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A multi-detector counter for detecting 8Be particles in ground and 
excited states is described. The counter consists of seven rectan- 
gular Si(Li) detectors 8.9 mm by 22.6 ram, closely positioned, 
so that the central angles of the detectors are 5 '~ apart plus an 
eighth detector placed at a non-adjacent position. The breakup 
cone of the 8Be--~c~+c( reaction is normally such that the 8Be 

ground state is detected only by one of the six pairs of adjacent 
detectors, while reactions leading to the excited state at 2.9 MeV 
or at 11.4 MeV are detected in most of the 28 pairs of detectors. 
Techniques for the separation of events and the reduction of data 
are discussed. 

1. Introduction 

Interest in the study of alpha-particle transfer 
reactions has led several groups to investigate reactions 
involving the production and subsequent decay of the 
particle-unstable nucleus 8Be Jn its ground state. The 
methods of detecting and identifying this reaction 
product have been either the measurement of alpha- 
particle coincidences in a pair of closely spaced detec- 
tors 1) or the use of a counter-telescope in which the 
passage of two alpha-particles from 8Be resembles 
VLi 2). The disadvantages of attempting to study 
quantitative spectroscopy ~ith a three-body final state 
are fairly apparent, but there are also some definite 
advantages to reactions of this type. Among these are 
spectroscopic considerations3), unambiguous identifi- 
cation of the particle type and state of excitation, and 
the simple elimination of elastic scattering with stop- 
ping foils so that very forward angles can be studied. 

In this paper we will describe a multiple-detector 
system which has been employed for studying reactions 
producing 8Be not only in its ground state but also in 
its excited states at 2.9 MeV and 11.4 MeV. As will be 
shown below, these excited state reactions are clearly 
distinguishable from the ground state 8Be reactions 
through the kinematics of the 8Be breakup. This is a 
significant advantage over heavy ion reactions with 
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two-body final states, where mutual excitation of the 
two reaction products can lead to much confusion in 
the interpretation of energy spectra. Further, while the 
widths of the 8Be excited states are very broad, this 
does not markedly affect the resolution with which 
states in the residual nucleus can be distinguished since 
the total energy of both alpha-particles is measured in 
each case. 

2. Detectors 

The solid-state particle detectors used in the counter 
array were rectangular in shape to permit a minimum 
separation between adjacent active areas. Slabs of 
silicon were cut to a size of 10 mm by 24 mm and 
lithium drifted to give depletion depths of about 
700 Itm 4). These were then mounted in holders with 
an aperture for each detector of 8.9 mm by 22.6 mm 
in a closely spaced configuration with adjacent active 
areas separated by ~3.5 ram. The angular spacing of 
adjacent detectors is 5 °. A photograph is displayed in 
fig. 1, showing one detector dismantled to illustrate 
the basic design4), while the other seven detectors are 
in position for use. During the experiments an alumi- 
nium foil was placed in front of the detectors in order 
to stop the elastically scattered heavy ion beam while 
allowing the breakup alpha-particles to pass into the 
detector. 

The coincidence detection efficiency for adjacent 
detectors for 8Be (g.s.) was calculated to be 12% of the 
detector-pair solid angle for a 8Be energy of 50 MeV 
and 14% for 30 MeV. For non-adjacent pairs only 
8Be* is detected in this energy region due to the small 
breakup angle for 8Be (g.s.). The efficiency for 8Be* 
(2.9 MeV) detection is approximately 1/30 to 1/100 the 

425 



426 J . G .  C R A M E R  et al.  

Fig.  1. P h o t o g r a p h  o f  the  de t ec to r  a r ray .  
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Fig.  2. B lock  d i a g r a m  o f  the e lec t ron ics  w i t h  the  n o t a t i o n :  P A  = p reampl i f i e r ,  F A  = fast  ampl i f ie r ,  C F T  = c o n s t a n t  f r ac t i on  t r igger ,  
D i  = delay,  SA = s p e c t r o s c o p y  ampl i f ie r ,  L G S  = l inea r  ga te  a n d  s t re tcher ,  T A C  = t i m e - t o - a m p l i t u d e  conver t e r ,  S C A  = s ing le  

c h a n n e l  ana lyze r ,  D G G  = de lay  ga te  genera to r .  

value for 8Be (g.s.) detection efficiency, depending on 
the relative position of the coincidence counters. An 
accurate efficiency calculation for the detection of 
aBe* is in progress. In the present application, however, 
such a calculation would be difficult to interpret in 

many cases since often some of the breakup alpha- 
particles from aBe* are actually stopped in beam stop- 
ping foil because of their low energy. This phenomenon 
will be illustrated in section 5. 

The energy spectrum for aBe-particles is formed by 
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summing the digitized pulse heights of two coincident 
alpha-particle pulses after appropriate energy calibra- 
tion. The energy resolution in such a 8Be energy spec- 
trum is determined primarily by the kinematic effect, 
and partly by energy straggling in the beam stopping 
foil and by the non-uniformity of the foil. The observed 
energy resolution was about 400 keV. 

3 .  C o i n c i d e n c e  i d e n t i f i c a t i o n  o f  SBe  events  

In the present case the handling of coi~lcidences 
between pairs of detectors produces problems not 
usually encountered in the multidetector coincidence 
systems because the coincidence of each detector with 
every other detector is of interest. Since an eight 
detector system has 28 possible coincidence pairs it is 
clear that special attention must be given to the problem 
to avoid unnecessary electronics complication. This 
problem has been solved by mixing the fast signals 
from the eight detectors after each has been suitably 
delayed and then using the mixed signal to provide 
both a start and a stop signal for a time-to-amplitude 
converter (TAC). The mixed signals for a true coinci- 
dence event will contain the successive pulses, the first 
starting and the second stopping the TAC. An event is 
recorded on magnetic tape as the digitized energy and 
time signals and the ADC number in which the corre- 
sponding pulses were analyzed when the TAC supplies 
a gate signal to the gate fan-out and to the PDP-8. 

A block diagram of the data acquisition system is 
shown in fig. 2. The nominal values of the delays, D~ 
for i = 1-8 are given in the table in fig. 3. The table of 
relative time delays, t u, in fig. 3 shows the nominal 
time between the start pulse from detector i and the 
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Fig. 3. Tables  o f  the nomina l  values for the delays, Dt, and  for 
the relative delays, tij = D j - D i ,  for all pairs o f  b ranch  inputs  

to the TAC.  

stop pulse from detector j. It is important that the OR 
circuit employed in mixing the time signals has a paired- 
pulse resolution which is much less than the delay 
intervals used which were 10 nsec in the present case. 
A total time spectrum, as represented by the output of 
the TAC, resulting from ~2C bombardment of a SSNi 
target containing carbon and oxygen impurities is 
shown in the upper portion of fig. 4. The most intense 
peaks in the spectrum correspond to coincidence• events 
in adjacent detectors which have a high efficiency for 
detection of 8Be(g.s.). Upon replay of the magnetic 
tape data a time spectrum for a single pair of detectors 
can be generated, as illustrated in the lower portion 
of fig. 4. 

It should be noted that a true fast coincidence signal 
from detectors i and j may be accompanied by a single 
event in detector k sufficiently close in time that all 
three energy signals are admitted to the PDP-8 while 
the gates are open. In such a case the time replay 
spectrum for events in energy ADC's  numbered i and 
k could show an accumulation of time events at time 
t u. By setting a window on t~k and replaying the energy 
data this particular type of accidental coincidence for 
detector pair i -k  is eliminated. Such events are still 
available for the summed energy spectra in branches i 
and j, whereas in the conventional multi-plexed ADC 
system they are eliminated completely. 
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Fig. 4. T ime  spectra f rom the t ime- to-ampl i tude converter.  
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s tem with detector n u m b e r  pair  shown above the appropria te  
peak. Lower  spec t rum is for events in branches  l and  8 only. 
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4. Kinematic identification of 8Be events 

The kinematics of three-body reactions in general 5) 
and of reactions involving 8Be final states in particular 1) 
have been discussed in detail elsewhere. We will 
illustrate here some of the kinematic features as mani- 
fested in the application of the present system to the 
12C(12C, 8Be)160 reactions. 

The results of kinematic calculations for a single 
pair of  adjacent detectors and for a variety of excitation 
energies in the final nucleus, 160, are shown in fig.5. 
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Fig. 5. Three-body kinematic loci of possible alpha-particle 
energies for the reaction 12C(lZC,~)160 at E]ab = 65 MeV for 
detector angles of 7.5 ° and 12.5 ° and for oxygen excitation 

energies of 0, 5, 10, 15, and 20 MeV. 
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Fig. 6. Three-body kinematic loci of possible alpha-particle 
energies for a variety of detector pair angles. 

The coordinates are the energies of two alpha-particles 
from a 12C(12C,2e)160 reaction. The contours repre- 
sent 160 at excitation energies of  0, 5, 10, 15, and 
20 MeV. The lined region corresponds to a region of 
events having 8Be in its ground state. The shaded areas 
correspond to regions for 8Be in excited states at 
2.9 MeV and 11.4 MeV. The width of the lined region 
is dominated by the energy spread for alpha-particles 
due to adjacent detectors subtending the entire ground 
state breakup cone. The widths of the shaded regions 
are dominated by the energy widths of the states in 
8 Be. Clearly an event identified by fast time coincidence 
and the energies of  the two alpha-particles would deter- 
mine the excitation of both the aBe and 160 final 
nuclei. Alpha-particles of energy below about 11 MeV 
are stopped in the beam stopping foils. This cutoff is 
shown by horizontal and vertical straight lines in fig. 5. 
It is apparent that the 11.4 MeV state of 8Be is not 
observed under these conditions and that the observed 
yield of 8Be* (2.9 MeV) is greatly reduced for 160 
excitation above 10 MeV. 

In fig. 6 the results of  kinematic calculations for 160 
in its ground state and for several pairs of detectors are 
shown. This figure further illustrates that 8Be(g.s.) is 
detected only in an adjacent pair. It also appears that 
some of the 8Be* (11.4 MeV) state may be observed; 
however, for the most part  the non-adjacent detectors 
record 8Be* (2.9 MeV) events only. 

For each event detected with the present system at 
a pair of detector angles 01 and 02, two kinetic energies 
Tj and T2 are observed which characterize the event. 
The parameters of real interest, however, are the exci- 
tation energies in the 8Be system (E 12) and the residual 
nucleus (E,), and the effective angle 012 at which the 
8Be "part icle" was emitted. In this next section we will 
consider the kinematical analysis which will allow the 
determination of these quantities of  interest from the 
observables. 

The known quantities that we have at our disposal, 
in addition to those above, are the beam, target, and 
detected particle m a s s e s  Ab, At, A 1, Az (in MeV), the 
Q-value Qo of the reaction producing two alphas and 
the unexcited residual nucleus, and the beam energy 
Tb. We have the following relations: 

El2 = A 1 2 - A  1 - A  2 (1) 

E N = A o - - A B - - A T - - E 1 2  (2) 

012 = tan -1 [(P1 sin 01 +P2 sin Oz)/(P1 cos 01 + 

+ Pa cos Oz)], (3) 
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where 

with 

A 0 = [ ( A  B + AT)  2 + 2 A T TB] ½ 

A12 = * 

(4) 

(5) 

W(2 = [(T1 + A 0 + ( T 2  +A2)]  z (6) 

P22 = P ~ + P z + 2 P ,  P2 cos(O,-02)  (7) 

p2 = TI(TI +2A, )  (8) 

P] = T2(T2+2A2). (9) 

Thus we can calculate E~2, EN, and 0~2 from the 
known and observed quantities in the reaction. 

It should be noted that the two shaded regions on 
the kinematic locus in fig. 5 in which reactions leading 
to the 2.9 MeV excited state of abe are localized 
correspond in general to two different values of 012 
since Pj and P2 are quite different for the two regions. 
Therefore the two aBe* (2.9 MeV) regions detected 
with a given pair of counters correspond to different 
angles of emissions of the 8Be* particle. 

5. Application of the method to the reactions 
1 2C(12C, 8Be)16 O 

The (12C, 8Be(g.s.)) and (12C, 8Be* (2.9 MeV)) reac- 
tions on the target nuclei ~2C, J60, 2 8 8 i ,  4 ° C a ,  5 4 F e ,  

and 58Ni have been studied by the present method6), 
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and a detailed report of the results will appear in forth- 
coming publicationsT). Here we wish only to illustrate 
the kinematic identification of 8Be ground state and 
excited state energy spectra as obtained by the present 
method using a 12C target. 

The 8Be energy spectrum formed by the summation 
of coincident pulses in a detector pair with reaction 
angles of 7.5 ° and 12.5 ° is shown in fig. 7. The events 
recorded are predominantly 8Be in the ground state 
since for adjacent detectors the detection efficiency for 
8Be* (2.9 MeV) is only a few percent of the 8Be(g.s.) 
efficiency. Even that small percentage will be comple- 
tely eliminated during replay data reduction by accep- 
ting only summed events from the lined region of a plot 
similar to fig. 5. The spectrum of fig. 7 is dominated by 
the states of 160 which make up the 4-particle - 4-hole 
rotational band built on the J~ = 0 + state at 6.07 MeV 
excitation, confirming the result of an earlier published 
spectrum obtained by the E-AE counter telescope 
method2). 

An energy spectrum of 8Be "particles" in the 
2.9 MeV excited state, as obtained by pulse height 
summation of coincident events in detectors at angles 
of 17.5 ° and - 7 , 5  °, is shown in fig. 8. In this case, even 
though the central angle of the detector pair is 5 ° , the 
actual mean angles for the 8Be* directions are approx- 
imately 2 ° and 8 °, corresponding to the two different 
angles 0 u and 0ji discussed in section 4. Again as in the 
spectrum for 8Be(g.s.), the spectrum is dominated by 
the states in ~60 corresponding to the 4p-4h band, a 
result not obtainable by the E-AE counter telescope 
method. The yield for the ground state of ~60, however, 
seems to be greatly enhanced. Such an enhancement is 
probably a result of partial elimination of SBe* yield 
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for excited 160 states by absorpt ion of alpha-particles 
in the stopping foil. This effect becomes apparent  upon  
inspection of the results illustrated in figs. 5 and 6 
calculated at Ela b = 65 MeV, whereas the spectrum of 

fig. 8 was measured at Ebb = 55 MeV. 
In  conclusion it has been illustrated that  the present 

method represents a technique of high efficiency 
whereby mutua l  excitation events in nuclear reactions 
can be uniquely identified. In the reactions lzC(~2C, 
8Be*(2.9 MeV))160* the selectiveness is readily appa- 
rent but  cross sections are difficult to extract because 
of the problem of calulating the detection efficiency 
for the decay of the 2 + state ofSBe*(2.9 MeV) properly 
and because of the use of absorbing foils in front  of the 
detectors. In  recent runs 8) absorbing foils were used 

for detectors at very forward angles only, thus making  
possible the measurement  of spectra for the 8Be* 
(2.9 MeV) state over the entire range of excitation 
energy in the corresponding residual nuclei. 
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