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Abstract 

Recent investigations on reaction me­
chanisms and on highly excited states in 
nuclei are reviewed, mainly in the fields 
of scattering, precompound- and compound 
processes, high-spin-states and giant re­
sonances. It is shown that the high and va­
riable energies of modern cyclotrons and 
the possible high energy resolution and 
precision was essential for the success of 
these experiments. 

Introduction 

In recent years AVF cyclotrons have 
proved to be very powerful tools for nuc­
lear research due to their features of 
energy variability, energy precision and 
resolution as well as due to the growing 
availability of higher energies for diffe­
rent kinds of projectiles. In this short 
talk I can give, of course, only some ex­
amples of the progress in nuclear physics 
achieved by the use of cyclotrons and I 
apologize in advance that many other inte­
resting results can not be mentioned. 

In the first section I want to review 
some experiments with respect to 

Resolution in Particle Spectra. 

Nowadays, nuclear reaction and scatte­
ring experiments with cyclotrons are mostly 
performed using solid state detectors for 
the identification and energy determination 
of reaction products and of scattered par­
ticles. 

The best energy resolution obtained 
with solid state detectors for high energy 
particles in the 100 MeV region is about 
~E/E = 3,10- 4 (FWHM). This is illustrated 
in fig. 1 for the case of elastic ~-scatte­
ring from Au at an incident energy of 155 
MeV and a scattering angle of eLab=150 1) 
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Figure 1: Spectra of scattered ~-particles 
obtained with a Ge-detector l ). 

The measured half-width of the elastic 
line in the upper spectrum corresponds to 
an energy resolution of ~E/E=2.7.10-4. The 
detector was made of high purity germanium 
of 10 mm depletion depth. The lower part of 
fig. 1 shows an ~-scattering spectrum of 
27Al. The kinematical contributions to the 
half width were strongly reduced in this 
case by appropriate beam matching. The FWHM 
of 67.7 keV corresponds to an energy reso­
lution of ~E/E=4.4·10-4. 

For long range higher energy reaction 
particles, e.g. protons of 80 MeV, the only 
suitable detector type is that of side 
entry geometry. With a Ge(Li)-detector of 
appro 30 mm length and an entrance window 
of 10·10 mm2 , an energy resolution 
~E/E=4.1·10-4 was achieved in case of a 
(d,p) reaction on 62Ni at 84 MeV incident 
energy2) . 

Since cyclotron beams have usually a 
phase volume which is much larger than that 
of Tandem Van de Graaff beams, the kinema­
tic broadening of lines in the particle 
spectra is quite strong for reactions and 
scattering processes involving light tar­
gets. If solid state detectors are used, 
this broadening can be easily 10 times lar­
ger than the intrinsic resolution of the 
detector. This problem can be tackled by 
appropriate beam matching. For this mat­
ching, the beam focus is no longer on the 
target but is shifted away from the target 
by appro the distance between target and 
detector. The improvement achieved in reso­
lution is demonstrated in fig. 2. The upper 
right hand part shows the "unmatched" spec­
trum of elastic ~ -scattering lines from 
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Figure 2: Improvement of energy resolution 
by proper beam matching3 ) . 
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12C and 160 at 155 MeV; the lower part ob­
tained with matching, shows a measured 
FWHM of 78.2 keV corresponding to an energy 
resolution of fiE/E=5·10- 4 . Similarly, on 
the left hand, the matching effect for 
H(p,p) scattering at 44 MeV is shown 3 ) 

Beside solid-state detectors, magnet 
spectrographs are used for reaction and 
scattering investigations. Their extremely 
high resolution is needed in many cases for 
separation of closely neighbouring lines in 
the particle spectra. Fig. 3 shows in the 
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Closely lying inelastic scatte­
ring groups from 40Ca(p,p') at 
35 MeV incident p-energy resolved 
with a magnet-spectrograph4 ) . 

upper left part, as an example, two lines 
in the spectrum of inelastic p-scattering 
from 40Ca at an incident energy of 35 MeV. 
The line width (FWHM) of about 4.5 keV 
corresponds to an energy resolution of 
fi E/E=1.3· 10- 4 4). The distance between 
these lines is only 16 keV. The 4- state 
has a particle-hole structure (f7/2,d3/2- 1 ) 
T=O. Cross sections of about a few hundred 
~b for the excitation of several such pre­
viously unresolved particle-hole states 
have been measured in this investigation at 
MSU4). On the other hand , these measure­
ments have been done only at the two lab 
angles of 150 and 300 mainly because of the 
time consuming scanning procedures of the 
plates. The precision in the energy deter­
mination of the excited levels was very 
high, i.e. typically between 0.3 and 1 keV 
for excitation energies up to about 9 MeV. 

Elastic Scattering and Optical Model 

For an investigation of elastic scat­
tering in terms of the optical model com­
plete angu lar distributions have to be mea­
sured. It has been shown in the last few 
years that in some cases the a -nucleus op­
tical potentials can be uniquely determined 
at sufficiently high incident energies. 

These results provide information about the 
gross features of the nuclei, i.e. about 
their radii, surface diffusenesses, poten­
tial depths, and general absorption proper­
ties of the incoming particles. Fig. 4 
shows, as an example, an experimental angu­
lar distribution of 100 MeV a-scattering 
from 44Ca together with a theoretical cur­
veS) 
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Figure 4: Angular distribution of elastic 
a-scattering from 44Ca at 100 MeV 
and Optical model fitS) 

The cross-section has been measured in 
the angular region 160~eLAB~1660 where it 
decreases over many orders of magnitude. 
These data have been analyzed in terms of a 
6-parameter optical model. It was found 
that some potentials, in spite of being 
able to fit the measured curve up to 700 
equally well, fail to fit the data at back­
ward angles often by orders of magnitude. 
Consequently no discrete potential ambi­
guities remained at this high incident 
energy, i.e. only one single parameter 
family turned out to be superior to all 
others (V=126 MeV; rR=1.2 fm; aR=0.8 fm; 
W=24.5 MeV; rI=1.55 fm; aI=0.64 fm). 

In the next section I shall discuss 

Precompound- and Compound 
Nuclear Reactions 

With the advance of higher and vari­
able energy beams, new reactions could be 
studied in which many nucleons are emitted 
e.g. reactions of the type (a,xn) or ~,pxn) 
with x running up to more than 10. 

It has been known for a . long time that 
for small x, compound-reaction processes, 
which involve heating up of the total inter­
mediate nuclear system and finally boiling 
off of particles are an important feature 
of such nuclear reactions at low incident 
energies. Usually the continuous part of 
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the particle spectrum was explained on this 
basis. However, in the last few years it 
turned out that the excitation functions of 
e.g. (a,xn) reactions, showed a completely 
different and unexpected behaviour at 
higher energies than predicted by compound 
reaction mechanisms. This can be seen in 
fig. 5. The upper part shows the experimen-
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Figure 5: Experimental excitation functions 
of (a,xn)- and (a,pxn)-reactions 
in the energy range from 65 to 
170 MeV6 ) . 

tal excitation functions of (a,xn) reac­
tions for a 197Au target over an energy 
range from 65 to 170 MeV6). A.ll these 
curves show a sharp rise at lower energies, 
and are furthermore characterized by a 
broad maximum and a long flat tail exten­
ding to high energies. 

The first part of these curves in the 
region of the maximum can be explained by 
the usual compound nuclear theory; however, 
the high energy tail was found to be a com­
pletely new feature of these reactions 
which could not be understood in the frame­
work of this theory. 

An explanation is given in terms of 
pre compound processes producing high energy 
particles. These processes take place in 
the very early steps of the interaction 
between the incoming particle and the tar­
get nucleus. Let us assume that it takes 
several successive interactions or colli­
sions until finally the energy in the to­
tal system is well distributed over many 
nucleons so that we can speak of a thermal 
equilibrium system, i.e. a compound nuc­
leus. 

How do these initial steps look like? 
Generally, the first interaction of the a­
particle with a nucleon of the target pro­
duces a particle-hole state. This simple 
configuration may hold very high energy. 
Therefore, there is a chance that a nuc­
leon is emitted directly out of this pre-

compound state as a high energy "precom­
pound particle". On the other hand it may 
be that by a second interaction with 
another nucleon in the target nucleus a 
second particle-hole pair is created; in 
this way the energy gets distributed over 
a larger assembly of particles. Both pro­
cesses happen with a certain probability 
and therefore we can expect in the initial 
steps of the interaction, on the one hand, 
an emission of high energy precompound 
particles constituting the hard component 
in the corresponding particle spectra and 
producing the high energy tail in the ex­
citation function; on the other hand, the 
equilibration process goes on until ther­
mal equilibrium is reached in the system 
and particle emission is possible only by 
evaporation. In a heavy nucleus this eva­
poration is limited essentially to neutron 
emission, since the protons have not high 
enough energy to tunnel through the Cou­
lomb-barrier of the nucleus. However, for 
precompound states with their high energy 
per excited nucleon this is no problem. 
Therefore we expect generally in the re­
gion of the high energy tail, e.g. of an 
(a,8n) reaction, to find also a comparable 
cross section for the (a,p7n) reaction. 
Actually, the epxeriments show just this 
feature, as can be seen in the lower part 
of fig. 5. 

Recent hybrid model theory incorpora­
tes both processes, the predominantly high 
ene rgy nucleon emission from pre-equili­
brium states and the particle emission 
from the final equilibrium states 7). It 
provides a surprisingly good overall des­
cription of all these very extended (a,xn) 
and (a,pxn) excitation functions and, most 
important, without adjustment it predicts 
correctly the ratio of the cross sections 
for (a,xn) and (a,pxn) reactions. -

Many new features of highly excited 
states, especially their level densities 
at high excitation energy and the struc­
ture of precompound states can be learned 
from such type of investigations. For 
instance the initial exciton configura­
tion no, i.e. the initial number of exci­
ted particle and hole states, strongly in­
fluences the shape of these yield curves. 
It was found in this case (fig. 5) to be 
no = 5 with a 3n-2p-Oh configuration. 

The (a,xn) reactions are of basic im­
portance also for the next topic I am 
going to discuss. 

High Spin States 

In recent years a new field of re­
search was opened concerning nuclear 
states of high angular momentum. In 1971 
Johnson and coworkers 8 ,9) discovered in an 
experiment at the Stockholm cyclotron that 
there exist interesting anomalies in the 
level spacings of rotational ground state 
bands. These "backbending effects" have 
been investigated since in many IcboratOries. 
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Figure 6: Scheme of an (a,8ny)-reaction 
exciting high spin states in the 
final nucleus. 

For the excitation of such hiqh spin 
states, reactions of the type (a,xn) at 
high incident energy have mostly been 
used, because in this way a large amount 
of angular momentum can be transferred to 
the compound nucleus (fig. 6). After emis­
sion of some neutrons, which carry away 
only a small amount of the total nuclear 
spin, the final nucleus is left in a state 
of high angular momentum which decays by 
y-transitions into the high spin rotatio­
nal states. These rotational states de­
excite again by y-transitions within the 
rotational band; they can be studied there­
fore in on-line y-experiments. 
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Figure 7: y-coincidence spectrum with coin­
cidence gate set on the 2 ~ 0 
transition for 158Er rotational 
transitions. 

Fig. 7 shows as an example a coinci­
dence spectrum of the 158Er rotational y­
transitions gated on the 2 ~ 0 line10) . 
This nucleus is strongly deformed and 
therefore the rotational transition ener­
gies shown here can be described by the 
simple expression 

112 
~EI=EI-EI-2= 28 (41-2). 

I and 1-2 denote the spins of the ro­
tational levels involved in the y-transi­
tion. Evidently, the moment of inertia 8 
of the rotational nucleus can be deter­
mined experimentally for each transition 
from the measured transition energy AEI 
and the spin-value I. 

If 8 is assumed to be constant or 
only slightly increasing with I, then we 
expect a gradual increase of the transi­
tion energy ~EI with increasing I values. 
This feature is displayed here for the 
"lower" transitions 4 ~ 2, 6 ~ 4 ... up to 
12 ~ 10. Then, however, the spectrum shows 
a "backbending" of the y-energies for the 
14 ~ 12 and 16 ~ 14 lines and finally again 
an increase of the y-energy for the 18 ~ 16 
transition. Acco~ding to the above formula 
for the transition energies this means that 
the nuclear moment of inertia 8 increases 
at these high spin values suddenly and 
strongly and stabilizes then at this higher 
level. 
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rigure 8: 8 vs. w
2 plot of several Er-iso­

topes showing the "phase transi­
tion" from small to large 8-val­
ues. 

Fig. 8 shows the experimental values 
of the moment of inertia for different 
nuclei as a function of the square of the 
rotational frequency w, i.e. in a "back­
bending plot". The measurements have been 
done in Stockholm, Brookhaven, JUlich and 
Manchester9- 14 ). The first point on the 
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left hand of the 158Er plot corresponds 
to the 8-value of the 2+ rotational state, 
the next one to that of the 4+ state and 
so on up to the last point showing the 8-
value of the 18+ state. As can be seen 
from this picture all curves show a sudden 
increase of the moment of inertia around 
spin values of 10 or 12. This effect was 
attributed in early theoretical work 15 ) to 
a "phase transition" in nuclear matter due 
to the break up of nucleon pairs by the 
action of Coriolis forces. The idea was 
the following. The pairing correlations 
cause the small 8-value for the ground 
state which is only about 50 % of the 
rigid rotor moment of inertia 8 r ig. As 
soon as the correlations collapse by the 
effect of Coriolis forces on the nucleon 
pairs, a sudden transition to the rigid 
rotor rotational band with its large 8 
value is taking place in the framework of 
this Coriolis Anti-Pairing model (CAP) 15) 

More generally speaking, the "phase 
transition" can be understood in terms of 
the crossing of two rotational bands with 
largely different moment of inertia. In an­
o~her theoretical approach the high-8 band 
is described as a rotational band based on 
an (i13/2)2 2qp neutron pair configuration 
which is aligned as far as possible paral­
lel to the rotational axis by the effect 
of Coriolis forces (Rotation-alignment) 16) . 
As it stands now, both effects, CAP and 
rotation-alignment are contributing to the 
explanation of these curves. 

Many interesting problems have been 
investigated meanwhile in this field of 
high spin states, mostly with respect to 
the mechanism of backbending and to the 
structure of these highly excited states. 
As an example, I just want to mention that 
investigations of neighbouring even and 
odd deformed Er- and Dy-nuclei showed that 
the backbending effect in these nuclei is 
produced only by neutrons. 

Giant Resonances 

The last topic I want to discuss 
shortly is giant resonances. By the use of 
cyclotron beams, new higher multipole 
giant resonances have been discovered, 
predominantly of quadrupole character. In 
medium weight and heavy nuclei this E2 
giant resonance was found to have a few 
MeV lower excitation energy than that of 
the well known giant dipole resonance. 

There are mainly two methods to study 
these highly excited simple structured 
nuclear states. The first one makes use of 
the possibility that such unbound states 
can be excited by direct inelastic scatte­
ring; they show up 'in the spectra of in­
elastic scattered particles as broad bumps 
at high excitation energies. Such experi­
ments have been done recently in several 
cyclotron laboratories, e.g. at the Uni­
versity of Maryland, at Texas A&M Univer­
sity and ORNL, at Groningen University and 
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Figure 9: E2 giant resonance observed in 
the spectrum of inelastic d­
scattering from 58Ni in the 
energy range between 50 and 55 
units with the peak at 16 MeV 
excitation energy18). 

at the KFA Julich. A nice example of such 
a spectrum measured at Maryland Universi­
t y 17) is shown in fig. 9. 

The broad maximum interpreted as the 
E2 giant resonance, is seen at an excita­
tion energy of about 16 MeV. This corres­
ponds to the theoretical prediction 
Ex~63.A-l/3 for the excitation energy of a 
giant E2 isoscalar quadrupole resonance 18 ) 

50 l.0 30 20 10 0 
Ex (MeV) 

Figure 10: E2 giant resonance between 15.9 
and 27.3 MeV excitation energy 
in 160 19 ). 

In light nuclei, the T=O E2 quadru­
pole resonance shows structure and its 
strength is much more spread out than in 
medium weight nuclei; in addition its 
average excitation energy is shifted to 
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smaller values than predicted by the 
simple formula (63·A-1/3). Fig. 10 shows 
as an example a spectrum of inelastic a­
scattering on 160 at 146 MeV19). The giant 
resonance structure is located between 
15.9 and 27.3 MeV excitation energy. 
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Figure 11: Measured angular distributions 
of inelastic a-scattering from 
16 0 exciting different states, 
including the distribution of 
the E2 giant resonance (15.9 -
27.3 MeV). The curves are DWBA­
fits. 

Fig. 11 shows the angular distribu­
tions of the states observed in this spec­
trum together with the angular distribu­
tion of the giant resonance structure bet­
ween 15.9 and 27.3 MeV excitation. The 
curves are theoretical DWBA fits to the da­
ta. Obviously, the giant resonance angular 
distribution is fitted perfectly by the 
L=2 curve. This indicates its quadrupole 
nature. 

The second method of investigation of 
giant resonances via inelastic scattering 
makes use of a special two step process in 
the scattering involving an exchange20 ). In 
the first step, the giant resonance is ex­
cited. In this way the incoming particle 
looses a large amount of energy and is 
therefore captured into an excited, but 
bound state b. In the second step the 
giant resonance state decays by creating a 
hole state d- 1 and an outgoing particle of 
the same nature as the incoming one. The 
final nucleus is left therefore in the ex­
cited bound state bd- 1 . Altogether an in­
elastic scattering to this bound state, me­
diated by the virtual formation of the 
giant resonance has taken place. The effect 
of the giant resonance is seen mainly in 
such cases, where the normal inelastic 
scattering amplitude for excitation of the 
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Figure 12: Angular distributions of in­
elastic p-scattering exciting 
the 12C 1+ state at 15.11 MeV 
together with the corresponding 
theoretical curves. 
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bound state bd- 1 is small so that second 
order processes show up more clearly. This 
is the case for states with unnatural spin 
parity combination e.g. 1+. 

Experimentally, angular distributions 
of inelastic scattering to such a state 
have to be measured. If the incident energy 
is just appropriate for virtual excitation 
of the giant resonance, the shape of the 
angular distribution is strongly affected. 
Fig. 12 shows an example for inelastic pro­
ton scattering from 12 C to the 1+ state at 
15.11 MeV. The direct inelastic scattering 
is negligible. However, the measured angu­
lar distribution is fitted well by the se­
cond order calculations including the vir­
tual excitation of the giant resonance 
(full lines). As compared to the calcula­
ted normal inelastic angular distribution 
(direct), the experimental angular distri­
bution is of different shape and the cross 
section is strongly increased. 

Since giant resonances are several 
MeV wide, angular distributions have to be 
measured in small steps for a set of inci­
dent energies. Fig. 12 gives only a small 
fraction of the measured data. This is 
therefore another fine example for the use 
of variable energy cyclotrons in nuclear 
physics. From the angular distributions, the 
strength distributions of the giant reso­
nances (El and E2) can be extracted by a 
theoretical analysis (fig. 13). 

Y~(Q) 

[MeV'] 

0.1 

p) ~'oViz irZ ·' p' 
~v~~ _ flw 

P P 

12C( ') P,P 

0.0 L-....L-_(~_--"----= ........ _""--'-_---'l.---' 

25 30 35 20 E (lab., MeV) 

Figure 13: Yl (Q) and Y2 (Q) representing the 
strength distributions as extrac­
ted from (p,p')-experiments20 ). 
The giant resonance result from 
ll B (p,yo) is shown for compari­
son. 
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