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ABSTRACT 

We present experimental results for the breakup of 140 

MeV 16o into 12c + a by a 12c target.; Two mechci'nisms can be 

distinguished: the coherent excitation of th~ 16o projectile 

to components of the giant resonance states and the quasi-free 

scattering of the a or 12c constituents 'of the 16o projectile 

by the target. 

' 
There has been much activity in the field of projectile 

1-8 fragmentation. While considerable theoretical effort has been 

devoted to light-ion fragmentation, 2 only recently have heavy-ion 

reactions at energies$ 20 MeV/A received attention. 3 ' 4 The 

simplest case that can be studied is binary breakup where only two 

projectile fragments are produced. Binary breakup has been classi-

fied as either sequential or d
. 5 1rect. Sequential br~akup is 
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associated with decay from excited·states of the projectile, 

while direct breakup describes those events for which the rela-

tive kinetic energy of the two fragments is not necessarily 

correlated with an excited state of the projectile. Both mecha

nisms have been observed5 in the breakup of 
7
Li. Sequential 

processes have been identified also in the breakup of heavier 

ions
6 

but no clear separation of direct.and sequential processes 

has been experimentally observed in heavy ion reactions.
7 

0 t 1 . 8 f h d t (Q 7 16 M V) ur recen ana ys1s o t e groun .s ate = - . e 

b7eakup of 140 MeV 16o + a. revealed only sequential processes. 

We continued ,these studies in an-attempt to identify a direct 

process •. Our new data do reveal two mechanisms responsible for 

.. the breakup of 16o into 12c + a and they suggest a classification 

different from that implied by the terms "sequential" and 

11 direct II o 

Although the experiment and analysis were similar in 

principle to those described in Ref. 8, the introduction of 

position-sensitive detectors made possible the use of large 

solid angles without loss of angular-resolution ($ 0.2° lab) 

(s·ee Fig. 1). The ~E-E telescopes, 10 mm and 40 mm in diameter, 

recorded the horizontal position (~E) and thevertical position 

(E) of each fragment. The beam, 140 MeV 160, was supplied by 

the LBL 88-Inch Cyclotron. For each coincident event, two 

quantities were determined: the sum E = E. + E
12

· which is T a · c 
related to the reaction Q3-value, and EreY the relative kinetic 

energy of the a and the 12c in their center-of-mass system. 

\' 
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The spectrum of ET and the spectra of Erel for different

values of ET are shown in Figs. 2 and 3. For the highest ET bin, 

which corresponds to Q3 = -7.16 MeV, the relative kinetic energy 

can be associated .}.mambiguously with an excitation energy in 16 ~. 
For other ET bins, however, there is an ambiguity since it is not 

clear whether the target or a projectile fragment has been left -

in an excited state. For Q3 = -7.16 MeV, states at the following 

energies in 16o are clearly observed: 9.88 (2+), 10.36 (4+), 

11.06 (4+) I 11.52 (2+) I 12.41 (1-) I 13.10 (2+) I 14.00 (0+) and 

15.60 MeV (3-). + Very weak states are seen at 14.83 (6 ) , 17.92 

(4+) and' 18.50 MeV (2+). For Q
3 

= -11.60 MeV an additional 
,. 

strong peak is observed which corresponds either to a state in 

16o at 12.70 MeV or, more p~obably, 9 to a state at 17.14 MeV (2+) 

12 which decayed to a+ C (4.44 MeV). Many of these states 

can be associated with known levels 10 of 16o and these assign-

ments are given in Figs 2 and 3. 

·There is a marked qualitative change in the spectra of 

Erel for values of Q3 <- 11.6 MeV: only the states at 9.85, 

10.35, and 11.10 MeV and a broad background extending beyond 

E = 14 MeV are observed. Significantly, these three states rel 

are the only states consistently observed in our data which 

are populated in a-transfer reactions on 
12c. 11 Furthermore, 

with the exception of the state at 15.60 MeV, all other strong 

states observed for low IQ3 1-values and the state at 18.48 MeV 

. d 1 . 16 ( I ) 9 16' ( I ) 10 . 15N (p, y) 10 are exc1te stong y 1n 0 a,a , 0 e,e or 
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reactions •. From Fig. 3 it is apparent that these collective 

states have an excitation probability which is a strong function 

of ET (or Q3 ) while the background and the three states at 

9.85, 10.35 and 11.10 MeV are populated more uniformly for all 

ET-values. 

Clearly, therefore, the mechanism which excites the 

background and the states at 9.85, 10.35 and 11.10 MeV must 

be different from that which excites the collective states. 

Collective excitation of the projectile involves the coherent 

response of the whole projectile to the field of the target 

nucleus, thereby exciting components of the giant resonance 

states; for low multipoles, o~ 0 is the optimum matching 'condi-. 

tion. Thus we term the excitation and decay.of these states 

"coherent breakup". 

Now.,·the three states which are also observed in a-

transfer reactions are those which might be expected to be 

observed in 
' . . . . . 12 

a quasi:...free scattering of the a and C constitu-

eilts of the 16o to the continuum via the individual interaction 

of either constituent with the target. since the a and 
12c 

constituents are assumed to interact independently with the 

target we term· this· mechanism "incoherent breakup." 

In a plane wave Born approximation, neglecting the 
.. 

identity of the two 12c nuclei in the final state, the transi-

tion matrix element for 

+ < ~f I VP T. I~.> where 
2 . ~ ' 

.. 
incoherent breakup is Tfi = < ~flvp Tl~i> 

. 1 
VP.T represents the interaction of 

~ 

('. 
\ 
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each projectile 

j\fl.> = E ei!u_•R 
1 y 

constituent Pi with the target nucleus. Here 

( ) .+.a.+. c.+. T d jm > _ '\"' ik f • R (-) ( ) a c T 
Xy £ ~ ~y~i,an rf - S e- - Xs:sf r <I> <l>s<l>f' 

where ¢a, <t>c and <t>T represent the internal wavefunctions of the 
p . 

a, 
12c and target respectively and p runs over the excited 

states of the 12c. We omit a similar index for the a particle. 

The relative coordinate between the target and the center 

of mass of the a + 12c system is denoted by R. The wave

functions x (r)· describe the initial bound state of the 
y -

two projectile constituents. The usual spectroscopic amplitudes 

are contained in the normalization of these wavefunctions. 

The wavefunctions xJ~~ (r) -describe the relative motion of 
12 f 

the a and c fragments in the continuum, sf defining the excited 

state of the detected 12c. It must be emphasized that the 

wavefunctions x8<:S) (r) will contain both resonant and non-
. . f 

resonant components which will be reflected in the transition 

amplitude, Tf.. We associate the three states in Fig. 3 which 
' 1 

appear at all Q3 values with the resonant components of these 

wavefunctions and the background with the non-resonant components. 

Thus the incoherent breakup process includes resonant and non-

resonant transitions. 

The incoherent process can further be classified as 

elastic when there is no excitation of the target and no change 

in state of the 12c constituent. Elastic breakup is thus 

described by the components of Tfi with <<t>I = </>~)andy = sf. 
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It can be classified as inelastic when there is excitation of 

the target <<PI =I= <j>,~) and /or a change in state of the 
12c 

constituent, viz., components of Tfi withy =I= Sf. For heavy-ion 

reactions, elastic and inelastic processes are not experimentally 
. . . : 

distinguishable since Q3 depends on Sf and not on y. For 
" 

example, in our data elastic and inelastic breakup processes may 

contribute to events with -14.53 MeV< Q3 < -7.16 MeV. For 
. . . . 12 

elastic events with more negative Q3 - values, the C fragment 
. . . 16 

from the 0 is unbound so only inelastic processes may contrib-

ute to 12c - a coincidences for Q3 < 14.53 MeV. 

In conclusion, our experimental da'ta reveal the presence 

. '. . 16 12' O'f two mechanisms in the breakup of 0 il}to c + a: a 

coherent process which excites th.e projectile to states whose 
,. 

structure is·related to that·of the ground state via a multipole 
... 

operator, and the incoherent process involving the independent 

interaction of separate constituents of the projectile with the 

target. The incoherent amplitude contains resonant contributions 

at relative energie's corresponding to specific excited states of 

the projectile as well as· a non-resonant contribution. 

This work was supported by the Director, u.s. Office 

of Energy Research, Division of Nuclear Physics of the Office of 

High Energy and Nuclear Physics, and by Nuclear Sciences of the 

Basic Energy Sciences Program of the u.s. Department of Energy 

under Contract Noo W-7405-ENG-48. 
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FIGURE CAPTIONS 

Fig. 1. Schematic diagram of experimental apparatus. 

Fig. 2. ET = Ea + E12C and Erel spectra {as defined in text) 

for Q = -7.16 MeV. Excitation energies. [taken from 

Ref. 10 and deduced from this experiment] refer to 

16o and are in MeV. 

Figl 3. Erel spectra_ for various ET gates. There is a 

detection threshold at Erel ~ 2. 5 MeV. The data have 

not been adjusted for coincidence efficiency which 

is a strong function of Erel but depends weakly 

on ET. 



Schematic Diagram of Experimental Setup 
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