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Abstract: Absolute cross sections have been measured for the Q2C, SBe 8 ~ ) reaction from the target 
nucle~ ~2C, ~60, 24Mg, 26Mg, 4°Ca, 4aCa, 54Fe and 58N1 at various energies between 50 and 
65 MeV bombarding energy (lab) using a highly efficient detection system for SBe. The results 
are presented m form of pamcle spectra and angular d~stnbutlons Except for the hghtest target 
nucle~ ~2C and 160, the cross sectxons decrease rapidly w~th angle and a one-step d~rect reactmn 
mechamsm is indicated Satisfactory agreement of the data is obtaaned with DWBA calculations, 
using the fimte range computer code LOLA of DeVnes which treats recoil effects exactly. 
The spectroscoptc factors extracted for the 02C, abe) reaction are close to those obtained from 
(6LI, d), (7L1, t) and Q60, ~2C) reactmns. The selective excltatmn of the same final states m 
all of these reactmns, as far as data are avadable, and the close agreement of the spectroscopic 
factors are interpreted as evidence for a rather simple ~-transfer m these reactions m contrast 
to a more comphcated transfer of four nucleons 

E 
NUCLEAR REACTIONS lzC, x60, 24'26Mg, 4°.4SCa, 54Fe, 5SNt (x2C, SBess ), I 
E = 50-65 MeV; measured a(E, ESBe, 0), deduced spectroscopic factors. Enriched L targets. 

1. Introduction 

The exceptional stabdlty of  the ~-partlcle and  the high probabdl ty  of s-decay f rom 

many  nuclei have led to speculations that  the nucleus might  be well described m 

terms of ~-parUcles or other highly correlated four-nucleon structures. More  recently, 

the tools for investigating these hypotheses have become available with the develop- 

ment  of experimental  teclualques for s tudying four-nucleon transfer reactions such as 

(6El, d), (TLi, t) and  (160, 12C). Whale much  new informat ion  has been gained 

through the study of  these reactions 1- 4), there remain  uncertaint ies  5) concern ing  

parentages,  angular  m o m e n t u m  mismatching  effects and  proper  t rea tment  of finite 

range effects. The l i thium reduced reactions, e.g., have good spectroscopic overlaps 

for ~-transfers bu t  suffer f rom angular  m o m e n t u m  mismatch  problems due to the 

large change m mass between the incoming  and  outgoing particle. The (160, 12C) 

t Research work of J. G. Cramer and K. A. Eberhard supported m part by US Energy Research 
and Development Admtmstratlon. 
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reaction, on the other hand, Is much better matched for most reactions, but has a 
rather poor spectroscopic overlap for e-transfers 

We have begun Investigations of an alternative transfer reaction which combines 
the advantages of good angular momentum matching with good spectroscopic 
overlap. This is the reaction (12C, SBe). The nucleus 8Be is particle unstable and 
decays Into two ~-partlcles m about 10 - 1 6  sec  The SBe nucleus will, at a typical 
energy of 30 MeV, travel about 3 × 10 6 fm before it decays. Thus It is well outside 
the range of nuclear forces before the decay takes place, but ~s stdl very likely to be 
within the volume of the target The reaction particle actually detected is thus not an 
SBe particle but a pair of ~-parhcles. 

There might, m principle, be coherent Interference effects between thls process and 
the simultaneous production of two ~-partlcles by competing (12C, 2~) reactaon 
processes. However, the ~-partlcles from the 8Beg s decay are confined to a narrow 
momentum phase space volume by kmematxcs, while the three-body process will 
occupy a large phase space volume and is relatively weak. This insulates (12C, SBe) 
measurements from the problems of coherent interference from three-body background. 

The experimental techniques required to study reactions producing SBe as an out- 
going particle offer both experimental advantages and disadvantages. These are dis- 
cussed m detail in ref. 6), but will be summarized briefly here. The detection of two 
coincident ~-partlcles at the energies appropriate to an SBe ground-state decay pro- 
wdes a unique signature of the reaction. It provides unambiguous particle identifi- 
cation and also distinguishes unambiguously between excitations of the residual 
nucleus and the outgoing particle Since the 12C beam can be stopped m a foil whxch 
readily transmits the decay ~-partlcles, the detector can be shielded from the beam 
and the h~gh counting rates arising from elastic scattering at forward angles can be 
"turned off". This techmque permits straightforward cross-sect~on measurements to 
be made at very forward angles, down to and including 0 ° Th~s is of importance 
because many theoretical predictions can only be tested by measurements made in 
this regmn. 

On the other hand, the detectmn of SBe particles carries with it certain disadvan- 
tages. The detection system is necessardy more complicated The effective sohd angle 
of the detector system is reduced to about 8 to 20 % of the sohd angle of the same 
detector array when used to detect stable particles. The finite angular acceptance of 
the individual detectors gives an angular uncertainty which translates to an energy 
spread when coincident ~-partlcle events are analyzed and lead to an energy reso- 
lution of about 500 keV for the present system. However, both of the latter problems 
could be reduced or eliminated by redesigning the system so as to employ position 
sensitive detectors for more precise angular defimtton and reduction of the dead 
space between detectors. Thls is presently under construction. On the balance, we 
have found that the advantages offered by SBe detection outweigh the disadvantages 
and that, once the detection system is at hand, the measurements are simple and 
straightforward. 
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In sect. 2 the experimental procedure, in particular the detection system for aBe 
is described The experimental results are presented in sect. 3, and spectroscopic 
factors are extracted f rom DWBA calculations and are compared with those from 
other four-nucleon transfer reacUons in sect. 4. 

2. Experimental procedure and SBe detection 

The expected small cross sections for the (~2C, aBe) reactions investigated here 
required a highly efficient detection system for the particle unstable abe nucleus. In 
addition, an intense ~2C beam was developed 9) and relatively thick targets were used. 

The targets used m the experiment are listed m table 1. The required thickness of  
the various targets was achieved by employing the so-called swing-quartz method 
during evaporation. A small quartz crystal was placed beside the target frames. The 
change in the resonance frequency caused by the target material layer evaporated 
onto the surface of the quartz as d~rectly proportional  to the mass of  the evaporated 

TABLE 1 

Targets used in the experiment 

Target 12C 160 Z4Mg 26Mg *°Ca '~SCa 54Fe 5SNI 

Thickness 30 to 60 80 a) 52 and 90 116 100 125 360 178 
(,ug/cm 2) 

Form self-sup- $102 22C 12C lzC 12C self-sup- self-sup- 
porting backing backing backing backing porting porting 

a) The total thickness of the $102 target was 150/~g/cm 2. 

material on the backing. To determine the target thickness accurately the targets were 
weighed independently after the experiment. In addltaon the ttuckness of  each target 
was determined from the measured elastic 12C scatterang yaelds at E12c(lab) = 15 
MeT and the calculated Rutherford cross sections. An air-lock system was used 
to transfer the targets to the scattering chamber. During the measurements a momtor  
detector was placed at 01~b = 25 ° SO that a cross-section determlnaUon could be made 
independent of  possible target mhomogeneltles. 

In the following we gave a short outhne of the aBe detection method. For  a more 
detaded descnpUon of  our system we refer to refs. 6, 9). The particle unstable nucleus 
SBe in its ground and excited states at 2.9 and 11.4 MeT decays through the emission 
of  two 0c-particles For  the g.s. decay, the half-life is about  10-16 see and the decay 
energy ~s 93 keV. The detectaon of aBe events was achieved by measunng the two e- 
particles m coincidence. For  this purpose we have developed a highly efficient de- 
tection system, consisting of eight rectangular (8 mm x 25 mm),  closely adjacent 
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detectors. As illustrated in fig. 1, the half-angle of  the maximum decay cone of the 
two or-particles is gwen by 

0~max : sin -x {B/Esne (lab)} ¢, (1) 

where B is the decay energy (here 93 keV) and EsBe (lab) is the SBe energy m the lab 
system. For  the ground-state decay and for SBe energies between 10 and 65 MeV, as 
investigated m this paper, the maximum cone angle varied between 6 ° and 2 ° There- 
fore the detectors were placed closely together with a mean separatmn angle of  5 °. 
The detection of SBeg ~ decays is thus confined to adJacent detectors. The maximum 
cone angle for the decay of excited states of  aBe is much larger and those events could 
be detected m most of  the possible 28 detector combinations. The detection efficiency 

F~g 1 Velocity diagram of the aBe breakup. The resultant velocities vcq and v~2 of the two breakup 
or-particles are calculated from the aBe velocity, Vane (before breakup), and from the two c¢-velocltles, 

v'~t and v'~a due to the breakup energy (l.e 93 keV for SBez s )- 

for these events, however, ~s substantially smaller than for SBeg s. Events from the 
g.s. and excited state decays can be dlscnmmated uniquely: if 8Be excited events are 
measured in adjacent detectors the energies of the two ~-part~cles are very dtfferent 
since the decay d~rection of SBe is almost in the direction of the fl~ght path of  SBe. For 
the g.s. decay the energy d~fference of the two 0~-particles is much less because of  the 
much lower decay energy. 

Thin tantalum foils were mounted m front of  each detector to prevent elastically 
scattered 12C particles from entering the detectors This also allowed the detection 
of  SBe events at 0 °. The thtckness of  the tantalum fods was between 10 and 80 #m 
depending on the angular positron of the detectors. The energies of  the o~-part~cles 
entering the detectors were corrected for the energy loss in the tantalum fods. Values 
for the energy loss were taken from ref. 7). 

The excitation energies in the resultant aBe spectra are accurate to better than 
_+200 keV The total energy resolution ~s almost entirely due to kinematic broadening 
and therefore depends on the detector apertures and the angle at whtch the SBe par- 
t~cle is emitted. Better energy resolution could only be gamed by using smaller de- 
tector apertures with the disadvantage of a reduced detection efficiency for SBe. The 
relatively large apertures chosen in tlus experiment were dictated by the small cross 
sectmns, thus leading to a relatwely poor  energy resolution. 
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The detection etficJency of the system described here has been calculated for the 
g s decay of  aBe from the geometry of the detectors, the decay energy and the kinetic 
energy of 8Be in ref. 8). Typically the effectwe sohd angles are between 0.3 and 0.8 
msr. The accuracy of the etficlency calculatxon depends, among other quantities, 
crmcally on the precise measurement of the detector apertures. To accomphsh this 
we have used a hght source at the position of the target together wxth photographic 
paper m front of the detectors. The aBe efficiency is determined to be accurate to 
better than 10 % 

3 Experimental results 

Absolute cross sections have been measured for the four-nucleon transfer reactmn 
(12C, 8Beg~ ) from the target nuclei 12C, x60, 24Mg, 26Mg, 4°Ca, 48Ca, 54Fe and 

SSN~ The results are presented m form of particle spectra and angular d~stnbutmns. 
The particle spectra serve as the basis for a discussion of the selective excitation of 
final states m the corresponding residual nuclei. For  most states excited m the re- 
actmns angular distributions could be obtained. In sect. 4, the angular dtstnbutlons 
are compared with distorted wave Born approximation (DWBA) calculatmns and 
spectroscopic factors are extracted. 

For  the presentatmn and d~scussmn of the results of the various reactions we find 
It useful to dlwde the results m three groups: (1) hght target nuclei [12C and 260]; 
(l 0 target nuclei strongly deformed m the middle of the sd shell [24Mg and 26Mg]; 
and (m) target nuclei of the fp shell [4°Ca, 48Ca, 54Fe and 58N1] A reason for the 
separation m these groups is the fact that for hght target nuclei strong compound 
processes are known to contribute slgmficantly m the (~2C, aBe) reactmn 9, so). A 
certain chfference between the results in groups (n) and (m) can be expected from the 
fact that m the Mg region the nucle~ are strongly deformed whereas the nuclel m 
group (hi) are more spherical. 

For  our mvest~gatlons in the fp shell we have selected a group of targets for which 
comparable stu&es of the (160, a 2C) and/or (6LI, d) reactmns are available and which 
prowde a test of the pre&ct~ons of four-nucleon correlations m the correspondang 
residual nuclei. Four-particle configurations such as (lf~) 4 and (2p~) 4 should be 
preferentmlly exctted m "s-transfer" reactmns 0 . e ,  the &rect transfer of two neutrons 
and two protons m a t~ghtly coupled cluster). The configuratmn (lf~) 4 should be the 
ground state four-particle band m 44T1, and the (2p~) 4 should be the corresponding 
band m 6°Zn. It ~s expected that extra neutrons can couple to these configuratmns 
and that neutron-neutron pmr correlatmns can weaken the four-particle configu- 
ration. Tlus ~s called the neutron blockmg effect. An obwous candidate for the (~2C, 
8Be) reaction ,s therefore the target nucleus 4°Ca According to the above consider- 
ations large ~-spectroscop~c factors are expected for the four-particle ground-state 
band, since no ad&tlonal neutrons are present to block these configurations (assuming 
no core excitation of 4°Ca). At 48Ca, the lf~ neutron shell is filled and so the exci- 
tation of (lf~) 4 configurations m S2Tl is unhkely. However, the (2p~) 4 configuration 



134 E. MATHIAK et  aL 

in  52T1 could be excited. For the 54Fe target the l f t  neutron shell ]s filled and the 
If~ proton shell is almost filled. In th~s case the (2p~) 4 configuration should be more 
strongly excited than in case of 52T~. Finally, we decided to select a case for which the 
population of  the (2pt) # configuratmn would be optimized. This configuratmn m 
6°Zn is similar to the ground-state ( l f t )  # configuration m ~¢T~. Unfortunately, the 
obvious target for this investigaUon is 56N~ ' which is radioactive. We have therefore 
selected SSN~ as a target. Thts nucleus is expected to have a dominant v(2p~) -2 
neutron configuration, with additional smaller components of v(2p~)-~(lf~) 2 and 
v(2pt)- 4(2p½)2 configurations. Thus, while this target is not ~deal, it offers a relattvely 
open 2p~ shell for the formation of four-particle configurations. 

3.1. THE (lzC, aBe) REACTIONS ON LIGHT TARGET NUCLEI 

Four-nucleon transfer reactmns from hght nuclei, such as ~2C and ~ 60, bare been 
studied intenswely m the past few years, and numerous theoretical investigations on 
possible u-structures m these nuclet have been reported. 

We have studied the 12C(12C, SBe)~ 60 reaction between incident energies of 35- 
69 MeV (lab). Here, we will discuss only the particle spectra and the angular d~stn- 
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butlons. An analysis of the excltatlon functions has been gtven elsewhere 9-11). 
3.1 1 Tlm 12C(12C, 8Be)160 spectra. The most striking feature of the 12C(12C, 

8Be)160 spectra is the clearly selective excitation of  states in 160. Only a few states 
out of about forty known states m 160 between excitation energies of 0 and 17 MeV 
are strongly populated. As an example, fig 2 shows one out of the approximately 800 
spectra which were taken. The spectrum an fig. 2 corresponds to 50 MeV (lab) bom- 
barding energy and to 0~ab = 15 °. The observed excitation energies are accurate to 
_+ 100 keV. A detailed discussion of the 12C(12C, aBe)160 spectra has been given in a 
previous paper 9) 

It is interesting to note m fig. 2 that the unnatural panty  state at 8.9 MeV (2- )  is 
relatwely strongly excited A clear excitation of thJs state is only observed at bombar- 
ding energles of about 50 MeV or lower. The excltatlon of  this state cannot be pro- 
duced by a simple direct reaction and is interpreted in the reaction studted here as 
ewdence for a slgmficant compound contribution. 

In the 12C(12C, SBe)160 spectra (see fig. 2) and also in the spectra for the other 
(12C, aBe) reactions investigated, a "background bump" xs observed. Some of  this 
background is likely to be due to random coincidences. However, since this bump 
does not change slgmficantly for coincidence resolving time~ of 20 nsec and 100 nsec 
and since the energy difference of  the two coincident particles was required to fulfill 
the condition for aBeg.s" (see sect. 2), it is believed that most of the events in thts bump 
actually correspond to aBe events. Independent of the target nucle~ investigated the 
background starts at Q = - 8  MeV and gets stronger with increasing bombarding 
energy. Since the binding energy of 8Be + ~ is about 7.2 MeV it is likely that the back- 
ground bump is caused by the break-up of the projectile 12C into aBe and ~ Th~s is in 
agreement with the assumptions made by Becchettl for the (160, 12C) reaction 12). 

3.1.2. The 12C(12C, a Beg s )160 angular distributions. Angular &stnbutlons corre- 
sponding to vanous states m ~ 60 are summarized in fig. 3. For  the ground state and 
the 6 9 MeV(2 ÷) state DWBA calculations, shown by the dotted lines, were per- 
formed They are described in sect. 4. The following qualitative reformation can be 
obtained from the angular dlstrlbutlons, whereas the angular distributions for the 
4p-4h rotational band at 6.9 MeV (2+), 10.4 MeV (4 +) and 16.3 MeV (6 +) show a 
strong decrease of the cross section with angle, characteristic of a one-step d~rect 
transfer process, the remaining angular dlstnbutlons show a less pronounced decrease 
toward larger angles This difference is most clearly seen for the two 4 + states at 10.4 
and 11.1 MeV and for the (hkely) 6 + states at 14.7 and 16 3 MeV. From the fact that 
the 6.1 MeV angular distribution does not follow the systematlcs of the 4p-4h states, 
~t is concluded that the major contnbut~on to thin angular distribution comes from 
the 3-  state. 

In conclusion of the 12C(~2C, aBe)160 experimental results it Is found that not 
only a d~rect four nucleon transfer ~s likely to contribute to thts reaction but that also 
other reaction mechamsms are present. In&cations are the excitation of  unnatural 
panty states and the observation of rap~d cross-sect~on fluctuations m the excitation 
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functions in refs. 9-11). These results are also confirmed by the DWBA calculations 
in sect. 4. 

3.2. T H E  1eO(12C, SBe)2°Ne R E A C T I O N  

A SIO2 target was used to measure the 160(x2C, SBe)2°Ne reaction at a bombar-  
ding energy of 56 MeV. The angular range between 10 ° and 55 ° (lab) was covered in 
5 ° steps. Similar results were obtained at 55 MeV bombarding energy and are not 
shown in this paper. To  achieve a hlgh detection efficiency for aBe, relatively large 
apertures were used in front of  the detectors; this leads to an energy resolution in the 
spectra between 0.6 and 1 MeV (F WHM )  The excitation energies in the spectra are 
accurate to _+ 100 keV. 

3.2.1. The x60(~2C, SBe)2°Ne spectra The spectrum in fig 4 is dominated by the 
selective excitation of the K ~ = 0 + [0.0 MeV (0+); 1.63 MeV (2+); 4.25 MeV 
(4+); 8.75 MeV (6+)] and the /C  ~ = 0 -  [5.8 MeV (1-) ;  7.17 MeV (3-) ;  10.3 MeV 
(5 - ) ]  rotational bands in 2 ONe . Both rotational bands have four-particle character: 
for the K = 0 + band the four nucleons are in the sd shell, i.e., (sd) 4, for the K ~ = 0 -  
band the configuration is (sd)3(fp) ~. Strong excitations of  these states is also observed 
m other four-nucleon transfer reactions as, e.g., in (6Li, d) and (TLI,  t )  

The [K ~ = 2 - ]  band has a 5p-lh configuration, ( t p ) - l ( s d )  5 and can onry be 
reached by removing a nucleon from the ~ 60 nucleus into the sd shell, not accessible 
in an u-transfer reaction The members of  this band are 4.97 MeV (2-) ,  5.63 MeV 
( 3 - )  and 7.0 MeV (4-) .  The observation of states at 5.0, 5.8 and 7.2 MeV in the 
spectra shown in fig. 4 is a possible indication that this band is exctted in the reactton. 
Though the energies do not agree exactly, the broadness of  the states, in particular 
the 7.2 MeV one, seem to indicate a contribution of  this band. 
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tion o f  the aBe energy ls shown m fig. 2 
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3.2.2. The t 6 0(12 C, S Be)2 ° Ne angular distributions. Angular distributions for the 
observed states m the particle spectra are shown i n  f ig.  5. An overall decrease of  the 
cross section with angle over two orders o f  magnitude between angles of  20 and 90 ° 
(c.m.) is seen. This seems to  indicate the overall direct character of  the reaction. How-  
ever, the possible excitation o f  unnatural panty  states of  the [K = 2 -  ] band with a 
5p-lh configuration indicates the presence of  compound nucleus or multi-step pro- 
cesses. A more detailed discussion on the reaction mechanism is given in sect. 4 where 
also the D W B A  predictions are described. 
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3.3. THE (12C, aBe= s ) REACTION ON sd SHELL TARGET NUCLEI 

The (12C, abe) reaction has been investigated on the target nuclei 24Mg and 26Mg 

at bombarding energies of  50, 60 and 65 MeV (lab). Angular distributions were ob- 
tained between 15 ° and 75 ° (c m.). In a d d i t i o n ,  for t he  24"Mg(12C, 8Be)2SSI reaction 
data were taken in I ° steps (c.m.) between - 2  ° and 40 ° in order to study forward 
angle oscillations. 

The cross sections obtained for the above reactions are of the order of 10 -100  
#b/st and are significantly smaller than for the target nuclei 12C and 160 (see 
subsect 3.1). Only at 0 ° the cross section for the 24Mg target reaches about Imb/sr 
Because of the small cross sections only a limited amount of  data for the 26Mg target 
were measured. The purpose of the measurements from this target nucleus is to 
investigate the effect of additional neutrons as compared to 24Mg 

3.3.1. The 24Mg(12C, 8Be)285i spectra. Only a few of the approximately thirty 
states in 2ssi between 0 and 10 MeV excitation energy are strongly populated m this 
reaction The spectrum, taken at 50 MeV (lab) bombarding energy and at 0 °, is 
shown in fig. 6. Most strongly excited throughout the spectra are the states at 6.9 
MeV and at 9.75 MeV. In fig. 6, the 9.75 MeV peak is very close to the 6. l MeV (160) 
state arising from the carbon backing of the target. At other angles and energies this 
state is clearly separated. 

Compared to the 6.9 and 9.75 MeV states the ground-state rotational band [(0.0 
MeV (0+); 1.78 MeV (2+), 4.62 MeV (4+); 8.54 MeV (6+)] is only weakly excited. 
The weak excitation in this reaction seems to support theoretical estimates that this 
band has a rather complicated rotational-vibrational structure. 

Above 10 MeV excitation energy the population of states in 28Si near 11, 12, 13. l, 
14 6 and 15.8 MeV is observed. Excitation of  unnatural parity states at 6.27 MeV (3 +) 
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Fig. 6 Pamcle spectrum for the reaction 24Mg(12C, aBeg, )2aSl measured at an incident energy of  
E12c(lab) = 50 MeV and at an angle of  0 = 0 °. Th© relative detection efl~clency of 8Bej, as a function 
o f  the aBe energy is shown m fig. 2. Peaks corresponding to the 12C backing and 160 impurities 

are labeled m the figure. 
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Fig. 8. Angular  distributions for the 24Mg(X 2C, 
aBe)2aS1 reaction at an incident energy o f  
E12c(lab) = 65 MeV to the ground state and 
various excited states m 2 aSl The dotted curves 
are D W B A  calculations obtmned with the 
parameters gwen m tables 2 and 3, these cal- 

culations are described in subsect. 4 2 

Fig 9. Particle spectrum for the 2~Mg(t2C, 
aBez s )a°Sl  reaction at an incident energy o f  
E12c(lab) = 60 MeV measured at an angle o f  
0~ab = 40 °. The relatwe detection efficiency for 
aBe z , as a funct ion o f  the aBe energy is shown 

m fig 2 

and 7.8 MeV (3 +) are not observed m this reaction A possible excitation of the 4 -  
state at 8.41 MeV could not be &stmguished from the 6 + state at 8 54 MeV 

3.3.2. The Z4Mg(12C, SBe)2SSi angular distrtbutions. In figs. 7 and 8 angular &strL- 
butions are shown for 50 and 65 MeV bombarding energy (lab), respectively. The 
error bars m figs. 7 and 8 represent the combined uncertainties from counting statistics, 
separation of  the hnes in the spectra, background subtraction and detection e~c lency  
for 8Be. 
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The data at 50 MeV bombarding energy (lab), measured between - 2  ° and 40 ° 
(c m ) and shown in fig 7, exhibit a strongly oscdlatlng angular distribution for the 
ground-state transition and exponentmlly decreasing angular distributions for the 
other states. Pronounced maxima of the cross secttons are observed at 0 ° w~th cross 
sections of the order of 500 pb/sr for the 0 +, 2 + and 4 + states and an order of 
magnitude larger cross sections for the 6 9 MeV state For  discussion of the DWBA 
predictions we refer to sect 4. 

Angular distributions, taken m larger angular steps between 20 ° and 80 ° for a 
bombarding energy of 65 MeV (lab), are shown m fig. 8; the cross sections are gener- 
ally smaller than at 50 MeV. Again, one observes a strong decrease of the cross 
section by about three orders of magmtude wtth increasing angle The angular distri- 
butions corresponding to the 6 9 and 9.75 MeV states show an order of magmtude 
lalger cross sectton than the other states 

3 3.3. The 26Mg(lzc, 8Be)3°Sl spectra This reaction was chosen to investigate the 
( l zc ,  SBe) reaction from a "non-0Mlke" target nucleus and the effect of addmonal 
neutrons. In fig 9 the spectrum for the 26Mg(lZc, 8Be)3°S1 reaction at 60 MeV bom- 
barding energy (lab) and at 40 ° (lab) is shown. The energy resolution is about 600- 
800 keV and the excitation energies indicated m the figure are accurate to + 200 keV. 

The overall feature of the spectrum in fig 9 is the lack of any strongly excited states 
except those due to contaminants. In none of  the spectra obtained states were excited 
with a cross section larger than 10 #b/sr. No states below 5.6 MeV are excited. In 
particular, the ground state (K = 0 +) rotational band, predicted from the SU(3) 
model, at 0 0 MeV (0 +) 2 23 MeV (2 +) and 5 28 MeV (4 +) is not observed in the 
spectra taken for thts reaction 

The hne at 5.6 MeV probably contains contributions from the 5 37 MeV (0+), 
5 49 MeV (3 - )  and 5.61 MeV (2 +) states. At 7.3 MeV several states are also hkely 
to contribute, they are the 7 27 MeV (2+), 7 22 MeV (4 +) and 7.43 MeV (0 +) states. 
Unnatural panty  states at 7.1 MeV (1 +, 2 - ,  3 +) and at 7.5 MeV (0- ,  2 - )  probably 
do not contribute to this state since other unnatural parity states at 2.79 MeV (1 +) 
and at 4 83 MeV (3 +) are not excited m the reaction. 

Above 8 MeV hnes are observed m the spectrum at 8.6, 9.6, 10.6, 11 4 and 13.0 
MeV Some of these states possibly could have ~-structures with 32S-2h configuration. 

3 3 4  The 26Mg(12C, 8Be)3°Si angular distrlbuttons. Angular distributions ob- 
tained at a bombarding energy of 60 MeV (lab) for states corresponding to excitation 
energies of 5 6, 7.3, 8.4-8 8, and 9.6 are shown m fig. 10. The relative large error bars 
are mainly due to poor  counting statistics and due to uncertainties in peak integration. 
The cross sections are of the same order of  magmtude as for the g s. rotational band 
m the 24Mg(12C, SBe)ZSSI reaction 

In summary, it can be concluded from the experimental results obtained for the 
sd shell nucle~ that (l) the selective excltaUon of states in the residual nucleus 2aS1, 
(H) the absence of unnatural panty  states m the spectra and (m) the rapLd decrease of 
the cross section w~th angle are clear indications of a direct, one-step reaction process. 
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Fig. 1 l .  Particle spectrum for the 4°Ca(~2C, SBe= ,.)'~I'1 reaction measured at an incident energy of  
E12c(lab) = 56 MeV and at a lab angle o f  approximately 30*. The high energy part o f  the spectrum 
Js enlarged by a factor o f  five to show more detads. The corresponding scale is on the right hand side 
o f  the figure. The relative detection efficsency for sBe as a functmn o f  the SBe energy ~s shown in fig. 2 

The question of  an actual ~-transfer mechamsm is discussed m sect. 4 on the basis of  
the DWBA calculatmns. 
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3.4. THE (12C, aBe) REACTION ON fp SHELL TARGET NUCLEI 

Spectroscopic considerations and avadable data from other four-nucleon transfer re- 
actions have led us to investigate the (12C, SBe) reaction from the target nuclei 4°Ca, 
4SCa, S4Fe, and 5SNi. The small cross sections (generally between 0 1 and l0 pb/sr) 
along with the fact that the detection efficiency for aBe is only a few percent make 
these investigations difficult Relatively large detector apertures were chosen to 
maximize the detection efficiency. The energy resolution obtained for the abe spectra 
is between 500 keV and 1.5 MeV, depending on the SBe energy and the angle at whtch 
the particular spectra were taken. The excitation energies are accurate to + 150 keV. 

In the following the experimental results are presented Spectroscopic factors, 
derived from DWBA calculations, are gtven and compared with other react:ons in 
sect. 4. 

3 4.1. The 4°Ca(12C, SBe)44Ti spectra and angular dtstrlbutions. This reaction was 
investigated at 56 and 56.6 MeV bombarding energy (lab). Fig. I 1 shows the spectra 
taken at 56 MeV bombardang energy (lab) and at 29.75 ° (lab). One can see the exci- 
tation of the ground state (0 +) and of states at 1 1 MeV (2+), 2 5 MeV (4+), 3 4 MeV 
and 4.1 MeV. Above 5 MeV excitation energy the spectrum is contaminated from 
contributions from the target-backing ~2C and from 160 contributions At larger 
angles and/or where the spectra are free of contaminations strongly excited states are 
observed at 5.3 MeV, between 6.8 and 7.8 MeV, and at 8.6, 10.4, 11 6 and 12.4 MeV 

Because of the contaminations in the spectra, complete angular d~stribut~ons m the 
angular range 200-80 ° (c m.) could only be obtained for the states at 0.0, 1.1, 2 5, 3.4, 
4.1 and 5.3 MeV, they are shown in fig. 12. Since no strong energy dependence of 
the cross section is expected, the data for the 56.0 and 56.6 MeV measurements are 
included in the same graph, as indicated in the figure. The overall behawor of  the 
angular dlstributxons is similar to those of the sd shell nuclei, though the decrease of  
the cross section with angle is more rapid here. At angles of about 20 ° the cross 
sections are of the same order of  magnitude for comparable states in the sd shell 
region. 

3 4.2. The 4SCa(12C, SBe)52Ti spectra and angular distrtbuttons. This reaction was 
measured between 15 ° and 75 ° (c.m.) at a bombarding energy of  56 MeV. The low- 
lying states m 52T1 (see fig. 13) are only weakly excited, and the cross sections (see 
fig. 14) are about a factor of  five smaller than for the 4°Ca reaction. Inspection of 
the particle spectra obtained shows that the selectivity is less pronounced here than 
m 44TJ which is likely to be due to the additional eight neutrons. 

No separated states above 4 MeV are observed within the experimental energy 
resolution Thus the question whether (2p~) 4 configurations are exclted cannot be 
answered on the basis of the data presented here. 

3.4.3. The 54Fe(12C, SBe)SSNi spectra and angular dtstributions Cross secuons for 
this reaction were measured at 56 MeV bombarding energy (lab) at angles between 10 ° 
and 40 ° (c.m.). A spectrum taken at 15 ° (lab) is shown m fig. 15 Above 20 ° most 
strongly excited is the state at 4 6 MeV. The ground-state band [0.0 MeV (0+); 
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1.45 MeV (2+); 2.45 MeV (4+)] is clearly seen in fig. 15. The cross secUons (see fig. 
16) are not larger than those for the ground-state band m 52T1, as expected (see 
begmning of this section). Above 5 MeV, excttatlons are found at 6.8, 7 7 and 8 9 MeV. 

The somewhat better resolution in thas spectrum than in the previous ones results 
from a reduced kmematlc broadening due to the heavier target nucleus and due to 
the fact that this spectrum was taken at a more forward angle. 

3.4.4. The SaNt(lzC, 8Be)62Zn spectra and angular distribution. D a t a  for  this re- 

ac t ion  were o b t a m e d  only at  angles o f  0~ab = 30 °, 35 °, 40 ° and  45 ° and  at  a b o m b a r -  

ding energy o f  55 MeV (lab).  In  fig. 17 the spec t rum ob ta ined  at  40 ° ]s shown The 

energy reso lu t ion  in this  spec t rum ~s a b o u t  500 keV. S t rongly  excited states a t  3.2, 4.0 

and  5.0 M e V  and  a pa r t i cu la r ly  s t rong  state at  7.0 MeV are  observed.  The  3.2 MeV 

state cou ld  co r r e spond  to the  3.22 MeV ( 3 - )  state accord ing  to  K u s a k a r i  et al. 13) 
or to  the  4 + state a t  3.216 M e V  given by  Farwel l  et al. ~4). 

The g round-s t a t e  b a n d  [0.0 M e V  (0+);  0.95 M e V  (2÷) ;  2.2 MeV (4+)]  is only  

weakly  exci ted c o m p a r e d  to  states above  3 MeV. However ,  they  are stgnlficantly 
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stronger excited than the corresponding states in ssN[ and S2Ti, compared with the 
states in 44T~ the exmtatlon Is weaker here. 

As shown in fig. 18, the cross secUons show a s]mdar decrease with angle as ob- 
served for the other fp shell nuclei. 
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4. Spectroscopic factors and comparison with other reactions 

The angular &stnbutlons for (12C,  SBe) reactions on sd and fp shell nuclei are 
suggestive of  a one-step &rect transfer process, as shown m the previous section. 
Only the angular d~strabut~on for the a2C and a60 target nuclei show evidence for 
contnbutaons of more complicated reaction mechanisms, such as compound and 
multi-step processes If, m addition to the darect character of  the reactaon, the transfer 
mechanism can be described by the transfel of  an ~-partacle, a reasonable description 
of the angular &stnbutaons in terms of  DWBA calculataons can be made Thas 
question was investigated by using the finite range DWBA code LOLA of DeVnes t s) 
which treats recoil effects exactly. 

For  the reactions studied here (target spin = 0) the experimental cross section 
da(O)/dI2 is compared with the DWBA cross section da(O)LoLA/dt2 by 

(0) - 2J. + 1 d--6 2 J , + 1  S, ('2C)S,(B) (1) 

where A denotes the target nucleus and B the state in the residual nucleus reached in 
the reaction and Jh and Js  are their respective spins; S~(~2C) Is the spectroscopic 
factor for x2C = SBe+0~ and S~(B) is the respective spectroscopic factor for the 
residual state. 

The following assumptions were made to perform the calculations: the transferred 
partacle as an a-cluster with spin 0. Core excitations are not taken into account This 
means that the c¢-partacle in the projectile t2C = SBe + ~ has a relative orbital angular 
momentum of I t = 0. Smce only spin-zero target nuclei are investigated m this paper  
the spin of  the core A m the residual state A + ~ has spin zero and the total spin of  the 
residual state equals the orbital angular momentum lz. The quantity lz is the angular 
momentum transferred by the ~-partlcles and ~s l z = 0, 2 or 4 for the reactions in- 
vestigated here 

The number of  nodes N of  the wave functions for the bound states of  the c¢-partacle 
m the final state, i.e. c¢+A, is given by 

4 
2 N + L  = ~ 2n,+l,, 

1=1 

where L = 12 is the angular momentum of  the co-particle in the final state and n, and 
1,, are the spans and orbital angular momenta  of  the four nucleons. To calculate the 
number of  nodes, particular configurations of  the four nucleons m the projectile and 
in the final state have to be made. For  the projectile ~2C the four nucleons which 
form the ~-particle are assumed to be m a ( lp)  4 configurataon The configurations 
assumed for the final states are hsted in table 2 

By comparing the calculated and measured cross sections the product of  the spec- 
troscopic factors S~ = S~(12C) S~(A + ~ )  can be obtained. We use the index 0c for 
indicating that we are dealing with ~¢-spectroscop~c factors. In prmcaple, for a c o m -  
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TABLE 2 

Assumed shell-model configurations and bound state radms parameter ro (R = ro A~r) m the DWBA 
calculatmns for various final states and the resultant spectroscopic factors (see text) 

Final state Configuratmn L N Bound Binding Product S~(B*) S~(B) 
assumed state energy S=(~2C)S~(B) S~(Bg ~ ) 

ro (fm) (MeV) 

lzc(0+, 0 0) aBe®(lp)4 0 2 1.25 --7.37 0.542 a) 
160(0+, 0 0) x2C®(lp)4 0 2 1.25 --7 16 0.125 1 0.23 a) 
160(2+, 6 9) 12C® (lp) 4 2 1 1.25 --0 26 0.45 3 6 0 83 
2°Ne(0+, 0 0) 16OQ(2sld) 4 0 4 1 25 --4 73 0 160 1 0 295 b) 
2°Ne(2+, 1 63) 160®(2sld)4 2 3 1.25 --3 10 0 0982 0.61 0.181 
2°Ne(4+, 4 25) 160®(2sld) 4 4 2 1.25 --0 48 0 0409 0 26 0 075 
2sSff0+, 0 0) 24Mg® (2sld) '~ 0 4 1.25 --9 986 1 4 1 2 58 
2sSff2+, 1 8) 24Mg®(2sld)4 2 3 1 .25  --8.186 0.26 0 19 0 48 
2sSff4+, 4 6) 24MgQ (2sld) 4 4 2 1.25 --5.386 0.12 0 086 0 22 
2sS1(4+, 6.9) 24Mg®(2sld)4 4 2 1 25 --3 086 0 39 0 29 0 72 
3°$1(2+, 5.6) 26MgQ(2sld) 4 2 3 1.25 --5 05 0 19 0 35 
a°Sff2+, 7.3) Z6Mg®(2sld)4 2 3 1.25 --3 35 0.16 0 295 
44T1(0+, 0 0) 4°Ca®(lf2p)4 0 6 1.20 --5 235 0 34 1 0 62 
44T1(2+, 1 08) ' t °Ca®(lf2p)  4 2 5 l 20 --4 155 0 0752 0.22 0 139 
44T1(4+, 2.5) 4°Ca® (1f2p)4 4 4 1.20 --2.725 0.048 0.14 0.089 
52T1(0+, 0.0) 4SCa®(lf2p)4 0 6 l 20 --7.673 0.488 1 0 90 
~2T1(2+, 1 04) 4aca®(lf2p)4 2 5 1 20 --6 683 0 0328 0 067 0 061 
S2Tl(4+, 2 3) 4SCa®(lf2p)4 4 4 1 20 --5.373 0 0172 0 035 0 032 
5SNx(0+, 0 0) S'~Fe®(lf2p)4 0 6 1 25 --6 408 0.046 1 0 085 
5SNff2+, 1.45) S'~Fe®(If2p)4 2 5 1.25 --4 908 0 0080 0.17 0.015 
5SN1(4+, 2 45) S'LFe®(lf2p)4 4 4 1.25 --3 908 0 0036 0 078 0 0066 
62Zn(0+, 0 0) 5aNl®(lf2p) 4 0 6 1.25 --3.305 0.106 1 0 20 
62Zn(2+, 0 95) 5aN1® (1 f2p)* 2 5 1.25 --2.355 0.038 0 35 0.070 

a) Taken from ref. 16). 
b) Taken from ref is). 

parison with other reactions the spectroscopic factor S , ( A + ~ )  is needed, l e., the 
spectroscopic factor S,(x2C) and those for the projectdes from the other reactions 
to be compared with have to be known. Since these factors are not known accurately 
in most cases it ~s useful to compare the ratms of  the spectroscopic factors for the 
excited final states and the ground state for the various reactions. In the following 
we wdl refer to this relative ~-spectroscoplc factor as S, el = S~(exc)/S,(g s ). For the 
comparison of absolute spectroscopic factors we have used a value of S,(12C) = 
0.542 This value was calculated by Rotter x6), and ~s close to a value of 0.675 ob- 
tained semi-empirically from the data of Gutbrod et aL 1~) for the 12C(d, 6L0SBe 
reaction w i t h  S ~ (6L1)S~(12C)  = 0 759 and from a value o f  S~(6L1)  = 1.1 obtained 
by Klages et al. 17). Theoretical values for the ~-spectroscoplc factor for 12C and 
160 by Rotter 26) were chosen for comparison with the (160, x2C) reaction. 

Table 3 summarizes the optical model parameters used in the DWBA calculahons 
for the various reactmns. In table 2 for every final state the assumed configuration, 
the transferred angular momentum, the number of nodes in the wave function, the 
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TABLE 3 

Optical model  parameters  used m the D W B A  calculations 

Channel  V W.,I ro a rt al rc Re f  
(MeV) (MeV) (fm) (fm) (fro) (flu) (fm) 

12C.q- 12 C 
aBe_[_160 14 0.4+0.14E¢ m 1.339 0.49 1.339 0.49 1 2 23) 

12C.+. 16 O 
SBed_2ONe 30 12 0 1.13 0 65 1.13 0.65 1.25 24) 

12Cq-24Mg 
SBe_}_28S1 37 78.0 1.28 0.583 1.305 0.28 1.25 24) 

12C-.~- 26Mg 
SBeq_3os I 37 78 0 1.28 0.583 1 305 0 28 1 25 2,*) 

12C.q._ 4oca  
aBeq_.4.4TI 33 4 18.0 a) 1 271 0 55 1 176 0.05 1.2 22) 

12C-Jr't 8Ca 
aBe+ 52T1 33.4 18 0 ~) 1 271 0 55 1 176 0.05 1.2 22) 

12C+54Fe 
SBe+ 5aN1 35 2 61 4 1.31 0.493 1.20 0 204 1 2 25) 

12C-~- 5SNI 
aBeq_e2z n 35.3 19.7 1.31 0 493 1.242 0 204 1.2 2s) 

R = ro(A14:+A2~) .  

a) In a d d m o n  to the volume absorption a surface absorption term 4lYsurf = 18 MeV along with 
a diffuseness o f  asu,f = 0.55 fm was used following ref. 22) 

bound state radius parameter, and the binding energies as well as the extracted values 
for the spectroscopic product S~(12C)S~ (residual state), the relatwe spectroscopic 
factor S~, l and the absolute spectroscopic factors are given. A crltlcal discussion on 
the effect of  using different optical model parameters and/or different bound state 
radii, which were found to be most sensitive m the calculations, are given at the end 
of subsect. 4.3. 

The cross sections calculated with the DWBA code LOLA using the values of 
tables 2 and 3 are shown along with the experimental angular distributions in sect. 3. 
The results are discussed m the following. 

4.1. D W B A  C A L C U L A T I O N S  F O R  T H E  (12C, aBe) R E A C T I O N  ON 12C A N D  160 

For  the 12C(12C, SBe)160 reaction at 63 MeV bombarding energy (lab) to the 
ground state (0 +) and to the 6.92 MeV (2 +) state, DWBA calculations were perfor- 
med and are shown m fig. 3 Since this reaction was shown to contain most likely 
large non-d~rect components, no fitting of the theoretical curve to the experimental 
data was tried; rather the theoretical values for the spectroscopic factors for ~2C and 

60 by Rotter 16) were used. It Is gratifying to note that m fig. 3 the calculated cross 
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secttons are of the same order of magmtude as the experlmental ones; the shape of the 
calculated cross sections, however, deviates considerably from the experimental one. 

For  the 6.92 MeV (2 +) state the DWBA curve was adjusted to the data at the most 
forward angles, where a direct a-transfer process is expected to be strongest The 
absolute spectroscopic factor for this state of S~(160, 6 9 MeV) = 0 83 is about four 
times larger than the theoretical value for the 160 ground state Since the 6.92 MeV 
(2 +) state ~s the second member of the 4p-4h rotational band m 160, the obtained 
spectroscopic factor appears to be plausible. On the other ha~d the poor description 
of the experimental data by the theoretical curves for the ground state and the 6 92 
MeV state Is, in agreement with the results of subsect. 3.1 2, interpreted as ewdence 
that significant non-direct contrlbutmns are present m this reactmn. 

For  the 160(lzC, aBe)ZONe reactmn unsatisfactory agreement of the DWBA cal- 
culations with the experimental data is obtained (see fig. 5). Again, for the ground- 
state transition theoretical ct-spectroscop~c factors were utlhzed. For  the 1 63 MeV 
(2 +) and the 4 25 MeV (4 +) states the theoretical curve was adjusted to the data at 
the most forward angles yielding spectroscopic factors of S~(2°Nel 63) = 0 181 and 
S,(2°Ne4.25) = 0 075. These values are smaller than those calculated by Matsuse 
and Kamlmura is), who find a value of about 0 27 for both the 2 + and the 4 + states 

The calculation of cross sections to unbound states m Z°Ne = 1 6 0 + a ,  above 
4 73 MeV excitation energy, are not possible w~th the computer code used. 

4 2. DWBA CALCULATIONS FOR THE (12C, aBe) REACTION ON sd SHELL NUCLEI 

The experimental angular distributions for the 24Mg and 26Mg targets (see sub- 
sect 3.2) clearly show a direct reacnon character. Therefore a better descnpnon of 
the data m terms of DWBA calculations is expected than for the hght target nuclel 
described m the prewous section. 

In fig. 8, DWBA predictions for the reaction 24Mg(12C, 8Be)2SS1 at 65 MeV bom- 

barding energy are compared with the experimental data between 20 ° and 80 ° (c m.). 
As can be seen, the calculations are m reasonable agreement with the data; m parti- 
cular, the rapid decrease of the cross sectmn with angle over three orders of magmtude 
~s correctly reproduced by the calculations A spin of 4 + has been assumed for the 
calculation corresponding to the 6.9 MeV state, i.e., it ~s assumed that the 6.89 (4 +) 
state ~s much more strongly excited than the 6.88 (3 - )  state. Thts is suggested from 
the work of Lmdgren et al 19). Since the calculations are lengthy and expensive the 
possible influence of the 3-  state has not been investigated here. 

The absolute a-spectroscopic factors obtained for the states m 2SS1 are relatively 
large: a value of 2 58 ~s found for the ground state, and decreases with increasing spin 
of  the final state to 0.48 for the 2 + state and to 0 22 for the 4 + state at 4 6 MeV As 
expected, the 6 9 MeV state has a large spectroscopic factor of 0.72. These spectro- 
scopic factors are close to those for 12C, 160 and 2°Ne and suggest that s~mdar or- 
structures exist in 2aSL 

Using the same parameters and spectroscopic factors as before, DWBA predictions 
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were made for the angular distributions between - 2  ° and 40 ° (c.m.)measured at 50 
MeV and shown in fig. 7. Whereas the ground-state angular distrtbuuon is described 
adequately at the most forward angles, the data for the other states are significantly 
larger at angles between 0 ° and 10 ° than the DWBA cross sections. For  angles larger 
than about 10 ° sausfactory agreement, comparable to the 65 MeV data in fig. 8, ~s 
obtained here also. This effect is interesting and has been observed also for one- 
proton transfer reactmns by Sink et  al  20). These authors attribute the enhanced 
cross section at small a,-agles to interference effects For  a discussion of interference 
effects at small angles we would hke to refer also to the work of Ascuitto and Glen- 
denning 2 ~) 

The DWBA curves in fig. 10 for the 26Mg(12C, SBe)3 os1 reaction are in agreement 
with the data within the large experimental error bars Therefore the extracted spec- 
troscopic factors are assocmted with uncertainties of up to 50 %. However, they are 
smaller than the corresponding ones to 2ssi (see table 2). 

In summary of the DWBA calculations for the sd shell nuclei, it can be concluded 
that the experimental data are consistent with the assumption of an ~-transfer me- 
chamsms for the (12C, abe) reaction Only at very forward angles, where data were 
taken for the 24Mg(12C, SBe)28SI reaction, are the experimental cross sections found 

to be considerably larger than the calculated ones. 

4.3. DWBA CALCULATIONS FOR THE (t2C, abe) REACTION ON fp SHELL NUCLEI 

DWBA cross sections have been calculated for the (12C, 8Be ) reaction on the target 
nuclei 4°Ca, 48Ca, SgFe and 5aN1 utilizing the optical model potentials listed in table 
3 and the spectroscopic assumptions in table 2. 

In fig 12, calculated cross sections for the 4°Ca(12C, 8Be)44T1 reaction at 56 MeV 
bombarding energy are compared with the experimental data for the ground state 
(0 + ) and for the 1.08 MeV (2 +) and the 2.5 MeV (4 +) final states. The optical poten- 
tial of Bond et al. 22) obtained for 1 a C + 40Ca elastic scattering was used. Whereas 
good agreement with the data is achieved for the 2 + and 4 + states the strong oscil- 
lations in the theoretical ground-state angular distribution is not observed in the data. 
A possible reason is that the experimental data were taken with an angular resolution 
of + 2  °, in order to achieve large detection efficlencles for abe. The overall decrease 
of the experimental and theoretical cross sections for the ground-state transition are 
in agreement. Absolute ~-spectroscoplc factors of 0.62, 0.139 and 0 089 are obtained 
for the ground state, 2 + and 4 + states, respectively, showing a decrease with in- 
creasing spin of the final state. This behavior was also observed for the sd shell nuclei 
(see subsect 4.2). 

The results for the 4SCa(12C, aBe)S2TI reactions are shown In fig. 14. Because of 
the lack of optical model parameters from 12C +4SCa elastic scattering, the same 
potentml as before is used here (see table 3). Similar to the 4°Ca reaction the ground- 
state angular distribution oscillates strongly w~th angle. The relatively smooth decrease 
of the experimental cross sections, again, is most hkely due to the angular spread- 
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lng of + 2  ° in data taking. For  the 2 + and 4 + states the experimental cross sections 
seem to fall off more rapidly for angles larger than 40 ° than predicted by the calcu- 
lations. The resultant x-spectroscopic factors for the 2 + and 4 + states in 52Ti are 
about two to three times smaller than the corresponding ones in 44Ti. A comparison 

of  the ground-state spectroscopic factors is hardly meaningful because of the large 
uncertainties in determining these values for both the 4*Tt and the s 2T1 ground states. 

For the 5*Fe(12C, aBe)SSN1 and the 58NI(12C, 8Be)62Zn reactions, DWBA cal- 

culations are shown in figs 16 and 18, respectively. As can be seen in table 2, the ~- 
spectroscopic factors for states in 5aN1 are extremely small, they are even smaller 
than those for 52Ti. This is not expected if four-nucleon correlations are assumed for 
these states (see sect. 3). For  62Zn the x-spectroscopic factors are larger again, Le., 
they are 0.20 for the ground state and 0.07 for the 2 + state. It is interesting to note 
that the oscillations in the calculated ground-state angular distribution are less pro- 
nounced than for the other fp shell nuclei studied in t/ms paper. 

The DWBA cross sections depend strongly on the bound state radius parameter 
(here: for ~ +aBe) and to a certain degree on the choice of the optical model param- 
eters. Whereas an order of  magnitude difference was found for the spectroscopic 
factors for the 4°Ca(t2C, 8Be)*4TI reaction for bound state radii for x + aBe of R = 

1 2 A~s~ 2.4 fm and R 1.2 ~ = = ( A s B c + A ~ , )  = 4.3 fm, the difference from dafferent 
optical model parameters was found to be less than 25 ~ .  The absolute or-spectro- 
scopic factors therefore are strongly model-dependent; for the relative spectroscopic 
factors, however, no significant change was observed from different ground-state 
radii or optical model parameters 

TABLE 4 
Comparison of relative spectroscopic factors Sret = S~(Ex)/S~(g.s.)  as extracted from (~Lt, d), 

(12C, aBe) and (x60, 12C) reacttons (see text) 

Final state (eL1, d) Ref. (x2C, aBe) (t60, tzC) Ref. 
present work 

t60(6.9 MeV, 2 +) 2 3 a) 26) 3.6 

2aNe(1 63, 2 +) 0 26 27) 0.61 
2°Ne(4 25, 4 +) 0.19 27) 0.26 

2aSK1.8 , 2 +) 0.21 2a) 0.19 

28S1(4.6, 4 +) 0.10 2s) 0.09 

*'°1'1(1.08, 2 +) 0.26 a o) 0.22 
**T1(2.5, 4 +) 0.15 so) 0.14 
44T1(3.34, 4 +) 

52T1(1.04, 2 +) 0.46 32) 0.067 

5SNi(1.45, 2 +) 0.28 a2) 0.17 

62Zn(0 95, 2 +) 0.23 a2) 0.35 

0.22 29) 
0.27 20) 

0.49 zl) 

0.14 31) 

") Th~s value was extracted from the (7L1, t) reaction. 
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44 COMPARISON OF SPECTROSCOPIC FACTORS FROM DIFFERENT FOUR-NUCLEON 
TRANSFER REACTIONS 

In table 4, a-spectroscopic factors from the (12C, aBe) reaction obtained in th~s 
work are compared with those from other four-nucleon transfer reactions where 
available 

4 4.1 L igh t  target  nuclei. Considering the large uncertainties in the reaction me- 
chamsm, a surprisingly good agreement of the spectroscopic factors for the (6LI, d), 
(TLI, t) and (12C, abe) reaction is obtained for hght target nuclei m table 4 It is also 
interesting to note that the spectroscopic factor for the 6.9 MeV (2 +) state m 16 0 is 
about a factor of three times larger than the ground-state one For  the 2°Ne g.s. 
band, decreasing spectroscopxc factors are obtained with increasing spin Tb_ls is not 
in agreement with theoretical estimates and a possable reason could be that compound 
contributions are larger for the reactions which lead to final states with relatwely large 
spms 

4 4.2. The sd  shell  nuclei Relative spectroscopic factors for states m 28S1, extracted 
from the (6L1, d), (12C, aBe) and (160, 12C) reactions are compared in table 4. A 
strikingly good agreement is obtained, suggesting a simple a-transfer process for these 
reactions. 

4.4 3. T h e f p  shell nuclei. Excellent agreement of the spectroscopic factors for the 
ground-state band in 44T1 is obtained from the (6L1, d) and (12C, abe) reaction (see 
table 4), whereas the agreement with (160, 12C) is poorer. For  52Tj the extracted 
values deviate considerably. A somewhat better agreement ~s observed for 58NI and 
62Zn, as can be seen in table 4. 

5. Conclusion 

From the spectra, angular distributions and DWBA calculations presented in this 
paper it is concluded that the (12C, SBe) reaction from the target nuclei 12C, 160, 
Z4Mg, 26Mg, 4°Ca, 48Ca, S4Ee and SSNl investigated m this paper exhibit both 
d~rect and non-direct features for the hght target nucle~ 12C and 160 and show a 
clearly dominant direct reaction mechanisms for target nuclei of 24Mg and heawer. 
Indications are: The particle spectra for the (12C, aBe) reactions on 12C and 160 
show strong excitations of  "a-hke"  states; however, other non "a-like" states are 
also excited including states w~th unnatural panty. A 10-30 ~ compound contribution, 
found in the analysis of the excitation functions 9), is consistent with the results ob- 
tained here The poor agreement of the DWBA calculation w~th the shape of  the ex- 
perimental angular distributions is likely to be due to the compound contribution in 
the reaction On the other hand, the agreement of the spectroscopic factors with 
other four-nucleon transfer reactions such as (6Li, d), is indicative that the reaction 
to the strongly excited ~-Ilke states is mainly direct. This ~s also confirmed from the 
spectra at very forward angles, where a strong population of the a-like states are ob- 
served 



(12C, SBe) REACTION 155 

The (12C, SBe) reaction from the target nuclei of 24Mg and heavier clearly indicate 
a direct reaction mechanism: the cross section decreases rapidly with angle and good 
agreement with the DWBA calculations ~s obtained. No indication is found for the 
population of unnatural panty states m any of the spectra. 

Some support for the assumption of an ~t-transfer mechamsm in contrast to a more 
complicated transfer of four nucleons ~s obtained from the good agreement of the 
spectroscopic factors with other reactions such as (6Li, d) and (160, 12C), and the 
selective excitation of the same final states in all of these reactions. 
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sohd-state detectors and Dr. Maler and Frl. Fnsclake for the preparation of the 
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