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Борча К. и др. E7-62-k(> 
Эмиссия высокоэнергетических заряженных частиц под углом 0° 
в реакциях с ионами неона 

Измерялись инклюзивные энергетические спектры легких заряженных частиц, 
образующихся при бомбардировке мишеней из 8 s*Th , 1 8 1 Т » , е с т Т 1 и 1 8 С ионами 
M N e с энергией 178 НэВ и е с т Т 1 ионами *°Ne с энергией 196 МэВ. Продукты 
реакции анализировались и регистрирован» ДБ-В телескопом, находящимся 
в фокальной плоскости магнитного спектрометра, расположенного пом углом 0 ». 
Во всех изученных реакциях с относительно большой вероятностью испускались 
легкие заряженные частицы с энергией, близкой к соответствующему кинематиче
скому пределу для двухтельного выходного канала. Полученные результаты 
позволяют сделать выводы относительно механизма испускания легких заряжен
ных частиц. 

Работа выполнена в Лаборатории ядерных реакций ОИЯИ. 

Препринт Объединенного института ядерных исследований. Дубна 1982 
Вогсеа С. et al. E7'82-'t6 
Emission of High-Energy Charged Particles at 0° 
in Ne-Induced Reactions 

Inclusive energy spectra have been measured for light charged particles 
emitted in the bombardment of M 8 T h , 1 8 1Ta,"* ,Ti and"c targets by S 2Ne ions 
at 178 MeV and « " " n target by^Ne Ions at 196 MeV.The reaction products 
were analysed and detected by means of а ДЕ-Е telescope placed In the focal 
plane of a magnetic spectrometer located at an angle of 0° with respect to 
the beam direction. In all the reactions studied light charged particles 
with an energy close to the respective calculated kinematic limit for a rwo-
body exit channel are produced with relatively great probabiIity.The re
sults obtained make It possible to draw some conclusions about the reaction 
mechanism involving the emission of light charged particles. 

The investigation has been performed at the Laboratory of Nuclear 
Reactions, JINR. 
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In heavy ion reactions light charged particles are emitted 
with cross sections which, particularly in the case of о-par
ticles, constitute a significant part of the geometrical cross 
section of the reaction''1""'- The measured energy spectra, an
gular distributions and cross sections of these particles are 
not describable in the framework of the evaporation model of 
compound nucleus decay. The noticeable increase in the yields 
of energetic light particles, as well as their strongly for
ward-peaked angular distributions suggest a fast mechanism 
of their formation / Б» 8'. The experimental investigation of p- , 
d- ,t- and a-particle spectra as a function of the momentum 
transfer, reported in ref. convincingly shows that the 
emission of fast particles takes place during the early stages 
of the reaction, when the final fate of the interacting nuc
lei is yet not determined. 

Lately different theoretical models to interpret the emis
sion mechanism of light fast particles in heavy-ion reactions 
have been developed .. However, an unambiguous interpretati
on of the process has not so far been given. 

Of great interest from the point of view of understanding 
the mechanism of the reactions involving fast particle emis
sion, there seems to be the experimental investigation of the 
energy spectra of these 'psrticles in the region of their ki
nematic limit, i.e., in the region of the maximum possible 
energy for a given reaction, estimated on the basis of con
servation laws. Earlier we carried out some experiments to 
study the limiting energies of a -particles in different re
actions / i e , 1 6 ,f. The results obtained indicate that in heavy ion 
reactions a-particles with an energy close to the kinematic 
limit for a two-body exit channel are formed with great pro
bability. It has been shown / i e « l 7 / that in this case a "cold" 
nucleus is formed whose mass is by 4 units and atomic number 
by 2 units smaller than those of the compound nucleus. Such 
a residual nucleus, formed after the emission of a high-ener
gy a -particle may possess a significant rotational energy'18^. 

The experiments described in the present paper are an ex
tension of our earlier studies / e , 1 B / and were carried out in 
order to measure the probability of emission of other more 
complex charged particles, as well as protons, with energies 
close to the kinematic limit at an angle of 0° with respect 
to the beam direction. 
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EXPERIMENTAL ARRANGEMENT 
The experiments were performed on external beams from the 

300 cm heavy ion cyclotron of the JINR Laboratory of Nuclear 
Reactions. Self-supporting targets of n , tTi , 1 8 1Ta and 8 8 E Th 
were bombarded by 8 8Ne and 8<>Ne ions at 178 and 196 MeV, 
respectively. The energy resolution of the ion beam was better 
than 1%. The detection and analysis of reaction products were 
carried out with the help of a magnetic spectrometer of type 
MSP-144, located at an angle 0=0° with respect to the beam 
direction and having an angular aperture в=+2°. The energy re
solution of the spectrometer was dE/E = 5x10 ~ 4 in a wide range 
of momenta (P m a,/ p

mi n
 e 3.6) / 1 9 /. In the focal plane of the spect

rometer a telescope of two semiconductor detectors was placed. 
For different purposes, the thickness of the AE-detectors 
was varied from 50 pm to 550 pm. The E-detector was 3.5 mm 
thick. At the maximum magnetic rigidity of the spectrometer 
field the energy of a-particles detected by the ДЕ-Е telescope 
was 120 MeV. The corresponding energy of other charged par
ticles was 120 Z8/.A, Z. being the effective charge and A 
the mass number of the particle. In those experiments in which 
charged particles of higher energy were detected, in order to 
degrade their energy a thick absorber was placed in front of 
the magnetic spectrometer entrance. This absorber was made of 
the same material as the target itself. It also served to ab
sorb the beam. The width of the ДЕ-Е telescope in the focal 
plane corresponded to an energy interval of the order of 1%. 
Using this setup we could unambiguously identify light charged 
particles with 1 < Z < 4 ( p, d, t, Ще, «Не, eHe, 8He, 
eLi , 7Li , ^i , 7Be , 9Be, 1 0Be). For normalization purpo
ses, the beam was monitored by means of a surface-barrier 
detector placed at 30° with respect to the incident beam. 

EXPERIMENTAL RESULTS 
The energy spectra of the He and H isotopes produced in 

the bombardment of a 8 3 2 Th target by 2 8 Ne ions at 178 MeV 
are shown in Fig.1. The full lines are drawn through the ex
perimental points to guide the eye. The arrows on the E l a b -
axis indicate the limiting values of the particle energies 
(specified for different particles by their mass numbers), 
calculated on the basis of the energy and momentum conserva
tion laws under the assumption of two-body kinematics. These 
energy limits were estimated with an accuracy corresponding to 
the accuracy of determining both the heavy ion beam energy and 
the reaction Q value 'во/, and amounting to about 2 MeV. 
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Fig.1. Energy spectra of light particles with Z=l and 2, 
measured in the 8 3 8 T h + 8 8 N e (178 MeV) reaction. The 
arrows on the Е 1 ж Ь axis indicate the calculated end-
point energies for the corresponding isotope in the 
case of a two-body exit channel. 

As is seen from the figure, in the case of a -particles, 
an experimental energy limit was obtained, which turned out 
to be -3 MeV lower than the calculated one. The proton energy 
spectrum was measured up to E p =90 MeV, where the cross sec
tion decreases by about six orders of magnitude compared to 
the cross section in the spectrum maximum. The magnetic rigi
dity of the spectrometer made it impossible to measure the 
higher parts of the deuteron, triton and eHe-spectra. 

Figure 2 shows the energy spectra of Li and Be isotopes 
obtained in the same reaction Я Я 8 Т п + 8 8 N e (178 MeV). As is 
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seen from this figure, practically all particles reach their 
kinematic energy limits with cross sections of the order of 
10~ 3 - Ю - * mb(MeV.sr)-1'-

The energy spectra of light charged particles with Z=l,2,3, 
and 4, emitted in the bombardment of a *81 Та target by 8 2Ne 
ions at 178 MeV, are displayed in Figs.3,4 and 5_. Our atten
tion is drawn by the sharp cut-off of the a -particle spect
rum near the kinematic limit (Fig.4), and also by an increase 
in the gap between the experimental spectrum end-point and 
the calculated one, in comparison with the a -particle spect
rum in the case of the 8 S 8Th + 8 8Ne reaction (Fig. 1). At an a-
particle energy of 126 MeV, which is about 13 MeV below the 
calculated kinematic limit (see Fig.4), we did not observe 
a single a -particle at a cross section level of 5xlO - 7 mb 
(MeV.sr)-1'.. 

Figure 6 shows the energy spectra of He isotopes measured 
in the irradiation of a n»'Ti target with 178 MeV 2 2Neions. 
The energy spectra of the isotopes of He,Li and Be, displayed 
in Figs.7 and 8_, have been obtained in the bombardment of a 
n a tTi target with 8 0 N e ions at 196 MeV. For the last two 
figures the calculated kinematic limits are given in Table 2. 
It should be noted that, despite the difference in mass and 
energy of the projectiles (178 MeV 8 8 N e and 196 MeV 8 0Neions) 
the energy spectra of the light particles produced in reacti
ons with the n*'Ti target show practically no difference. 

In Tables 1 and 2_ there are brought together the characte
ristic parameters in the cm.,system of the measured spectra -
the positions of the maxima of the distributions (E r a # p -), the full widths at half maximum (FWHM), the effective temperature 
(T -. ), the cross section (da/dQ), and the calculated kinema
tic energy limits (Е??1с ).The effective temperature T e f f was 
estimated using the assumption of the Maxwellian form of the 
spectrum, i.e., 

A2 E - B„ 

where B„ is the cm. exit channel Coulomb barrier. 
As is seen from the Tables, the effective temperature in

creases both with the target mass and the mass of the emitted 
particle (an exception is the 8He-spectrum). Assuming that 
the temperature is related to the reaction time, the increas
ing temperature with the mass of the emitted particle, in our 
opinion, means that the more complex particles are emitted 
during the earlier stages of the reaction evolution. 
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Table 1 
Characteristic parameters of light particle spectra for the reactions 1 8 1 T a + 2 8 N e 

and 2 8 2 T h + «8 N e 

1 8 J T « + 2 2 I fc (178 HtV) 2 3 2 Т Ъ • 2 2 H e (178 IfeV) 

Particle E » . D . Bc ™" V f 5 5 B u i c 
AT 

P 
d 
t 

•в. 
4 H . 
«He 

1 0 B e 

10 11.5 7 4 .0 238 120.3 
12.5 11.С 8 4 .9 33 113.3 
13.5 10.8 « 1 0 . 5 5.4 « 2 1 112.1 

29.5 21.3 16 4.7 1.2 112.7 
25 21.0 13 5.6 725 125.2 
28.5 20.4 14 7.1 1.7 110.9 

19.9 94.6 

30.2 5.7" 115.4 
29.8 5.8" 115.1 
29.5 5.1" 107.9 

38.6 7.0" 117.6 

11 13 7 4 . 8 705 103.3 
16 12.5 18 7.7 138 98.3 
21 12.3 25 A/110 99.4 

24.3 19 4 .5 4 .8 99.8 
26.5 23.9 18 7.1 2050 114.6 
35 23.2 29 12.8 2.7 102.7 
29.5 22.8 6 3 .3 0.0043 91.3 

49 34.4 14 5.9 7.9 105.0 
47 34.1 17 8 .1 11.1 106.6 
48 33.8 20 10.7 0.7 101.7 

44.2 5 .1 113.5 
43.9 5.5 114.3 

J5 
- T e r f is estimated for the energy range 70-110 MeV; E m > p . is the most probable 

energy of the light particle (in MeV); B c is the exit Coulomb barrier in MeV; FWHM and T 
are the full width at half-maximum of the energy spectra and the effective temperature 
in MeV, respectively; da/dQ is the differential cross section for particle production 
in mb/sr; Ejf„c" is the calculated kinematic limit (in MeV) for a two-body exit channel. 
All the quantities are given in the cm. system. 



Table 2 
Characteristic parameter* of the light particle energy spectra in the reactions 

•»»TJ • «Ne and D»*Ti + «°Ne 

"•4 i* **» (176 NaT) - V * 2 0 * (196 HiV) 

fcrticl» %.p. »c Я » 9 -&L «21 е 
^a»P, B c М П V f 

dxr 
da * 

Ъ 10.8 4.3 113.4 16-5 10.8 18 4.3 4 .4 127.9 
*B. 13 10.2 13 4.3 738 124.5 14 Ю.З 14 5.2 510 137.8 
«B. 17.5 0.9 16 5.9 1.2 104.2 20 ю.о 18 5.1 o.a 115.2 
S i 16.6 9.7 7.S 3.6 "0.0062 84.2 9.7 2.6 93.0 

«u 20 14.4 4.0 106.9 34.8 14,5 15 4:2 3.S 119.9 
7 U 24.6 14.2 4.6 104.6 25 14.3 16 4.В 2.6 116.5 

•u 26 14.0 S.O 98.1 29 14.1 18 4.8 0.17 106.1 

v̂  31 17.9 3.0 103.2 18.0 4.0 115.1 
3 1 17.7 4.3 100.6 38 17.8 4 .1 111.2 

The notations are the same as in Table 1. 
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Fig.6.Energy spectra of the He 
isotopes, measured in the n » t T 1 + 8 8 N e < 1 ? 8 M e V ) r e a c t i o n . 
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Fig.7. Energy spectra of the He 
isotopes, measured in the Ш 
n » t T 1 + 8 0 N e (196 MeV) reaction. 
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DISCUSSION 
From the results shown in Figs. I -8 and Tables 1 and 2_ it 

follows that the spectra of all light particles emitted at 0° 
with respect to the beam, as in the case of a-particles / e /, 
have their maxima several MeV above the exit Coulomb barrier 
and tend to exponentially fall to some limiting energy deter
mined by the conservation laws for a given reaction channel. 
The measurement of the energy spectrum of the emitted par
ticles in the region of the kinematic limit, in our opinion, 
allows one to make some conclusions about their formation me
chanism as the kinematic limit itself depends on the masses 
and the number of particles in the exit channel. To illustrate 
this we shall consider a reaction involving the emission of 
•He in the interaction of B 8 N e ions with * 8 1Ta nuclei (Fig.4) . 
Several mechanisms can be assumed to govern the emission of 
a-particles in this reaction, namely; 

(1) At the moment of a-particle formation in the exit 
channel there are only two nuclei: 1 8 1 T a + 2 8Ne-»*He+ 1 9 eTl. In 
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t h i s case we are not interested in the further fate of the 
heavy residual - i t s deexc i ta t ion . 

(2) The breakup of the 8 B N e nucleus in to an a - p a r t i c l e 
and 1 8 0 at the moment of interact ion with the 1 8 1 T » nucleus, 
i . e . , 1 8 1 T » + 8 8 N e - a +

i e 0 + l 8 1 T a . 
(3) The knockout of an a - p a r t i c l e from the target nuc

l e u s : 1 8 1 T a + 8 8 N e - a + 8 8 N e + "*Lu. 
(4) and (S) . Symmetric and asymmetric f i s s i o n involving 

the simultaneo'us emission of an a - p a r t i c l e : 
1 8 1 T a + 8 8 N e _ lB8 S n + 7 g l Q a + a a n d 98 a + 10^ N b + a „ 

(6) The emission of an a - p a r t i c l e by one of the f i s s i o n 
fragments of the compound nucleus: 

181 T a + 2 8 N e _ M A + 1 0 | T c 

a + > . 

For all the reactions mentioned it is possible to calculate 
the maximum possible energy available for the a-particle: in 
the first case this energy is calculated as for two-body ki
nematics'81'.. In all " other cases the maximum possible energy 
was calculated using the prescription of 0hlsen / 8 2 /. In these 
cases it is necessary to take into account the presence of 
three charged particles in the exit channel. Their Coulomb 
interaction leads to a decrease in the total energy E * ' (in 
the c m . system). According to eqs. (20) and (21) from ref. 8 

the energy balance i"or a three-body reaction can be written 
as follows: 

л 
Е 1 - Я 8 + Е 2 3 = Е с = Q + m t E p / ( m p + m t ) , 

Е 1-гз = М Е 1 С / ( т 8 + т з > ' 
Hence 

1 = м c г 8 > ' 
where Ec. is the possible energy for a definite nucleus in 
the cm. system, M =m, +n> 2+ m„, m { being the mass num
ber of the particle, and E g a is the excitation energy of 
particles 2 and 3. The quantity Ej attains the maximum pos
sible value solely at the minimum value of E g 3 , i.e., at zero 
excitation of the remaining nuclei. However, in the case of 
three charged particles in the exit channel it is necessary to 
take into account the Coulomb repulsion between them, V| 3. 
1 1 1 6 1 1 „ Ша+Ия «.. 

ЕГ.тах= - Т Г 1 - * ? - V " b 



The maximum possible energies (calculated in MeV) of e-par
ticles produced in any of the above six cases are given in 
Table 3. 

Table 3 
Calculated kinematic limits for different a-particle 
emission mechanisms in the interaction of Ne(i78 MeV) 
with 1 8 1Ta 

Reaction (t) (2) (3) (4) (5) (6) 

Q -31.013 -9 .663 1.535 94.66 111 
V е 
v28 70.5 84.3 168.8 179.5 
gem 

a, max 125.2 76.9 74.4 82.9 88.4 

a, max 139.3 88.1 85.4 94.5 100.4 - 6 0 

In the case of evaporation of an a-particle from a fis
sion fragments (column 6) its maximum energy was determined 
taking into account the average kinetic energy (El£t

b=70 MeV) 
and maximum excitation (B^r max9 ^3 MeV) of the fragment, 
by using the following expression 

E l» b . ̂ £ _ + E * +Q„ - Ю MeV. Zr m_ Zr.max « 
where Q a (-4.76 MeV) is the a-particle binding energy in the 
Zt nucleus. From Table 3 one can clearly see that the forma
tion of a -particles with energies >10Q MeV is forbidden in 
all three-body processes, this being possible only ic the case 
of a two-body one (1). Comparing our calculations with the ex
perimental data (Fig.4) we can state that at a-particle ener
gies above 100 MeV the final channel of the reaction involves 
only the *He and the 1 П * П nuclei. This fact makes it pos
sible to assume that the deviation of the a-particle energy 
spectrum from the exponential fall at energies above 115 MeV 
is due to populating an yrast band in the Tl nucleus. This 
can also account for the gap between the calculated end-point 
of the spectrum (139 MeV) and the experimental one (122 MeV). 
In the case of the reaction under consideration ( *Ne+Ta) the 
angular momentum value calculated for grazing collision is 
equal to £ | t - 98ti(ref. ). Assuming the emission of an e-
particle with maximum energy during the inverse grazing pro
cess, we obtain the value of angular momentum carried off by 
the a-particle, ts'Wn. Angular momentum t-SOn remains in 
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che И nucleus. Considering a two-body mechanism it is pos
sible to obtain the rotational energy of the remaining 
nucleus, about 13 MeV. This value agrees well with the above-
mentioned difference between the calculated maximum possible 
and experimental end-point energies. Similar calculations can 
be carried out for the Ne+Th system (Fig.2), in which the 
final nucleus is heavier than that in the previous case and 
the moment of inertia is larger. As observed experimentally, 
the rotational energy in this case is small (-2 MeV). On the 
contrary, at a small moment of inertia, as i? the case in the 
interaction of 2 8 N e projectiles with the l 2 C nuclei, this 
difference between the calculated and experimental end-point 
energies reaches 20 MeV (Fig.9). However it is necessary to 
note that in this combination there may be a large contribu
tion of the three-body process in which the 1 8 C nucleus 
breaks up into За-particles, one of them being captured by 
the 22Ne ion. On the other hand, in the case of emission 
of heavy fast particles ( 93e, 1 0Be) in the interaction of Ne 
ions with heavy nuclei the maximum energy of the Be nuclei 
practically reaches the kinematic limit, i.e., the residue 
left after the emission of the Be nucleus is practically 
"cold", having small rotational energy. This fact may prove 
rather essential for the production of new heavy and super
heavy nuclei. 

There are presently a great many theoretical models elabo
rated in attempts to interpret experimental results on light 
charged particle emission in heavy ion reactions /14,84-86/, д ц 
of these models were confronted to the evaporation model of 
compound-nucleus decay''"Л However, one of the recent papers 
by Blann deals with calculations taking into account the 
dependences of the penetrability coefficients on the deforma
tion and angular momenta of the nuclei. These calculations have 
demonstrated that a", large angular momenta the probability of 
charged particle emission increases considerably and the emis
sion of charged clusters becomes stronger at large deformati
ons of the compound nucleus. This approach, however, does not 
provide the possibility of explaining the high effective tem
perature extracted from experimental cross sections, and the 
relatively large yield of high-energy charged particles. 

The authors of paper ' 1 8 / make an attempt to interpret the 
high effective temperature, observed experimentally in terms 
of the existence of several components in the spectrum of the 
particles observed. In particular, they discriminate between 
the evaporation component and another, fast one which is in
terpreted within the framework of the "hot spot" model. The 
authors of that papei / 1 8 / compared their calculations with the 
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results of our earlier study of a -particle emission / e / and 
obtained a fairly good agreement in the slopes of the spect
ra. At present the "hot spot" model is developed by many 
authors from a microscopic point of view / 1 1 , 8 e i s^6lacroscopi-
cally, this model interprets the source of particle emission 
as a strong local excitation at the point of contact between 
the two interacting nuclei with the simultaneous rotation of 
the system formed ™ , M ^ T h e "hot spot" moves into the nucleus 
while a total energy transfer from the incident ion takes 
place. The evaporation of any particle is admissible at each 
stage of this evolution. To elucidate the energy spectra of 
light charged particles the "rotating hot spot" model suggest
ed in paper •'зг/ assumes that the spot of local heating moves 
with approximately half the beam velocity. The formula for 
the production cross section derived in ref. 8" describes with 
good accuracy most of the energy spectra measured by us, except 
those of aHe and 8 He, and those spectra parts lying near the 
kinematic limit. A formula for the temperature of the moving 
spot is given in the same paper^8!K The calculations carried 
out by this formula have given values close to the experimen
tal ones listed in Tables 1 and 2. This formula reflects the 
experimentally established fact of an increase in temperature 
with the increasing mass of the target nucleus but it neglects 
the dependence on the particle mass in the exit channel. We 
believe that it is possible to obtain, within the framework 
of the model being discussed, a decrease in the spectrum slope 
(the temperature growth) with increasing isotopic mass if 
a time dependence of the velocity of the moving source is in
troduced . 

In our opinion, the direct reaction model may prove ad
vantageous for explaining the spectra shapes and light-par
ticle formation cross sections near the kinematic limit. In 
papers •'8̂ 84,86/ this approach has already been employed to 
describe the shapes of the light charged particle spectra mea
sured in heavy ion reactions - the direct reaction was consi
dered as a breakup of the projectile into two parts one of 
which is absorbed by the target nucleus. In view of the fact 
that earlier we obtained a sharp dependence of the formation 
cross section of high energy charged particles upon their 
binding energy in the target nucleus'e/, this process can be 
interpreted as the knock-out of a particle by the incident 
ion. V.Bunakov et al/ 8* are presently elaborating this ap
proach and have obtained a qualitative explanation of the a -
particle spectrum shape even in the vicinity of the kinematic 
limit, as well as the dependence of the cross section for 
forming high-energy о-particles on their binding energy in 
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the target nucleus. Unfortunately, these calculations are so 
far of qualitative character since more accurate data on some 
parameters including the spectroscopic factors of light par
ticles, are needed. In our view, the development of this ap
proach can contribute to the interpretation of the reactions 
involving the emission of high-energy light particles. 

From the data obtained in the present paper we can draw 
the following conclusions. 

(1) In all the reactions we have investigated, high-energy 
light charged particles ( P, d , t, 8He, *Ha, 6He , eLi , 

7 U , 8L1, 4ie , 9 B e , 1 0Be) are produced with relatively 
large cross sections and energies that are close to the reac
tion kinematic limit calculated assuming a two-body exit chan
nel. 

(2) The end-point energy of the energy spectra of light 
charged particles (except 8He and 8He ) is only 5-10 MeV be
low the kinematic limit for the given reaction, this diffe
rence decreasing with the increasing masses of the particle 
emitted and the target nucleus. The latter fact can serve as 
evidence that pure rotational levels are excited at zero exci
tation thermal energy in the remaining nucleus. 

(3) The effective temperature determined by the slopes of 
the energy spectra increases with the mass of the particle 
emitted. This may indicate that more exotic particles are 
emitted at an earlier stage of the reaction. 

In conclusion the authors would like to express their gra
titude to Academician G.N.Flerov for his interest in the pre
sent study, and to V.E.Bunakov, R.V.Jolos, B.I.Pustylnik and 
Yu.A.Muzychka for useful discussions. Thanks are also due to 
Z.D.Pokrovskaya and A.Belozyorov for their assistance in per
forming the experiments, Yu.P.Kharitonov and V.F.Kushniruk for 
manufacturing the semiconductor detectors. 
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