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I. INTRODUCTION 

The mechanism of a particle emission in the interaction of 
complex nuclei is at present one of the most intensively stu
died aspects of heavy ion physics. There are some review artic
les dealing with the experimental data in this field and various 
theoretical models proposed to explain them 11 •51 Here we shall 
consider only one, but very interesting, from our point of 
view, effect which for first time has been observed in our 
studies of heavy-ion reactions at bombarding energies of 
7-10 MeV/nucleon 161• At these heavy-ion energies a particles 
with energies of 30 MeV /nucleon and even more 16"81 were obser
ved in the exit channel at 0° with respect to the beam direc
tion. It has been found that the experimentally measured maximum 
a particle energy almost amounts to the maximum possible 
value calculated from the reaction energy balance for a two
body exit channel, i.e., that some kind of a cumulative process 
is involved in the formation of high energy a particles. The 
subsequent energy spectra measurements at 0° showed that in 
all the reactions we have investigated, other light charged 
y.::r~-icle--3 ---.:1::~ ~ucl;::i :!!"C ~:!.~'.::' J?~i !!"9d T.'J~_t-'h rp1 ~ti'\!tl, ~T ,_ftr~~ 

cross sections (l,2,3H , 3,4,6,8He , 6,7,8Li , 7,9Be , etc.) 
and with velocities several times exceeding that of the bom
barding ions. As in the case of a particles, the end-point 
energy of the spectra of these light charged particles (except 
8He ) is only a few MeV lower than the maximum possible energy 
available for a given particle according to the laws of con
servation. Thus it is likely that these other particles are 
produced as a result of some cumulative mechanism of fast 
particle formation. 

An important information on the mechanism of reaction pro
ducts formation can be obtained on the basis of their angular 
distributions, as well as from the dependence of their yield 
on the bombarding energy (excitation functions). The aim of 
this work is to investigate the angular distributions and 
excitation functions of light charged particles in the reac
tion 181Ta+ 22 Ne. 

2. EXPERIMENTAL SET-UP 

Experiments were carried out on an external beam from the 
300 em heavy ion cyclotron of the JINR Laboratory of Nuclear 
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Reactions. The 22 Ne -beam of a maximum energy of 178 MeV bom
barded a metallic 181Ta target after passing a collimator sys
tem. The target thickness was chosen to be 2.8 mg/cm2 so as 
to ensure an energy resolution of the ions, after passing it, 
not worse than that of the primary beam. The measurement of 
the energy spectra of light charged particles was performed 
with the help of a MSP-144-type magnetic spectrometer and a 
special detecting system placed in its focal plane. The resolu
tion of the spectrometer was ~p/p = 2 ·I 0- 9 and the magnetic 
rigidity I.O:;Bp::;.1.6 (ref. 191 

). The magnetic field was measu
red by means of a Hall-effect detector. The field stability was 
better than 0.1%. 

In the spectrometer focal plane, which is about 1500 mm long, 
a detector system was placed consisting of 8 pairs of silicon 
detectors - a ~E -detector 80 11m thick, and an E-detector 2 mm 
thick. The position of the telescopes in the focal plane 
was chosen so as to ensure equal energy intervals between them, 
determined by the square-law dependence of the particle 
energy on the radius of its trajectory in the magnet. The gi
ven detector system covered 600 mm of the focal plane. This 
allowed one to measure only a part of the energy spectra at 
a time, thus ensuring almost equal counting rates of the teles
copes. The different parts of the energy spectra were measured 
simply by varying the magnetic rigidity of the spectrometer. 
The energy calibration was carried out by measuring the same 
U pa:n:.icit! erler·gy aiLt~rnat:eiy oy Lhe aitrerent: telescop·e-S 
this energy being varied with the magnetic rigidity. The ab
solute detection efficiency of the system was estimated as 

2 

the ratio of the intensity of all the charge states of the 
ion beam detected by the telescopes to that registered by the 
detector serving to monitor the beam and placed at 20° with 
respect to it. The thus determined inlet solid angle of the 
spectrometer amounted to 5·10-4 ar. The magnetic spectrometer 
could be rotated to stand at different angles with respect 
to the beam direction, and its position could be determined 
with an accuracy of 1°. The energy resolution of each ~E-E 
7elescope was determined by the relation~= 2E~R/R. Here E 
1s the energy of the detected particle, ~R is the projection 
of 7he telescope diameter on the focal plane, and R is the 
rad1us corresponding to the telescope position in the focal 
plane. The energy resolution of the detection system evaluated 
in this manner was ~E/E ::; 2%. The value of ~E was calculated 
for ea7h telescope separately and was subsequently used to 
determ1ne the absolute differential cross sections. 

Pulses from the ~E-E telescopes were fed into an electro
nic circuit consisting of analog and digital devices/tO/, 
After amplification, each pair of pulses from the different 
telescopes arrived in a multiplexer, which was triggered by 

a coincidence system in turn triggered by the simultaneous ar
rival of pulses from the ~E and E detectors. From the multi
plexer, the information having the form of three-digit words 
(the energy channel numbers of the ~E and E detectors, and the 
number of the corresponding telescope) was fed, via a control
ler, into a SM-3 computer. This registration system provided 
a counting rate of 103 events per second. 

In order to study the angular distributions of the most 
intense parts of the energy spectra measurements were carried 
out in a reaction chamber in the angular range of 15° to 165°. 
The light particle energy spectra were measured with a ~E-E 
semiconductor telescope consisting of a 40 11m ~E detector and 
a 2 mm thick E-detector. The solid angle subtended by the 
telescope was 10 -s sr. The beam was monitored by means of a 
surface-barrier Si(Au) detector placed at 20° with respect to 
the incident beam. 

The technique used to measure the energy spectra at forward 
angles allowed one to determine the formation differential 
cross sections with a sensitivity of up to lo-6mb/MeV sr. This 
permitted the accurate determination of the cross sections 
in the region of the end-point energies. 

At such cross section values it is rather important to 
estimate the contribution of light element admixtures in the 
target, especially the 12c contamination. The determination of 
light element contaminants in our case was done by studying 
~hA ~~~tt~T~no nf 1 MPU 3h nl)rloi at an ~~olo nf 11~ 0 nn ~ho 

........ ..:... ~ 

Van de Graaf generator EG-5 of the JINR Laboratory of Neutron 
Physics. The contamination could be estimated up to I0-2 at/at. 
Within the experimental error light element contaminants in the 
181 Ta -target were not observed. Hence, taking into account the 
previous data on the yield of a particles from reactions on 
a 12C-target 1B1, a conclusion can be drawn that the contribu
tion of light element contamination of the Ta target to the 
high energy part of the a particle spectra ( E ;:: 100 MeV) does 
not exceed 10% of the cross section. a 

3. EXPERIMENTAL RESULTS 

Figures 1,2 show the laboratory energy spectra of light par
ticles with Z = 1-4, measured with the help of the magnetic 
spectrometer at different angles. These data show that the 
intensity of the high energy tails of the spectra increases 
as the angle of observation is decreased. Moreover, at small 
angles relatively large cross sections are seen for the partic
les whose velocities significantly exceed the beam velocity. 
For example, for the a particles this velocity is twice while 
for protons even 4 times greater than the velocity of the 22Ne 
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beam. The high sensitivity of the experiments described allowed 
us to measure cross sections which are about seven orders of 
magnitude lower than the cross section corresponding to the 
most probable energy. Consequently, it was possible to inves
tigate some features of the spectra close to the respective 
kinematic limits. In fig.3 one can see the angular dependence 
of the a particle energy spectra, these spectra fairly sharply 
deviating from the exponential fall at energies of about 
80-90 MeV. In addition, in the energy spectra there is a gap 
between the so-called kinematic limit calculated on the basis 
of the laws of conservation by assuming a two-body exit 
channel/8/ (in fig. 3 the kinematic limit is indicated by 
an arrow on the Ecm axis ) and the experimentally measured end
point energies. It is noteworthy that at forward angles (0°, 
10°, 20°) the measured end-point energy comes nearest to the 
kinematic limit. However, as the observation angle is increased 
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Fig.3. Centre-of-mass a particle ener
gy spectra measured at different 
angles. The full curves are drawn to 
guide the eye. The broken line shows 
the spectrum calculated for an angle 
of 90° within the model of evaporation 
from the compound nucleus. The arrow 
in the upper part of the figure is 
the exit channel Coulomb barrier Be. 
The arrow on the Ecm -axis indicates 
the two-body kinematic limit. 

the difference between them signifi
cantly increases, too. For example, 
in the a particle energy spectra at 
40° this difference amounts to about 
40 MeV, while at 90° it is greater 
than 60 MeV, (see fig.3). The light 
particle energy spectrum measured at 
90° practically coincides with the 
evaporation spectrum. As far as the 
most probable particle energies are 
concerned, at small angles they are 
close to the values corresponding 

the angle is increased, they approach 
the value of the exit Coulomb bar
rier. The most probable proton energy 
measured at forward angles is some-
what lower than the exit Coulomb 

barrier, as in this case the beam energy (8. I MeV/nucleon) is 
below the exit Coulomb barrier (12 MeV). 

From comparing the total yields of different isotopes of 
a given element at the same angle it can be deduced that 
the isotopes closest to the line of f3-stability are formed 
with the largest cross section. As one goes away from {3-
stability, the cross section decreases. This fact follows from 
energy considerations (the Ggg dependence) affecting the pro
bability of a given process. 

The angular differential distributions of a particles and 
protons are shown in figs.4 and 5. As is seen from the 
figures, the angular distributions for different energy bins 
behave differently - they are strongly forward peaked for the 
high-energy part of the spectra. 

Figure 6 shows the angular distribution of a particles 
emitted in the reaction 181Ta(22Ne,a) at 178 MeV beam 
energy. Using this distribution, the cross section of the 
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Fig.6. The angular distribution of a particles. 

a particles evaporated can be determined. This cross section 
was estimated to be aaCN~200 mb. The total cross section of 
a particle formation obtained by integrating over the curve 
of fig.6 amounts to aa = 595+50 mb. Keeping in mind that the 
geometrical cross section of-the reaction is aR = 2000 mb, it 
can be concluded that the cross section for the formation of 
a particles not connected with evapolation from the compound 
nucleus is about 20% of the total reaction cross section. The 
angular dependence of the energy spectra can be given in a 
three-dimensional presentation (N,Ea, 0) using the so-called 
Wilczynski diagrams Ill!. In fig. 7, where such a diagram is 
presented, one can follow the evolution of the a particle 
energy spectra measured in the reaction 181Ta + 22Ne as a func
tion of the angle. It is seen that the yield of a particles 
has a maximum value at 0° and, besides, at forward angles 
their spectrum is the hardest one. The diagram significantly 
differs from what one could expect for a transfer reaction/121. 

8 

Figure 8 shows the energy spectra of a particles measured 
at 20° with respect to the beam direction at incident energies 
of I 16, 141 and 178 MeV. As is seen from these data, the a 
particle yield diminishes with lowering the energy of incident 
ions. The slope of the high-energy part of the spectrum changes 
significantly, too. The most probable a particle energy as the 
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~ 

Fig.7. The Wilczynski diagram 
for the a particle energy spect-
ra measured at different angles. 
The contours are drawn through 
equal cross section values. 

Fig.8. The a particle energy 
spectra for the reaction 181Ta + 
+ 22Ne measured at 20° with res
pect to the beam direction at 
three different 22Ne bombarding 
energies of 116, 141 and 178 MeV. 
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bombarding energy decreases approaches the value of the exit 
channel Coulomb barrier. It is also necessary to note that the 
particle kinematic limit is approached at the same cross section 
level irrespective of the bombarding energy. 

4. DISCUSSION 

A comparison of the experimental light particle energy spect
ra with the ones calculated in the framework of the evaporation 
model shows that in all the spectra, measured at forward 
angles, a significant contribution due to preequilibrium emis
sion can be observed for the bombarding energies used. Even in 
the case of a particles detected at 90° where the observed 
spectrum is close to the calculated one (fig.3), the intensity 
of the high-energy component exceeds the calcullated value. The 
cross sections of the heavier particles (the isotopes of Li 
and Be ) fall faster with increasing angle than in the case 
of protons and a particles. Thus at angles greater than 40° 
particles with Z > 3 were not observed in the range of experi
mental sensitivity of Jo-33 cm 2/MeV.sr. This implies that 
these particles are formed solely in a direct process. 

As till now there is no unified theoretical description of 
the light-charged-particle emission mechanism in heavy-ion 
reactions, we shall try to interpret our data on the basis 
of the Pxi ~tincr mnrlP1 c::. Tn nnr nn1n1 nn t-ho Tnnct- ~mnn-rt--:.nt-

aspects of the-problem of light-charged-particle emission which 
need a theoretical explanation are the following ones: the 
determination of the number of the components contributing to 
the energy spectra (i.e., the number of emission sources), 
the relative intensity of the emitted particles, their most 
probable energy, and the behaviour of the cross section in the 
vicinity of the maximum energy of the ejectiles. 

Several theoretical models exist, which are based on the 
concept of a "particle source" and are used to describe the 
inclusive spectra/13·171. In all these models it is assumed 
that the energy imparted to the composite nuclear system is 
localized in some region consisting of nucleons belonging to 
both the projectile and the target. Such a formalism was deve
loped in ref. /15/ where the time dependence of the so-called 
temperature and that of the "hot spot" velocity was calculated. 
It seems to us that averaging these quantities over time and 
taking into account the Coulomb repulsion in the exit channel 
lead to results which can be obtained in the framework of 

. . . 1 · · f · 1 I 16 17/ a model descr1b1ng part1c e em1ss1on rom a s1ng e source ' · 
In order to elucidate the existence of such a source we drew 

the velocity diagram by transforming the experimentally mea
sured cross sections (d 2a/dEsw )lab into the Lorentz-invariant 
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form d 2a/pdEd{l. Here E = p 212m. For simplicity these cross sections 
are presented as a function of the velocity components para~lel 
and perpendicular to the beam direction, V

11 
and v.l. respect1vely · 

This kind of presentation of the experimental spectra is shown 
in fig.9. The analysis of the data of fig.9 shows that the exis
tence of two sources is possible. The velocity of one of them 
coincides with the centre-of-mass velocity ( v eN= 0-0143 c) 
and refers to the emission of particles at backward angles. The 
distribution of particles in the forward hemisphere allows one 
to determine the velocity of the second source equal to v = 
= 0.053 c. This value is close to half of the projectile velocity 
after slowing down in the Coulomb field ( vp ~ 0.0~9c~. Thu~ 
simple kinematical cmtsiderations show that 1n pr1nc1ple, 1n 
the interaction of two complex nuclei, several particle emis
sion sources can exist. 

On the other hand, within the framework of the moving source 
model 117/ the energy spectra at all observation angles can be 
described by means of an equation including the velocity of 
the particle source, its temperature, the mass of the particle 
and the emission angle. Using this formalism we tried to descri
be our experimental a particle energy spectra. However, in con
trast to the results of ref. 1171 , we have not succeeded in ob
taining a satisfactory agreement with the experiment merely 
assuming a single source. Bearing in mind that at bombarding 
energies below 10 MeV/nucleon the process of particle evapora
tion from the composite system plays a significant role, in 
oraer to aescr1oe the energy spectra we used two em1ss1on sour
ces. 

The parameters of the first source, describing evaporation 
from the composite system, were determined in our case by 
fitting the calculated spectra at backward angles to the ex
perimental ones. The velocity of this source ( v ~D.OI43c) 
was taken from the velocity diagram (fig.9). For the same 
source a temperature was obtained equal to 3 MeV which exceeds 
by I MeV the one expected for the compound nucleus. Taking 
into account the contribution to the cross section from the 
second source, whose velocity determined from the Lorentz
invariant cross-section diagram is 0.053c, while the tempera
ture is 4.53 MeV, it can be shown that this contribution 
decreases with increasing emission angle. This fact is in 
contradiction to the initial assumptions of the given model 
about the isotropical emission of particles in the rest frame 
of the source. The observed decrease of the contribution to 
the cross section when increasing the angle may indicate the 
comparatively short lifetime of this source in comparison with 
the rotational time of the system formed. 

An attempt was also made to analyse our data within the 
framework of the rotating hot spot model 1171. The latter dif-

II 
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Fig.9. Contour plot of the Lorentz invariant a 
particle cross section for the reaction 18 tra+22Ne. 
V11 and v.l are the velocity components parallel 
and prependicular to the beam direction, respecti
vely. The contours are drawn through equal 

1 . d2
a p · l!ldE values. The velocities of the composite 

syst:em ~vcNJ ana tne source lV source) contr1buting 
to the emission of a particles at forward angles are 
shown on the Vn -axis. 

fers from the moving source model in that it assumes the tem
perature to increase as the angle decreases while the source 
is moving with the velocity of the composite system (0.0143c). 
However, in order to describe, in this model, the light partic
le energy spectra quantitatively at different angles it was 
necessary to assume the "source" velocity to be 0.039c. This 
high value may imply a summation of the rotational velocity of 
the system with the recoil velocity. From the angular dependen
ce of the temperature (fig.IO) for the emission of a particles 
the time interval necessary to achieve the equilibrium tempera
ture can be estimated. As is seen from fig. 10, the decrease 
of the "spot" temperature as a function of angle can be fit
ted by an exponent. In this case, the average value of the 
rotation angle of the system can be evaluated equal to 40°, On 
the assumption of a grazing collision the velocity of the 
heated spot was estimated to be 10-21 rad/s. Hence, the 
lifetime of the heated spot was calculated equal to 7•10-22 s. 

12 

l 

The estimate of the interaction time, or the lifetime of the 
"source" carried out on the basis of the rotating hot spot 
model gi~es quite an approximate, but nevertheless, a suffi
cient value which allows one to interpret the process of emis
sion of high-energy particles as a fast one. The strong forward 
peaking of the angular distribution of fast charged particles 
(figs.4,5) and also the information about the independence 
of the fast particle emission channels from the subsequent 

. . d . 1' /18/ decay of the res1dual nucleus, obta1ne 1n our ear 1er paper 
dealing with correlation experiments, also confirm this in
terpretation of the process taking place in the early stage of 
the reaction (t. - Jo-22 s). In this case, the process of 

mt • • 1 the formation and emission of high-energy l1ght part1c es 
seems to be a direct process which can be interpreted making 
use of the basic concepts of direct reaction models. 

Unfortunately up to now, a strictly quantitative theory 
of direct reactions, within the framework of distorted waves, 
has been developed only for the simplest projectiles. However, 
the existing, mainly qualitative models of.direct.re~ctions 
with heavy ions allow one to make some bas1c pred1ct1ons about 
the characteristics of these nuclear reactions. Models of di
rect reactions with heavy ions, for the explanation of the 
formation mechanism of fast charged particles, are presently 
being developed 14,19,201, The concept of "massive transfer" 1211 

has formed the basis for one of these models. In accordance 
wi~h ~hi~ mnrlPl R nnr~inn nf thP nroiectile is tiansferred to 
the target while the rest of it flies on. The development of 
this approach in ref. /22/ was called the "sum-rule" model and 
showed that the fraction of the projectile is captured by the 
target nucleus on the condition that the imparted angular mo
mentum does not exceed the critical value of angular momentum 
for the combination target + the fragment transferred. 

Within the framework of this model we calculated the absolute 
values of the emission cross section of different particles 
and nuclei. The calculated ratios of these cross sections are 
equal to the experimental ones. An exception are the values for 
protons and a particles. The cross section for a part~cle for
mation in the reaction 181Ta + 22Ne at 178 MeV bombard1ng ener
gy was calculated to be 245 mb, taking into account the contri
bution from the 8Be-breakup. This result is -ISO mb less than 
the experimental cross section. It seems to us that the obser
ved difference can be explained in the following way. From 
energy balance considerations it follows that after an.a par
ticle is emitted with the most probable energy the res1dual 
nucleus has an excitation energy equal to 95 MeV. At this 
excitation energy the evaporation of a particles from the resi
dual nucleus takes place with high probability. If these a 

13 



particles ~vaporated are taken into account it is possible to 
obtain a better agreement between the calculated and experimen
tal cross section values. 

From the calculations done in terms of the "sum-rule" model 
it also follows that the formation of a particles takes place 
in a narrow angular momentum window from 65h to 85h with the 
highest probability at 75h. This means that the given reaction 
is localized on the surface of the nucleus. Using the estimated 
values of the angular momentum, and assuming the rigid-body 
moment of inertia of the composite system, its velocity can 
be obtained. It is equal to 0.050c,and is in good agreement 
with the source velocity determined by the diagram of Lorentz
invariant cross sections in fig.9. 
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Fig.IO. The angular dependence of the 
temperature (upper part). The broken 
line corresponds to the temperature 
calculated for evaporation from the 
compound nucleus. The lower part shows 
the difference between the experimental 
and calculated (TeN= 2.24 MeV) tem
peratures on a log scale. 

In the given approach of the "massive transfer" model it 
is supposed that the imparted angular momentum is divided bet
ween the ejectile and the fragment transferred proportionally 
to their masses. The same assumption was made by us with res
pect to the kinetic energy of the bombarding ion. Under this 
assumption one can define the most probable energy of the 
ejectile as follows: 

(I) 

14 

1 

Table 
A comparison between the ex-

perimental most probable ener-

where Ec(R) is the Coulomb 
repulsive energy of the ejec
tile X at a distance 

gies of the particles emitted 
in the reaction 181Ta +22 Ne and 

R= 1.5(A113 + Al/3 ) 
p t • 

the calculated ones at a labo-
EP - the centre-of-mass 

energy of the pro
jectile, ratory angle of 20° 

Particle Emp (MeV} Emp (MeV) 
E

8 
- the separation ener

gy of the ejectile 
X, Experiment Calculation 

p II +2 12.71 
Vc(R)- the energy corres

ponding to the 
Coulomb decelera
tion of the projec
tile at a distance 
R, 

d 16+2 14.65 
t 1 i+2 16.7 
3He 3i+4 26.0 
4He 29+2 
6He 35"+4 
8He 33 

30.5 
32.8 
32 

Ax- the mass of the 
ejectile 

6Li 40+4 
7Li 45+2 
8Li 44+2 

40.7 
43.8 

AP- the mass of projec
tile, 

42.5 
9 Li 47 41.2 

E0 - the dissipation 
energy, 

9 Be 54+2 56.8 e- the ejectile centre
of-mass emission 
angle. 

The values of the most probable energies of the particles 
emitted in the reaction 181Ta+22Neare presented in the Table. 
It seems to us that in the framework of the model under consi
deration it is possible to understand the increase in E with 

h 
. ( . ) mp t e 1sotope mass see f1g.2 and also the decrease in E in 

. f 6H sH . mp go1ng rom eta e as be1ng due to increasing separat1on 
energy E8 • 

The approach being developed at present 14 •231 , on the basis 
of the breakup-fusion model, allows one to explain the behaviour 
of the energy spectra in the vicinity of the kinematic limit. 
On our part, using the energy and angular momentum balance for 
a given reaction, we tried to find some qualitative presenta
tions cap~ble of ~xplaining the shape of the spectrum high
energy tall. In f1g. II we present the relation between the ener
gy of the a particles emitted and the angular momentum of the. 
residual nucleus for the reaction 181Ta +22Ne at the two values 
of the 22Ne-energy I 78 MeV and I I 6 MeV, on the assumption of 
a two-body process occurring in a peripheral collision. The 
region of the emitted a particles is limited, on the one 
hand, by the yras~ band of the residual nucleus ( 199Tl) and 
by the curve show:ng the energy dependence of the maximum angu
lar momentum carr1ed away by the a parcicle (the so-called in-
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Fig. II. The residual nucleus angular momentum as a func
tion of the energy of the emitted a particle in the re
action 18 1Ta + 22 Ne at two energies of the incident beam, 
116 and 178 MeV. The calculations are performed for a 
binary process on the assumption of a peripheral col
lision. E* is the excitation energy of the residual 
nucleus 199Tl , la is the angular momentum carried 
away by the a particle, and Qgg= -31 MeV. The maximum 
value of 1 as a function of the a particle energy 
Ea is pres~nted by the full curve. Shown in the figure 
is also the yrast line of the nucleus 199Tl. 

verse grazing curve), on the other. This dependence is de
termined by the relation usually used for calculating 

As is seen from fig. II, at the 22Ne energy of 178 MeV the 
curve of inverse grazing crosses the yrast-band one at 115 MeV 
a particle energy. For this value of the a particle energy, 
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as was mentioned earlier, a change in the slope of the energy 
spectrum (see fig.3) has been observed, even though, according 
to conservation laws, the emission of an a particle having an 
energy of 125 MeV is possible 171• A similar analysis for 
I 16 MeV bombarding energy shows that in this case the emission 
of particle takes place at energies up to the kinematic limit. 
It is noteworthy that the authors of ref.14/ obtain the same 
result when using the mathematical recipe of the direct reac
tion model. 

The microscopical approach to the description of a particle 
spectra, which is presently developed 14 ,19,20/, is based on the 
application of the distorted-wave method to the inclusive pro
cesses of the projectile break-up and stripping of the heavy 
fragment, which are studied as direct processes. The quantita
tive estimates 1231 supported the qualitative explanation of 
the particle energy spectra given in ref !41 , including the 
behaviour of these spectra near the kinematic limit . 

Using a quasiclassical approximation and simplifying the 
initial formulae, the authors of ref.141 obtained, for the 
cross section of the heavy fragment transfer, a relation contai
ning an additional exponent: exp(C~(e)/yR), where CA = Li-
- L rcosO-A, A, being the angular momentum of the residual nuc
leus, Li is the angular momentum brought in by the projectile, 
and Lr is the angular momentum carried away by the ejectile 
emitted at an angle O.This factor reflects, in principle, the 
angular momentum conservation law. As the total cross section 
J..U<.:J..uue:s Lile sum over ll, tor n1gh exc1tat1on energies of the 
residual nucleus (small E 's ) one can always find such values . a 
of A for wh1ch C ,\ = 0 and the corresponding exponent becomes 
equal to I. The residual nucleus is formed with greater pro
bability exactly at these values of A. When Ea increases, 
however, the residual nucleus excitation energy falls resulting 
in a decrease in the maximum possible, for this nucleus, 
angular momentum, which corresponds to the given excitation 
energy (L yrast ), When the values of ,\ for which C A becomes 
equal to. 0 exceed Lyrast , exp(C),/yR) becomes less than I (for 
all poss1ble values of ,\ ) and abruptly decreases with the 
further increase in Ea. This leads to a change in the slope 
near the kinematic limit. 

It is not difficult to calculate the value of Ea at which 
this change takes place. This value corresponds to the rotatio
nal excitation energy of the residual nucleus 

E*= E rot 

2 
h (L i - Lr cos 0) 

2J 

(2) 
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where J is the moment of inertia of this nucleus. The experi
mental data confirm this behaviour of the calculated spectra 
(see fig.3). It should be noted that as the observation angle 
increases, the residual rotational energy, as it follows from 
eq.2, increases, thus leading to a decrease in the end-point 
energy of the emitted particle. This also is confirmed by 
the experiment. 

CONCLUSIONS 

On the basis of the experimental data obtained and their ana
lysis the following conclusions can be drawn: 

I. The interaction between two complex nuclei at bombarding 
energies of 6-8 MeV/nucleon involves the emission of light 
charged particles (isotopes of H, He, Li, Be ) , whose spectrum 
end-point energies correlate with the kinematic limits calcu
lated for a two-body reaction mechanism. 

2. The angular distribution of the light charged particles 
strongly depends on their energy. The angular distribution of 
the high-energy particles is strongly forward peaked. 

3. In the case of the heavier ejectiles the kinematic limit 
is reached for higher values of the cross section. A decrease 
in the bombarding energy does not lead to a decrease in the 
part1cle tormat1on cross secL~uu "'- "'""'•&:~u .::."!..::.:;::. ~= ~":~ 
kinematic limit. 

4. The most probable energies of the particles at forward 
angles have values close to the energies corresponding to the 
recoil velocity, and approach the values of the exit Coulomb 
barriers as the emission angle is increased. 

5. The experimental data on the relative formation cross 
section of the different isotopes and also the values of the 
most probable energies are described by the massive transfer 
model 1221. 

6. The experimental data on the emission of particles with 
energies close to the maximum possible ones can be qualitatively 
explained within the framework of the break-ug model with the 
sequential capture of the massive fragment 14 •2 1• 
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6op4a K. H AP. E]-83-440 
Yrnoawe H 3HepreTH4eCKHe aa&HCHMOCTH aepoATHOCTH HCnycKaHHA nerKHX 
AAeP B peaK~HAX C HOHaMH 22Ne npH 3HeprHH ~ 8 H3B/HYKnDH 

HaMepAnHcb 3HepreTH4eCKHe H yrnoswe pacnpeAeneHHA nerKHx aapA*eHHYx 
4aCTH~ C Z = 1-4 npH B3aHMOAeHCTBHH HOHOB 22Ne C AApoM l81Ta. npoAYKTY 
peaK~HH aHaflH3Hpo&anHCb MarHHTHYM cneKTPOMeTpQM H perHCTpHpOBaflHCb CHCTeMOH 
H3 ~E-E TeneCKOnOB. 3HepreTH4eCKHe cneKTPY nerKHX 4aCTH~ AOCTHra~T KH
HeMaTH4eCKHX npeAenos AnA ABYXTenbHYx peaK~HH c Y4eToM poTa~HOHHOH 3HeprHH 
OCTaT04HOro AApa. Yrnosoe pacnpeAeneHHe BYCOK03HepreTH4eCKHX 4acTH~ HMeeT 
peaKy~ HanpaaneHHOCTb anepeA. nony4eHHwe AaHHYe aHanH3HPY~TCA c Hcnonb
aosaHHeM paanH4HYX MOAeneH: ABH*Y~erocA HCT04HHKa, spa~a~erocA HarpeToro 
nATHa, MaCCHBHOH nepeAa4H, paasana c nocneAy~HM aaxsaToM MaccHBHoro 
~parMeHTa. 0THOCHTeflbHYe BYXOAY pa3HYX H30TOnOB 0 a TaK*e HaH6onee sepOAT
HYe 3HeprHH OnHCYBa~TCA MOAeflb~ MaCCHBHOH nepeAa4H. Ka4eCTBeHHOe no&eAeHHe 
cneKTpOs B6flH3H MaKCHMaflbHO B03MO*HYX 3HeprHH HaXOAHT o6~ACHeHHe B paMKaX 
MOAenH paaaana c aaxsaToM MaccH&Horo ~parMeHTa. 

Pa6oTa swnonHeHa s na6opaTOPHH AAepHwx peaK~HH OH~H. 
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Borcea C. et al. El-83-440 
Angular and Energy Dependences of Emission Probability for Light 
Particles in 22Ne-Induced Reactions at 8 MeV/Nucleon 

Inclusive energy spectra and angular distributions have been measured 
for light charged farticles with Z = 1-4 emitted in the interaction of 
211 Ne ions with a 1 1Ta target. The reaction products were analysed and de
tected by means of a system of AE-E telescopes placed in the focal 
plane of a magnetic spectrometer. The end-point energies of the light 
particles correspond to the calculated kinematic limits taking into ac
count the rotational energy of the residual nucleus. The angular distribu
tions of the high-energy particles are strongly forward peaked. The data 
obtained are analysed on the basis of the moving source, rotating hot spot, 
massive transfer and breakup-fusion models. The relative yields of the 
different isotopes and their most probable energies are described by the 
massive transfer model. The qualitative behaviour of the spectra in the 
vicinity.of the kinematic limits can be explained in terms of the breakup
fusion model. · 

The investigation has been performed at the Laboratory of Nuclear 
Reactions, JINR. 
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