of the 

measured singles a-particles resulted from the incomplete fusion 
12 12 reaction channels ( C,a) anrl ( C,2a). Above about 15 MeV/A 

for the 12 c+ 160 Gd system, the multibody fragmentation channel 

is predicted to become prominent. Presumably the multibody 

-fragmentation channel is responsible for the production of large 

amounts of fast~alpha particles via the 12 c.3a reaction, 

although the relative strength of this reaction channel compared 

to other multibody channels is not provided by the sum rule 

model. Furthermore, this simple model does not contain any 

allowance for prajectile spectroscopic properties nor does it 

predict any final state features such as particle angular 

distributions, particle-particle correlations and particle energy 

spectra. Thus, for some systems (most notably the 12 c+ 160 Gd 

system}, the incomplete fusion sum rule reasonably predicts the 

incomplete fusion cross sections but it only suggests the source 

of the remaining 80% or so of singles a-particles. It is of 
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interest then to determine if the 12 c~3a channel is a large 

contributor of· fast alpha particles. (Recent particle-y 

measurements of Hsu et al. 13 ) found evidence for the onset of a 

multibody process with a 20 Ne beam at -17 MeV/A bombarding 

energy.) 

In this paper we present results of an investigation into 

fast a-particle production via the production of 8Be(g.s.), 

8Be(2.94 MeV) and excited 12 c reaction products from the 
12 c+ 208 Pb system at 12 c bombarding energies of 132, 187 and 

230 MeV. Absolute cross sections have been obtained for the 

reactions 208 Pb( 12 c, 12 c*~a+ 8 Be), 208 Pb( 12 c, 8Be(g.s. )) 

and 208Pb( 12 c, 8Be(2.94 MeV)) by coincident measurement of 

three a-particles or two a-particles for 12 c* and 8se 

detection, respectively. By folding in the probability of 

detecting correlated particles, the absolute production cross 

sections were determined which were then compared with the 

measured singles a-particle cross section at 187 MeV 12 c 

bombarding energy. From this comparison, further information 

could be obtained about the reaction channels important in fast 

a-particle production. 

II .. 12 c Dissociation Considerations 

12 c induced reactions on heavy targets have been studied 

by several groups 1• 9 • 10 • 12 • 14- 16 ) Measurements of the 

angular distributions, energy spectra and differential cross 

sections of alpha particles emitted in the bombardment of Au and 
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12 1) Bi targets by 126 MeV C nuclei permitted Britt and Quinton 

to conclude that a majority of the alpha particles observed (some 

900 mb) resulted from a direct process, most probably breakup of 

the incident projectile: Eyal et al. 14 ) estimated that about 

150 mb of unbound 8Be nuclei are produced in the 12 c+ 197 Au 

reaction at 125 MeV bombarding energy. Kozub et al. lS) 

complemented the work of Eyal et al. by measuring the cross 
8 + . section for the production of Be(O ,g.s.) nucle1 in the 

12 c+ 197 Au reaction at 126 MeV. It was determined that about 

37 mb of 8Be(g.s.) was produced which indicated strongly that a 

substantial amount of cross section existed for the production of 

excited states of 8Be. As mentioned above, measurements of the 

cross section of incomplete fusion reactions for the 12 c+ 160 Gd 

system at bombarding energies of 90-200 MeV permitted Siwek

Wilczynska et al. ·9 ,lO) to suggest that the projectile 

fragmentation channel, ( 12 C,3a), is the dominant source of fast 

alpha particles, especially at the increased bombarding energies. 

It is clear that several reaction mechanisms might explain 

the observations noted above. An intuitive understanding of these 

observations is possible with a simple model of limiting angular 

momentum 17 l. As pointed out by Brink 18 ), transfer reactions 

between heavy ions at energies well above the Coulomb barrier have 

large transfer probabilities only if certain kinematic conditions 

are satisfied. In particular, the transfer cross section will be 

the largest when the transferred particle retains nearly the 

velocity of the projectile. Semiclassically, this implies that 
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the angular momentum transferred to the heavy residual nucleus is 

given by mvR/h where m is the transferred mass, R is the 11 radius 11 

at which the transfer occurs and v is the relative velocity of the 

projectile and target. For some velocity v, the attractive 

interaction between the transferred particle and the target 

nucleus will no longer be sufficient to capture the transferred 

fragment. The fragment escapes before its angular momentum and 

energy can be absorbed by the target system. 

Figure 1 shows the transferred angular momentum as a 

function of the transferred fragment mass for the three 12 c 

bombarding energies employed in this work. The dashed line 

represents the critical angular momentum for each fragment-target 

system as calculated by Wilczynski 19 l. It is seen that at the 

lowest energy. 132 MeV, transfer occurs without exceeding Lcrit" 

At 187 MeV up to six or seven nucleons can be transferred before 

Lcrit is surpassed. Thus, transfer of a 8Be nucleus may not 

be possible, suggesting that a large increase in 8se production 

may occur between 132 and 187 MeV. At the highest bombarding 

energy of 230 MeV, transfer of four nucleons just about exceeds 

L ·t· Thus, at the higher energies nucleon transfer turns into cr1 

a fragmentation process. 

An extension of .these simple arguments, in an empirical way, 

was presented by Wilczynski et al. 12 ) Figure 2 presents the 

incomplete fusion calculations as discussed in Section I for the 

12 c+ 208Pb system. Parameters employed were determined in a 

similar fashion to those in reference 12. Figure 2a indicates 
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that, for lower angular momenta, the complete fusion channel has 

the largest probability factor (see the factor on the ordinate 

axis). At higher angular momentum values the incomplete fusion 

(massive transfer) channels ( 12 c,a) and ( 12 C,2a) become 

evident. Predicted cross section trends are shown in fig. 2b. 

The predictions shown in fig. 2 can be seen to be rather 

similar to those made for the 12 c+ 160 Gd system 12 ). In this 

latter case, su~h calculations adequately reproduced the 

excitation functions for the measured incomplete fusion channels 
160Gd( 12 c,a) and 160 Gd( 12 C,2a), which were found to 

account for 20-40% of the inclusive alpha particles. Thus, it is 

expected that the 12 c+ 208 Pb system has a similar contribution 

of fast al~ha particles from the incomplete fusion channels 
208 Pb{ 12 c,a) and 208Pb( 12 C,2a). 

Another prominent feature of fig. 2 is the cross section 

prediction for the multibody fragmentation channel, denoted 

( 12 c, 12 c•). A rapid rise in the fragmentation cross section 

is expected between -130 MeV and -230 MeV. Owing to the fact that 

the three-alpha breakup threshold has the most positive Q-value 

relative to other fragmentation channels, it is expected 

(cf. 20,21) that a large portion of the ( 12 c, 12 c•) curve will 

be composed of three-alpha production cross section. However, as 

previously noted, the incomplete fusion sum rule model does not 

provide this information. 

The production of fast alpha particles from the breakup of 

the 12 c projectile nucleus can be viewed as occurring in 
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several ways: i) the ( 12 c,· 12 c*~a+ 8 Be) reaction, ii) the 

( 12 c,a+aBe) r~action and iii) the { 12 c,a+a+a) reaction. 

Reaction process i) represents the excitation of the 12 c 

projectile via an inelastic scattering process and its subsequent 

decay into an a and a aBe nucleus. 12 c excited states above 

7.4 MeV can decay 5equentially into a+ 8Be fragments. Typical 

inelastic scattering cross sections are on the order of millibarns 

and it is expected that mechanism i) should have a similar yield. 

The mechanism of reaction ii) is a direct fragmentation of the 
12 c projectile into an alpha particle and a 8Be nucleus. 

Presumably the relative momentum of the a and the 8Be nuclei in 

the projectile bound state would influence the final laboratory 

momenta of the two breakup fragments. The mechanism represented 

by iii) is also a direct fragmentation process, but one which 

produces three free alpha particles: no intermediate 8se nucleus 

is involved. Note that process i) is indistinguishable from ii) 

if the level width of the sequentially decaying state in 12c is 

sufficiently broad. Nonetheless, processes i) and ii) are clearly 

distinct from iii) since they necessarily involve the production 

of 8se nuclei. 

Thus, it is of interest to investigate the production of the 

sequential decay products 12 c* and aBe in 12 c induced 

reactions for energies in the range of 10-20 MeV/nucleon. Such 

. measurements, presented below, provide important complementary 

information to that obtained previously 1, 10, 14, 15) 
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III. Experimental Technique 

12c beams from the Lawrence Berkeley Laboratory 1 s 88-inch 

cyclotron were used to bombard 208Pb targets which were self-

supporting and enriched to -99%. The 12c+208Pb~8Be or 

12 * c reactions were investigated at E( 12 c)=l32, 187 and 230 

MeV to elucidate further the mechanisms involved in fast 

a-particle production at these bombarding energies. The detection 

8 12 * of Be and the unbound C products were performed by the 

coincident detection of two or three alpha particles, respectively. 

In the studies presented here, the detection of sequentially 

decaying reaction products was of principal interest. In 

kinematically complete experiments the spatial arrangement of 

particle telescopes can severely restrict or enhance the 

observation of certain multibody final states. For instance, the 

detection of sequentially decaying reaction products is enhanced 

when the particle telescopes are separated by an angular amount 

that is similar to the maximum opening angle of the decay 

fragments in the laboratory frame. The detection probability is 

further enhanced if large solid angle. counters are employed. 

However, large solid angle counters imply poorer energy resolution 

(due to the dE/de). On the other hand, small solid angle counters 

imply lower coincidence counting rates and a decreased true to 

random coincidence ratio. Thus, there are several factors which 

must be considered in selecting a coincidence detection system. 

These are: 1) the range of opening angles between sequential decay 

. 
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fragments, 2) the exper~mental tolerance in energy resolution, 

3) the counting rate deemed satisfactory and 4) an acceptable 

ratio of true to random coincidences. 

Given these considerations a reasonable detection system 

8 8 12 * for the observation of Be(g.s.), Be(2.94 MeV) and C 

reaction products is depicted schematically in fig. 3. In its 

fullest extent, the detection system consisted of three 4E-E 

counter telescopes mounted on a movable platform and arranged in 

a vertical fashion with respect to the normal scattering plane. 

Particle telescopes labeled 1 and 2 were located symmetrically 

above and below the scattering plane: i.e., the collimator post 

between these two telescopes was bisected by the horizontal 

reaction plane. The third telescope was always located above 

the reaction plane. Behind each E counter (and not shown in 

fig. 3) was an Erej counter which vetoed any (generally 

unexpected) high energy events in which the particle completely 

traversed the 4E-E system. 

Table 1 lists the pertinent dimensions of the detection 

system shown in fig. 3. Coincidence events between any pair of 

telescopes were recorded but simultaneous events in all three 

were not. Telescope combination 1-2 was most suitable for 

detecting unbound particles with small decay energies, such as 

8se(g.s.) which is unbound by 0.092 MeV, because the two 

telescopes were separated by only about 3°. This combination 

was also the most suitable for separating the sequential decay 

peaks in projected energy spectra due to the velocity addition 
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effect (cf. fig. 15 and associated discussion below). Telescope 

combination 1-3 was more suitable for attempting to observe 

sequential decays of products with large decay ener9ies. 

For this detection system the horizontal acceptance angle, 

as determined by the collimator width, was 3°. However, the 

effective 11 horizontal 11 acceptance angle was slightly larger than 

this, especially for the telescope combinations 2-3 and 1-3, 

because the geometry of the system allowed detection of decay 

events in which the center-of-mass direction of the unbound 

ejectile is slightly out of the reaction plane. The typical 

energy resolution was about 400 to 600 keV full width at half 

maximum (FWHM) depending upon the reaction. 

For the 12 c*•a+ 8 Be investigation, it was necessary 

to detect two a-particles in one particle telescope in 

coincidence with a third a-particle in another telescope. If 

two a-particles enter the same telescope, each with about the 

same kinetic energy, they will identify together as a 7Li 

event 22 ). 12 c* events were identified then as an a+ 7Li 

coincidence. (For the Pb target, a gate on the a+ 8 Be total 

energy around the 12 c quasielastic peak served to remove any 

real a+ 7Li coincidences due to the Q-value difference.) 

The calculation of the absolute production cross sections 

for the sequentially decaying unbound reaction products, · 

8Be{g.s.), 8Be(2.94 MeV) and 12 c*•a+ 8Be, was performed 

by folding the detection probabilities into the measured double 
2 . d2cr 

differential cross sections, d a/dQN dQ and dQ dQ 
~1 a2 8se a 
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A Monte Carlo type program was used to calculate the detection 

probabilities. This program allows both a random selection of 

the 12 c* emission angles and the angles for emission of the 

a and 8se projectiles in the 12 c* center-of-mass frame. 

It is assumed that the center of mass emission distribution is 

isotropic. 23 ) 

Figures 4 and 5 illustrate the detection efficiency of 

8se(g.s.) and 8se(2.94 MeV) nuclei as a function of their 

total kinetic energy (after decay). The solid angle subtended by 

each particle telescope is represented by ~i and the vertical, 

center-to-center angular separation of the two telescopeS is 

designated by sseparation· It is evident that, in general, the 

detection efficiency is small (.2- 2%) and it is highly 

dependent upon the fragment's relative energy and the total 

kinetic energy. 

Figures 6 and 7 present the cal~ulated detection 

efficiencies of 12 c*(7.6 MeV) and 12 c*(9.6 MeV) as a 

function of the total kinetic energy of the three final 

a-particles. Two curves are shown in figs. 6 and 7. The dashed 

curve results from the requirement in the Monte Carlo simulation 

that the two a-particles, which result from the decay of the 

8Be(g.s.) fragment~ actually enter the same telescope with the 

third a-particle entering the opposite telescope. The solid 

curve represents the efficiency of two telescopes simply 

detecting the three a-particles, two a's in any one telescope, 

one a in the other telescope. The solid curve was the one 
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employed in production eros~ section determinations. It can be 

seen that detection efficiencies range from about .9% downward. 

Table 2 lists the detection efficiencies of excited 12 c 

reaction products with the three telescope geometries employed in 

these studies. It can be seen that the probability of detecting 

three alpha particles de~reases rapidly with increasing 

excitation energy of the 12c ejectile and_ that the detection 

efficiency depends strongly on the detection configuration and 
12 c* decay channel. From table 2 it is seen that (for a 

12c bombarding energy of 230 MeV) the detection of 12c 

reaction products excited to levels above -16 MeV is extremely 

1 ·k 1 Th d t· f 12 c* 1 · t ·t t· un 1 e y. e pro uc 10n o nuc e1 a exc1 ~ 10n 

energies above -16 MeV would therefore not be observed in this 

study. 

All particle-particle coincidence data as well as the 

single particle inclusive data were recorded event by ~vent on 

magnetic tape. Off-line analysis was performed by re-sorting the 

stored binary data with software gates in the necessary particle 

identification spectra, TAC spectra and energy spectra. A 

correction for random cointidences was performed by subtracting 

events which resulted from coincidences between beam bursts from 

those events which resulted from intra-beam burst coincidenc~s. 

Target thicknesses were determined by measurement of the 

energy reduction of 6.06 MeV and 8.78 MeV a-particles (from a 

212
Pot 212 Bi a-source) which had passed through the targets. 

Target thicknesses determined in this manner are estimated to be 
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accurate to within ±10%. An upper limit on the amount of light 

contaminants in the -1.5 mg/cm 2 thick 208Pb targets was 

established to be 20 ~g/cm 2 , which contributed a neqliqible 

effect to the cross section estimates. 

Systematic errors in all cross section determinations are 

estimated to be no more than about 25% and are primarily due to 

possible errors in the estimation of the total dead time, the 

integrated charge, the target thickness and the detection system•s 

solid angle. 

IV. Experimental Results and Discussion 

Presented below are experimental results concerning the 

production of a-particles from the 12 c+ 208 Pb system .at 

E( 12 C)=l32, 187 and 230 MeV bombarding energy. Part of these 

results have been reported p~eviously 24 ). 

Figure 8 shows a seri~s of a-particle spectra that resulted 

from the bombardment of a 1.5 mg/cm 2 208 Pb target with a 187 

·MeV 12c beam. The a-particle lower energy counter cutoff for 

these (and other) spectra is seen to be -20 MeV. The prominent 

features of these spectra are the same as those reported by Britt 

and Q~inton l) At forward angles the spectra are dominated by 

a broad, bell shaped peak centered a few MeV below the beam 

velocity. 

The angular distribution of the energy-integrated differential 

cross section is shown in fig. 9. It is strongly peaked in the 

forward direction, increasing almost exponentially with decreasing 
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laboratory angle. As was determined previously 1 ), the 

evaporation a-particles show a relatively flat dcr/dn anqular 

distribution. The total a-particle production cross section was 

obtained by integrating the angular distribution shown in fig. 9 

from O<e <50°. Extrapolation of this angular distribution to 
a 

near zero degrees was done as indicated by the dashed line. For 

E( 12 c)=l87 MeV the total a-particle cross section was found to 

be -1100mb (±251). This is quite similar to the a-particle 

production cross section measured by Wilczynska et a1. 10 l. For 

comparison, the geometric and total reaction cross sections are 

about 2200 and 3600 mb, respectively. 

Particle-particle coincidence measurements were performed 

with vertically arranged AE-E type telescopes as described in 

section III. For the bombarding energies of 132 and 187 MeV, 

only the l-2 detection system was employed. At the highest 

energy, 230 MeV, all three coincidence combinations were recorded. 

Figure lOa shows the summed energy of coincident events (corrected 

for randoms) in which one telescope recorded an a~particle and 

any particle entered the second telescope. Three features are 

prominent: two quasielastic peaks near the beam energy and a 

broad bump centered slightly below two-thirds of the beam energy. 

The peak at 178 MeV is determined kinematically to be the 

quasielastic breakup of 12 c into the a and 8Be channel 

(Q-value = -7.28 MeV). This interpretation is based further on 

the observation that the particle identification spectrum in the 

other telescope, corresponding to events in this peak, shows a 
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single grouping near the 7Li position, as is expected if two 

a-particles of approximately the same energy simultaneously 

entered this telescope (see section III). (An actual a+ 7Li 

coincidence is ruled out by Q-value considerations.) · 

The second quasielastic peak corresponds to a+ 9Be 

coincidences which result from the decay of excited 13 c nuclei 

th t d d · t· · k t 13 c t t 1 t d a are pro uce v1a a neu ron p1c up o s a es oca e 

above the breakup threshold. This transition is discussed in 

more detail elsewhere 23 ). 

Figure lOb shows the total energy spectrum when both 

telescopes register an a-particle in coincidence (it sh~uld be 

noted from this spectrum that the majority of coincident events 

in fig. lOa arise from such 2~ coincidences). Most of the 

contribution to the fig. lOb spectrum arises from decaying 8Be 

nuclei; as will be discussed below, however, there is some 

contribution from the sequential 3a decay of 12c with only one 

a-particle from 8Be being recorded in a given telescope. 

Further interpretation of the character of the 12c* 

breakup transition can be obtained from the 8Be projected 

energy spectrum arising from a+ 8Be(2a) events yielding a total 

energy of 178 MeV. Such a spectrum is shown in fig. 11. The 

nature of the contribution to this projected 8 Be spectrum from 

different breakup states of 12c w i 1 1 depend upon the relative 

energy of the fragments, as well as upon the individual telescope 

collimator sizes and the angular separation between the 

telescopes. Thus the 0+, 7.66 MeV state of 12c (ref. 25) 
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will have a breakup energy of E = 0.288 MeV which, with this 

detection geometry, results in a broad peak at -120 MeV, while 

the 3-, 9.64 MeV state, for which € = 2.27 MeV, results in two 

narrow peaks. Evidence of higher excited states is not seen, 

either because of counter cut-off effects or because the state is 

broad, e.g., at 10.8 MeV. 

The probabilities for detecting (with a two telescope 

system) quasielastic breakup events corresponding to the 7.6 and 

9.6 MeV states of 12c were calculated with a Monte Carlo 

simulation code. This numerical calculation assumed that all 

breakup fragments are distributed isotropically with respect to 

the 12 c* rest frame. While this is true for the 0+, 7.6 MeV 

state, it is an assumption for the 3-, 9.6 MeV state and so will 

introduce a potential error whose magnitude is difficult to 

assess because of our lack of knowledge of the reaction mechanism 

and the transitian probabilities. For instance, the Monte Carlo 

simulation showed that, if the 7.6 and 9.6 MeV 12 c states are 

equally populated, then the experimental contribution to the 

quasielastic peak in fig. lOa from the 7.6 MeV state should be a 

factor of 6.7 greater than the contribution from the 9.6 MeV 

state. However, the experimental value is 16:1. The difference 

between these two ratios could either indicate that the 7.6 MeV 

state has a higher excitation probability than the 9.6 MeV 

state or that the observed yield of the 3-, 9.6 MeV state is 

suppressed due to spin alignment. (For certain extreme 

conditions of alignment the detection probability of 12 c* 
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(9.6 MeV) at this energy may be reduced by as much as a factor of 

seven). Similar arguments may be applied to higher states which 

were investigated with the other two detector configurations 2-~ 

and 1-3 at a 12c bombarding energy of 230 MeV. Table 2 

contains typical 12c* quasielastic breakup detection 

efficiencies for the three telescope combinations at the highest 

bombarding energy investigated. 

The summed differential cross sections of the quasielastic 

peak (7.6 and 9.6 MeV 12 c states only) for the three energies 

investigated are shown in fig. 12a. Each angular distribution is 

found to peak near the grazing angle suggesting that this breakup 

process is a p~ripheral phenomenon. The total 12 c* production 

cross section as measured with detector combination 1-2 was 

estimated by extrapolating the angular distributions to small 

angles and is shown in fig. 12b. Total cross sections are found 

to be of the order of millibarns, far below the total a-particle 

cross sections for these bombarding energies. Measurements at 

230 MeV with the other telescope combinations 1-3 and 2-3 permit 

the conclusion that the production of 12 c* nuclei with 

excitation en~rgies between 9.6 and 16 MeV is also negligible, 

compared to the total a-particle cross section. An upper 

estimate of the maximum differential cross section at 230 MeV 

for 12 c* production with excitation energies above 9.6 MeV 

is -15 mb/sr. Thus the production of sequentially decaying 

12 c nuclei is not a significant source of fast alpha particles. 
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The observation of a total quasielastic 12 c* production 

cross section of the order of a few millibarns is consistent 

with inelastic scattering studies with a 12 c target (cf. 

ref. 26-28). Analysis of a+ 8Be coincidences for more negative 

Q-values (a mutual excitation process which could be confused 

with a- 7Li events) does not alter the conclusion that 12 c* 

production and subsequent sequential decay is not a prominent 

source of fast alpha particles. The specific analysis of this 

quasielastic channel in terms of folded potentials and the 

D.W.B.A. is presented elsewhere 29 ). 

Figure 13a shows a ( 12 c,aa) spectrum taken with detector 

system 1-2. Figures 13b-13e show projected a energy spectra for 

a+a events with a total energy located within the indicated 

gates. The prominent peak centered at one-half of the total a+a 

energy is. kinematically consistent with the production of 

8Be(g.s.) nuclei (decay energy of .092 MeV, ref. 30). The 

broad, weak bumps are consistent kinematically with the decay of 

the broad 2.94 MeV, first excited state of 8Be. For this 

detector configuration the probability of detecting 8Be(g.s.) 

nuclei was a factor of 5-10 larger than that of detecting 

8se(2.94 MeV) nuclei. 

Further confirmation that mainly 8Be nuclei were 

detected, rather than uncorrelated 2a production, comes from 

fig. 14 which shows a ( 12 C,aa) spectrum taken with the 2-3 

detector system. This system has a telescope-to-telescope 

angular separation greater than the 8se(g.s.) decay cone, but 
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not that of the 8Be(2.94 MeV) decay cone. Thus, as is 

discussed below, if 8Be(2.94 MeV) is produced in the reaction, 

we expect to see the observed double bump structure in the 

projected spectra, reflecting sequential decays from the broad 

first excited state of 8se. 

The Monte Carlo program to calculate detection probabilities 

can also predict the spectral shape of such projected spectra. 

Figure 15 presents the predicted 8Be(2.94 MeV) projected energy 

spectra for the three detector configurations used in this work. 

Since the first excited state of 8Be is broad, .a continuous 

Lorentzian distribution of width equal to 1.56 MeV was used to 

specify the decay energy. Two prominent features emerge in fig. 

15: 1) the projected spectra of the two closest configured 

telescope pairs exhibit a double peaking and 2) the two peaks in 

figs. 15a and 15b merge into a continuous (resembling almost a 

three-body phase space) distribution as the separation angle is 

increased, as shown in fig. 15c. The double peaking in the 

projected energy spectra is a simple consequence of the 

sequential decay kinematics and the detector configuration. It 

is seen that fig. 15b ~esembles fairly closely the projected 

energy spectrum from gate 1 of fig. 14. Hence, it can again be 

concluded that both 8se(g.s.) and 8Be(2.94 MeV) nuclei are 

produced in these 12 c+ 208 Pb reactions. 

Figure 16 shows a 12 c( 12c,aa) total energy spectrum at 

230 MeV bombarding energy for comparison with fig. 14a. The 

shape is rather similar to that obtained with the 208Pb target 
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except that the broad, bell-shaped peak is centered at 

significantly lower energies than that obtained with the heavy 

target. 

Figures 17, 18 and 19 show Wilczynskiptype diagrams for 

8Be{g.s.) production at the three bombarding energies 

investigated. These diagrams plot contours of the double 

differential cross section d2a/dQdE for the 8se(g.s.) 

. reaction products as a function of their kinetic energy and their 

laboratory scattering angle. Such diagrams highlight both the 

energy and the angular distributions. All three figures show a 

ridge near beam velocity which extends from the maximum towards 

backward angles. There is little or no evidence of a ridge 

extending back from zero degrees as is characteristic of a deep 

inelastic reaction. The ridge is therefore likely to be associated 

with an interaction which i~ peripheral in nature. No other 

significant features are evident. 

Figure 20 shows the absolute differential cross section for 

the production of 8Be(g.s.) nuclei. These cross sections were 

obtained by integrating the ( 12 c,aa) spectra by energy bins with 

the appropriate detection probability for 8Be(g.s.) nuclei 

folded in. A similar procedure was performed for the 8Be(2.94 

MeV) events (for which the angular distributions are not shown). 

Detection probability is discussed in Section III. The angular 

distributions of both 8Be products are very similar. Increasing 

cross section with decreasing angles and steeper angular 

distributions with increasing bombarding energy are evident in 
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fig. 20. Cross sections up to several hundred millibarns are 

apparent, suggesting that ·a significant fraction of the inclusive 

a-particles arise from decaying 8se nuclei. 

Further information can be obtained from the shapes of these 

angular distributions. The shift in the angle of the peak of each 

angular distribution suggests that there is an interaction radius, 

Ri, such that outside Ri the 8 Be production cross .section 

decreases with increasing radius and inside Ri the 8se nuclei 

are absorbed to a high extent. In cases where the Sommerfeld 

parameter n >> 1, it is possible to try to correlate the emission 

angle 9 with the distance of closest appr6ach, Rmin" If it is 

assumed that the 8se nuclei continue approximately on the 

Rutherford trajectory of the incoming 12c projectile, then the 

following relation exists between Rmin and 9, the center-of-mass 

scattering angle: 

R • m1n = 
ZPZTe 2 (1+1/sin(B/2)) 

2Ecm 

Using .equation (1) it is possibl.e to ·transform the angular 

distribution da/dQ into the quantity da/RmindRmin via the 

expression: 

( 1 ) 

( 2) 
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Angular distributions from heavy-ion collisions have been analyzed 
1,31,32) 

previously in this manner 

Figure 21 shows the experimental angular distribution of 

8se(g.s.) nuclei transformed into dcr/RmindRmin" The 

quantity dcr/RmindRmin can be interpreted as a measure of the 

probability of 8se production at a given distance of closest 

approach. (Due to distortion by the nuclear potential this view 

should ~e taken cautiously). In this representation the form of 

the angular distribution should be approximately independent of 

the beam energy. It is seen that the distributions peak near 12 

fermis, which corresponds very clos~ly to the sum of the radii 

for the target and projectile for an r 0 = 1.5 fm. Grazin~ 

collisions are most probable; interactions which produce 8Be 

at other radii are hindered. 

For a direct comparison of singles a-particles and 8se 

cross sections, the integrated total cross sections for 8Be(g.s.) 

production are shown in fig. 22. 8Be(2.94 MeV) production cross 

sections also were obtained for two bombarding energies 

E( 12 c) = 187, 230 MeV; the detection efficiency of 8Be(2.94) 

nuclei for the 132 MeV bombarding energy was too low for.its 

observation. Total cross sections for 8Be(2.94 MeV) production 

were found to be 175mb and 180mb at 187 and 230 MeV, respectively. 

The ratios of the production of 8Be(g.s.) to 8Be(2.94 MeV) 

are 1:1.9 and 1:1.85 for the 187 and 230 MeV bombarding energies, 

respectively. Figure 22 indicates a rapid rise in the 8se g.s. 

cross section over the energy range of 12-16 MeV/A. This trend 
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is consistent with the rapid rise in a-particle production cross 

sections measured between 90 and 200 MeV 12 c bombarding 

energy.lO) Furthermore, total 8Be cross sections, by virtue 

of their magnitude, are clearly able to explain a significant 

portion of the inclusive a-particles. 

From the measurements of Siwek-Wilczynska et al. lO) it 

is known that -20-40% of the inclusive a-particles result from 

the incomplete fusion reactions ( 12c,a) and ( 12 C,2a). The 

combined 8Be measurements reported here for the g.s. and first 

excited state are far in excess of the ( 12 C,2a) cross sections 

for incomplete fusion, see fig. 2b. Hence, projectile 

fragmentation must be responsible. It can be concluded that for 

each 8Be observed in excess of the incomplete fusion 2a 1 S 

expected, a third a-particle was liberated initially. Therefore, 

a numerical accounting of the origin of inclusive a-particles for 

E( 12 c) = 187 MeV can be obtained with the following assumptions: 

i) 20-40% of the inclusive a-particles result from the incomplete 

fusion process lO); ii) the incomplete fusion reactions 

( 12 c,a) and ( 12 C,2a) have about the same cross section lO); 

and iii) the 8se•s that do not originate in an incomplete 

fusion process are accompanied by a third a-particle. Given 

these assumptions, some 80-90% of the inclusive a-partitles can 

be accounted for. Furthermore, it can be concluded that at the 

bombarding energy of 187 MeV, projectile f~agmentation into 

a+ 8Be particles without absorption is the largest source of 

a-particles. 
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The excitation function for a-particle production between 

90 and 200 MeV 12c bombarding energy shows a steep rise toward 

larger a-particle total cross sections at higher energies 10 ). 

If this trend continues above 200 MeV beam energy, the measured 

8se (g.s., 2.94 MeV) cross sections at 230 MeV bombarding energy 

will explain a smaller fraction of the inclusive a-particles. (A 

partial angular distribution of singles a-particles for the 230 

MeV beam indicates that the cross section may not increase as 

rapidly above this 90-200 MeV interval, but it is increasing 

slightly faster than the rise in the production of 8se). It is 

concluded that other breakup channels such as direct three 

a-particle productinn or additional fragmentation processes 

contribute. more cross se~tion at the higher energies. 

Of the 8se nuclei observed, the ratio between 8Be(g.s.) 

and 8se(2.94 MeV) production is the same for the two higher 

bombarding energies (187 and 230 MeV) for which data are 

available. This strongly suggests that projectile ground state 

properties are important in the projectile fragmentation 

process(es). In addition, the observed large production of 

8Be(2.94 MeV) nuclei is consistent with the suggestion from 

measurements of 126 MeV 12 c on 197 Au lS) that a significant 

fraction of the 8se nuclei was being produced in an excited 

state. As is well known, pickup reactions and cluster model 

calculations (ref. 25 and references therein, ref. 33) indicate a 

substantial amplitude for representing a 12 c nucleus not only 

as [ 1jJ ( 
8 Be (g. s . ) ) x 1jJ (a) ] b u.t a 1 so w i t h the con f i g u rations 

.-
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[lj;( 8Be(2.94 MeV)) x lj;(a)] and [lj;( 8Be(11.4, 4+)) x lj;(a)l. 

Transitions through the 11.4 MeV 8Be state apparently are not 

important at the bombarding energy of 187 MeV. (Verification of 

8Be(ll .4 MeV) production would be difficult owing to the large 

decay energy and therefore the tendency for the sequential decays 

to appear as uncorrelated 2a-particle production.) 

In fig. 22, the observed increasing trend of 8se g.s. 

production as a function of bombarding energy at first appears 

inconsistent with the predictions of the incomplete fusion sum 

rule model (see fig. 2b. and discussion in section II). 

Qualitatively, a large multibody fragmentation channel should 

become more prominent as the bombarding energy increases. The 

8Be measurements reported are specifically for a weakly bound 

fragment. As the bombarding energy is increased it is quite 

conceivable that the projectile-target interaction, which leads 

to fragmentation, becomes more "severe". This in turn, would 

suggest a decrease in probability for the rpther weakly bound 

8Be nuclei to survive the breakup process. An extension of 

these measurements of the production of the resonant nucleus 

8Be in conjunction with inclusive a-particle cross section 

measurements at higher 12 c bombarding energies could eluci,date 

this point further. 

V. Summary and Conclusion 

The mechanisms involved in the production of fast 

a-particles in, a 12 c induced reaction on a 208Pb target 
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have been investigated at the bombarding energies of 132, 187 

and 230 MeV. With double and triple coincidence measurements, 

absolute cross sections have been determined for the reactions 

( 12 c, 8Be(g.s.)), ( 12c, 8Be(2.94 MeV)) and ( 12 c, 12 c*~a+ 8 Be). 

It was determined that the simple inelastic scattering process 

( 12 c, 12 c*~a+ 8 Be) observed from 13 to 41 degrees does 

not contribute significantly to the large production of fast 

a-particles (-950 mb over the same angular range). However, 

the observation of a large production cross section for 
8Be(g.s.) and 8Be(2.94 MeV) nuclei at E( 12 c) = 187 MeV 

permitted the conclusion that, as first suggested by Britt and 

Quinton 1 ), projectile fragmentation is largely responsible 

for the fast a-particle production. 

The measurements reported here, together with those of 

Siwek-Wilczynska et al 9 • lO) provide an explanation for the 

origin of over 80% of the observed a-particles at 187 MeV 

bombarding energy. Although the observed 8Be production 

cross sections as a function of the bombarding energy are not 

in disagreement with the simple incomplete fusion model 

predictions of Siwek-Wilczynska et al., it is clear that 

projectile spectroscopic and/or final state interactions are 

important in fragmentation reactions at these bombarding 

energies. It is concluded that an angular correlation 

measurement of a+ 8Be reaction products would be feasible and 

very valuable to a further understanding of the breakup 

mechanism(s) involved. 
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The results presented here suggest several interesting 

experiments, some complementary to this work and some of a more 

general nature. A detailed study of the production cross 
. 8 10 13 14 16 20 . sect1on of Be from B, C, N, 0 and Ne 1nduced 

reactions would prove interesting, as would a more detailed 

comparison between the cluster configurations in the various 

projectiles and the fragmentation channels which are observed 

to be strong. Of spectroscopic interest, a comparison between 

the ( 9Be, 8Be(g.s.)) reaction (cf. ref. 34) and the 

unstudied, but definitely feasible, ( 9Be, 8Be(2.94 MeV)) 

reaction could yield helpful spectroscopic information. 

*This work was supported by the Director, Office .of 

Energy Research, Office of High Energy and Nuclear Physics of 

the U.S. Department of Energy under contract No. DE-AC03-

76SF00098. The authors would also like to thank Dr. D. P. Stahel 

for his assistance during the early phase of this work. 
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Figure Captions 

Fig. 1. Semiclassical calculation of the maximum transferred 

angular momentum to the residual target nucleus versus the 

transferred fragment mass. The dashed line represents the 

critical angular momentum calculated from the balance of 

forces. 

Fig. 2. a) Calculation of the incomplete fusion sum rule 

model probability factors for various reaction channels as 

a function of angular momentum for the 12 c+ 208 Pb system. 

(See text). b) Excitation functions as predicted by the 

incomplete fusion sum rule model. (See t~xt). 

Fig. 3. Schematic diagram of the triple telescope system 

employed for coincidence measurements. 

Fig. 4. The percentage efficiency of detecting 8Be(g.s.) 

versus its total kinetic energy. The effective solid angle 

is the solid angle of the two counter system multiplied by 

the detection efficiency. The two telescopes were assumed 

to have a vertical center-to-center angular separation of 

5.9°. Counter cutoffs are determined by the operating 

region of the telescopes for the detection of ~ particles. 

Fig. 5. Same as fig. 4 except 8Be(2.94 MeV) decays were 

assumed. 

Fig. 6. Similar to fig. 4 except that the detection of three 

alpha particles from the decay of the 12 c* (7.6 MeV) 

state in the two particle telescopes is assumed. The solid 
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curve is for any two a-particles to enter one telescope and 

the third a-particle in the other telescope. The dashed 

line is the calculation which required the two a's from the 

8se to enter a single counter. Lower and upper energy 

cutoffs for an a-particle were 19 and 124 MeV, respectively. 

Fig. 7. Similar to fig. 6 except the detection of the 

12 c* (9.6 MeV) state is assumed. 

Fig. 8. Alpha-particle inclusive spectra at four laboratory 

angles for the ·reaction of 187 MeV 12 c ions incident on 

208Pb. 

Fig. 9. Angular distribution of the measured inclusive 

a-particles for the 12 c+ 208 Pb system at 187 MeV 

bombarding energy. 

Fig. 10. a) The yield of coincident events between the two 

telescopes from the reaction of 187 MeV 12 c on 208 Pb 

with the requirement that one telescope record an 

a-particle, plotted as a function of the summmed energy in 

the two telescopes. b) As for a), but with the requirement 

that both telescopes simultaneously record an a-particle. 

Fig. 11. The energy of 8se nuclei in coincidence with an 

a-particle for the transition 208Pb( 12c,a 8Be) 

208Pb{g.s.) at 187 MeV bombarding energy. This projected 

energy spectrum was taken at elab=l9° with the detector 

configuration which has an average vertical angular 

separation of A¢=5.9 . 
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Fig. 12. a) Angular distributions for the quasielastic 

12 * 12 * . production of C (7.6 MeV) and C (9.6 MeV) at 

three bombarding energies. b) The summed cross section for 

the angular distributions in a). 

Fig. 13. a) Summed energy spectrum for the reaction 

208 Pb( 12 c,aa) at a 12 c bombarding energy of 187 MeV. 

The average vertical angular separation of the two particle 

·telescope~ was 4¢=5.9°. b)-e) Projected a energy sp~ctra 

for total a 1+a 2 energies falling within the gates 

indicated in a). 

Fig. 14. Summed energy spectrum for the reaction 

208 Pb{ 12 c,aa) at a 12 c bombarding energy of 230 MeV 

and a detector system location of elab=l4°. The average 

vertical angular separation of the two particle telescopes 

was 4¢=10.9°. Projected a energy spectra are beneath the 

total energy spectrum. The projected spectra correspond to 

the energy gat~s indicated. 

Fig. 15. Monte Carlo simulation of the expected projected 

energy spectra of a+a coincidences which arise from the 

decay of 8se (2.94 MeV) for three detector configurations. 

An ejectile kinetic energy of 150 MeV was assumed. Parts 

a), b) and c) indicate the different center-to-center 

telescope separations, 4¢. 

Fig. 16. Summed energy spectrum for the reaction 12 c( 12 C,aa) 

at a 12 c bombarding energy of 230 MeV and a detector system 

location of elab=l4.5°. The average vertical angular 

separation of the two particle telescopes was 4¢=5.9°. 
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Fig. 17. Wilczynski-type diagram for the production of 

8Be(g.s.) nuclei for the system 132 MeV 12 c+ 208 Pb. 

LBL-14100 

The solid curves indicate contours of constant cross section. 

Fig. 18. Wilczynski-type diagram for the production of 

8Be(g. s.) nuclei for the system 187 MeV 12 c+ 208 Pb. 

Fig. 19. Wilczynski-type diagram for the production of 

8Be(g.s.) nuclei for the system 230 MeV 12 c+ 208 Pb. 

Fig. 20. Angular distributions for the production of 
8se(g.s.) nuclei for the system 12 c+ 208 Pb at three 
12 . 

C bombarding energies: 132, 187 and 230 MeV. 

Fig. 21. The production probability of 8Be(g.s.) nuclei 

versus the distance of closest approach, Rmin' for the 
12 c+ 208 Pb system at three bombarding energies: 132, 187, 

and 230 MeV. 

Fig. 22. The total production cross section of 8Be(g.s.) 

nuclei for the 12 c+ 208 Pb system at three bombarding 

energies: 132, 187 and 230 MeV. 
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Table Captions 

1. Detection system geometry for the three, particle-telescope 

systems. Refer to fig. 3 for the telescope numbering scheme. 

2. Detection efficiency of a+2a events resulting from the 

12 * sequential decay of C for a tutal kinetic energy of 221 

MeV. Dashes indicate transitions which are expected to be weak. 

See also fig. 3. 

: 
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Table l. The Detection System Geometry 

Call imato) Radial 
Distancea Distance: Angular 
Out-of-Plane: Target to Separation: 
Upper Lower Telescope Center-to-Center .. 

Telescope Limit Limit Center (deg.) 
(em. ) (em. ) Te 1 . 1 Te 1 . 2 Te 1 . 3 

-0.175 -1.0 11 . 52 5. 9 1 6 . 8 

2 1.0 0. 1 7 5 11 . 52 5.9 10. 9 

3 3. 1 9 2.49 11 . 8 5 16.8 1 0. 9 

a) The collimator width for all telescopes was 0.6 em. 
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Table 2. The Percentage Efficiency of 12 c* Detection 

[E(12c) Beam = 230 MeVl 

. 
System 

•. Telescopes Telescopes Telescopes 
1-2 1-3 2-3 

Ex(l2c) MeV a. b . a . b. a • b. 

7.66 • 820 0. 0 . 

9.64 . 199 . 0. . 221 

10.8 . 1 2 7 .045 . 084 

11 . 83 .020 . 01 5 .015 

1 2. 1 7 . 011 .007 .010 

14.08 . 00 7 . .006 .005 

1 6 . 11 .004 .003 .003 

a. a+ 8Be (g.s.) detection. 

b • a + 8 B e ( 2 • 9 4 Me v ) ci"e t e c t'r o n • 

:. 
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