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Abstract: Transfer reactions in the bombardment of a 232Th target with 297 MeV and 388 MeV
40Ar ions have been studied. The energy spectra, angular distributions and the cross
sections for the formation of products having atomic numbers 5 < Z =< 20 have been
measured. In the energy spectra of the reaction products broad peaks having energies in the
vicinity of the output Coulomb barrier height have been observed along with the quasi-elastic
ones. The dependence of the partial angular distribution of the light products on the reaction
Q-value has been determined. The observed partial angular distributions have been analysed
by applying the Strutinsky model. The total cross sections of light product formation have been
found to be 1100 mb and 2400 mb for the *°Ar energies E = 297 MeV and E = 388 MeV,

which give the values of the critical angular momentum of 102 7% and 94 % respectively for the
two cases.

E NUCLEAR REACTIONS 232Th(*°Ar, X), E = 297, 388 MeV; measured ¢(Ex, ?)
for X =B, C, N, O, F, Ne, Na, Mg, Al Si, P, S, Cl, Ar, K, Ca. Natural target.

1. Introduction

Nouclear reactions induced by the heavy ions such as Ar, Zn, Kr, Xe [refs. 1 7#)],
have become of great importance in the recent years. Reactions induced by such ions
may result in the synthesis of superheavy elements in a new stability region. Transfer
reactions in the bombardment of heavy nuclei by *°Ar ions proved to be an effective
means for obtaining new neutron-rich isotopes of light elements °). Therefore, the
study of the peculiarities of the mechanism of nuclear reactions with heavy ions and
the yield of various products, both light and heavy, becomes still more significant.

The majority of investigations of direct heavy-ion reactions on heavy nuclei have
been performed by radiochemical separation of reaction products > °~8). However,
this method does not allow the detection of stable products as well as radioactive
products having either very short or very long half-lives. It is even more difficult to
measure their energy spectra. The combination of the magnetic analysis and the
AE, E methods °) is free from such disadvantages and makes it possible to identify
unambiguously the light products of reactions over a wide range of 4 and Z. How-
ever, this technique used for measuring the angular and energy distributions of many
reaction products requires much accelerator time. The 4E, E method is more efficient,

though it involves some difficulties in isotope separation, especially with Z > 8
[refs. 19 11)],

T On leave from the Institute of Nuclear Physics, Crakow, Poland.
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The study of some general features of the direct reactions such as the total cross
sections and the cross sections for the production of some element does not require
the knowledge of the mass number of products when reliable Z separation has been
done. Some reaction properties such as the angular distributions of neighbouring
isotopes differ slightly ® 8- 12). Earlier, in bombarding 2*?>Th with *°Ar ions we have
found that the major contribution (of 75-85 %) to the formation cross section of
clements at an angle of 40° comes from 3-4 neighbouring isotopes *). Angular and
energy distributions for the given element may be expected to be close to those of
separate isotopes which form the major part of the element produced.

The present investigation was aimed at measuring the cross sections, angular and
energy distributions of the light reaction products formed in the bombardment of
232Th by 297 MeV and 388 MeV *°Ar ions using the ‘“‘element’ approach.

2. Experimental procedure

The *°Ar(+7) and *°Ar(+8) external beams of 2 x 10'" and 6 x 10 particles/sec
and energies 297 MeV and 388 MeV, respectively, from the 310 cm Dubna cyclotron
were used for bombarding a metallic 232Th target.

Reaction products were detected by a telescope consisting of two silicon surface-
barrier detectors: AE detector 27 um thick and the total absorption detector (E). The
aperture was defined by a diaphragm of 5 mm in diameter placed in front of the AF
detector at 250 mm from the target. The angular resolution of the telescope was found
to be not worse than +1.5°, with the beam spot dimension of 6 x 6 mm? and the
angular divergence of the beam less than 3-0.5°. The relative accuracy of the telescope
location was +0.1°. A thin gold foil, 130 ug/cm? thick, protected the detectors from
the slow electron flux emitted by the bombarded target. Pulses from both the detec-
tors were fed into a converter for a two-parameter pulse-height analysis. The two-
dimensional 4E, (E—AE) spectrum was recorded in two 4096-channel analysers
operating in the 256 (4E)}x32(E—~AE) channel mode. Product yields at various
angles were normalized with respect to the number of elastically scattered *°Ar ions
detected in a monitor solid state detector which was placed at an angle of 30° to the
beam.

3. Experimental results
3.1. ENERGY SPECTRA

Since the energy losses of detected ions in a target were considerable, it was as-
sumed that nuclear reactions occur in a middle plane of the target. The energy losses
of reaction products in a target were determined by comparing the energy of *°Ar
ions elastically scattered from a '°7Au target of thickness 130 pg/cm? and the *??Th
target used in our experiment. By employing dE/dx tables for heavy ions (in Au
and U) of Northcliffe and Shilling *?) it was found that our 2**Th target is equivalent
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to 3.9 mg/cm? of uranium. This value together with the data on dE/dx was later
used to determine the energy losses of products in the target. Earlier, in bombarding
232Th by *®Ar ions of energy 290 MeV it was established that at an angle of 40° the
following isotopes: 1°0, 2'F, 2*Ne, 2°Na, 28Mg, 3°Al, 33Si, 35P, 368, 3°Cl, *°Ar,
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Fig. 1. The laboratory energy spectra of light products obtained in the bombardment of 232Th

with 297 MeV “%Ar ions. The product energies have been recalculated for energies in the middle

plane of the target. The curves have been drawn through experimental points. AH the curves and

points for each detection angle have been multiplied by the coefficients in the top right-hand side of
the figure.

42K and **Ca [ref. *)] have the maximum yield. All the calculations were made for
the mass numbers of the above isotopes. It is worth noting that these isotopes are
obtained with the total number of transferred nucleons close to twice the number of
transferred protons. Such a ratio has been obtained by the authors for the 2**Th+
22Ne reaction '#).

The absolute values of product yields were calculated from the ratio of reaction
product yields and elastically scattered *°Ar at angles of 20-30° for 297 MeV and
20-25° for 388 MeV. It is possible to consider the o,,/6g,., ratio to be unity for these
angles ).
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Figs. 1 and 2 show the energy spectra of different products from Mg to Ca in the
lab. system, the “°Ar energy in the middle plane of the target being E, = 288 MeV.
The energy spectra of lighter products and all the products at larger detection angles
are not given since the low yield of these products does not make it possible to plot
them with sufficient accuracy. However an evaluation of their formation cross section
was made and this was used in plotting their angular distributions.
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Fig. 2. See caption to fig. 1.

Figs. 3, 4 and 5 show the energy spectra of different products from O to Ca at the
“OAr ion energy of E, = 379 MeV. Some properties characteristic of the energy
spectra are worth noting.

The spectra cover rather a wide energy region: 80-120 MeV for £, = 288 MeV and
110-220 MeV for E, = 379 MeV. A comparison of the energy spectra of elements
and their isotopes emitted at the angle of 40° in irradiation of a 23*Th target with
22Ne ions of 174 MeV and #°Ar ions of 290 MeV show that the widths of the element
and isotope spectra are close **1#). Thus, one may consider that the energy spread
introduced into the element energy spectrum by summing up the spectra of separate
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isotopes is considerably smaller than the dynamic dispersion of the product energy
due to the mechanism of interaction of two nuclei in direct reactions.

The energy spectra of the products in multi-nucleon transfer reactions usually have
an approximately bell-shaped form. With the lowering of the number of transferred
protons, the maxima in the energy spectra are shifted towards higher energies, while
the spectra themselves become more asymmetric.
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Fig. 3. The laboratory energy spectra of light products obtained in the bombardment of 232Th

with 388 MeV “%Ar ions. The product energies have been recalculated for the energies in the middle

plane of the target. The curves have been drawn through experimental points. All the curves and

points for each detection angle have been multiplied by the coefficients shown in the top right-hand
side of the figure.

The energy of incident particles greatly affects the widths and shapes of energy
spectra. Thus, in increasing energy from 288 to 379 MeV the FWHM for Mg are
changed from 40-50 MeV to 80-90 MeV. The effect of incident particle energy on the
shape of the energy spectra is shown in fig. 6 where the P, Cl and K energy spectra
are compared for various detection angles and the incident particle energies. The
arrows in fig. 6 indicate the energy of the light products in the lab. system calculated
under the assumption that the nuclear system decaying into two products does so
when the Kinetic energy of relative motion is zero (i.e. corresponding to the Coulomb
barrier height for spherical nuclei). It should be noted that if we take into account
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the velocity of the centre of mass the low-energy cut-offs of the spectra for the two
incident energies are really equal.

At the *®Ar energy of E, = 379 MeV the spectra of products of few-nucleon trans-
fer reactions at the angles of 35°-45° show two broad peaks one at a low-energy and
the other at a high energy (fig. 5). For £, = 288 MeV such a spectra separation into
two parts at large angles is observed for K and Ca only (fig. 2).

In general, for few-nucleon transfer reactions, the energy spectra of products tend
to become softer with decreasing angle of emission.
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Fig. 6. The dependence of the energy spectrum of the light product on the incident ion energy. The

open circles are the “°Ar energy E = 388 MeV, the filled ones are E = 297 MeV. All the curves

and points for each detection angle are multiplied by the coefficients shown in the top right-hand

side of the figure. The arrows show product energies for the system decaying into two spherical nuclei

from the Coulomb barrier height. The dashed arrows are drawn for the “°Ar energy E = 388 MeV,
the solid arrows are drawn for £ = 297 MeV.

3.2. ANGULAR DISTRIBUTIONS

The differential cross sections do(8)/dQ ot light product formation for two values
of *°Ar ion energy are shown in fig. 7. The cross sections have been obtained by
integrating the energy spectra d’c(9, E)/dE-dQ over energy. Neutron transfer
channels and “°Ar inelastic scattering were separated by subtracting the normalized
elastic scattering peak for small angles (10-15°) from the Ar energy spectrum at an
angle 9. Only a part of the spectrum located 10 MeV below the calculated maximum
of the elastic peak at E, = 288 MeV and 7 MeV below at E, = 379 MeV safely
separated over the whole angular range. It is this part of the spectrum that was inte-
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grated when obtaining Ar angular distribution. Note that in such a treatment the
contribution of the Coulomb excitation to the cross section is practically excluded *©).

As is seen from fig. 7 the shape of angular distributions varies in a regular fashion
with the number of nucleons transferred. The peculiar peaks at somewhat smaller
angles than that of the “°Ar Rutherford scattering in the grazing collision is clearly
seen only for few-nucleon transfer reactions. (The angles of the *°Ar Rutherford
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scattering in the lab. coordinate system are 55° and 36°, for E, = 288 MeV and E, =
379 MeV respectively, and ro = 1.46x 1073 cm.)

With increasing number of transferred nucleons the width of these peaks of the
angular distributions is increased, while its maximum is shifted towards smaller
angles. In multinucleon transfer reactions the differential cross sections of products
are increased monotonically with decreasing emission angle. For the reactions with
the transfer of the maximum number of nucleons investigated here (C, N, O, for
E, = 379 MeV) one observes some increase of product yields at larger detection
angles. The increase of cross section of an angle of 10° for C, N, O, Ca requires a
more detailed study since it can be connected with the background effects, e.g., of
C and O admixtures in the target.

In earlier investigations ©%'7) on the angular distributions of the products of
transfer reactions on heavy nuclei both these features of maxima at the Rutherford
scattering angles and of monotonically increasing yield towards 0° have been ob-
tained. However, only a small number of reaction channels have been detected in the
above studies. So it was difficult to determine a definite dependence of the angular
distribution shape upon the number of transferred nucleons. The data shown in
fig. 7, with the transfer up to about thirty nucleons, allow one to follow the evolution
of the angular distribution shape with the increase in the number of transferred nu-
cleons. A similar result for the angular distributions of direct reaction products (light
elements from Li to Mg) was obtained by the authors '*) in the bombardment of
232Th with ??Ne ions.

3.3. LIGHT PRODUCT FORMATION CROSS SECTIONS AND TOTAL DIRECT REACTION
CROSS SECTIONS

The cross section for the formation of light products in direct reactions are shown
in table 1. For each “°Ar energy two values of cross section are given: o,,.,, and o.
The values of o,,.,, have been obtained by integrating the differential cross sections
do(8)/dQ over the angle 3 in the angular region where the measurements have been
made. These angular intervals were determined using the solid curves drawn through
the experimental points as shown in fig. 7. The values of ¢ were obtained by inte-
grating the total angular distributions extrapolated to the region of small angles. The
total cross sections of direct reactions for a 2>*Th+*°Ar were calculated from our
data using the cross section for the formation of separate elements. These values
should be considered as the lower limits of the total cross sections of direct processes.
The character of the dependence of light product formation cross section on Z allows
one to assume that the contribution to the total cross section from elements with
charges Z larger and smaller than those shown in table 1 will be small. The total cross
section is somewhat underestimated due mainly to the cutting-off of the Ar energy
spectra.
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4. Discussion of experimental results

4.1. ENERGY SPECTRA

In order to clarify the specific features of direct reactions with Ar ions it is useful
to compare the kinetic energies of final products with the output Coulomb barrier
height. Fig. 8 shows (E.", +Q,,— B, ) versus the angle of emission of the light pro-
ducts (c.m.s.). Here E/", is the initial Kinetic energy, B2% is the output Coulomb
barrier height (calculated for spherical nuclei having r, = 1.46 fm), Q,, is the Q-
value of the reaction for the maximum product yield. The values By, and Q,, were
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Fig. 8. The difference of kinetic energies in the maximum energy distributions and Coulomb barrier
heights of the final products with respect to the light product emission angle. “®Ar ion energies in
the middle plane of the target E, = 288 MeV and E, = 379 MeV.

calculated under the assumption of the two-body reaction and for the above isotopes.
Note that these values are weakly dependent on the variations of the mass number 4.

For few-nucleon transfers the curves (E[%, +Q,— B ) have their maxima at
angles somewhat smaller than the Rutherford scattering angle of *°Ar (955 = 63°
for E, = 288 MeV and 3x7, = 41° for E, = 379 MeV). At these angles the kinetic
energy of final products is close to £/, and the process determining the high-energy
maximum in the energy spectrum is of quasi-elastic character. With decreasing angle,
a sharp decrease in the maximum of the final kinetic energy spectrum takes place.
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It is reduced down to the value close to the height of the output Coulomb barrier,
and is further weakly decreased with decreasing 3.

The low-energy maxima in the final kinetic energy spectra of products turn out to
be lower than the output Coulomb barrier height and is smoothly decreased with in-
creasing angle 9.

Kammuri '®) when calculating the classical deflection of a heavy ion in the Cou-
lomb and nuclear potentials has obtained a possible ion trajectory in traversing 0°
with respect to the direction of the incident ion. In our case this suggests that the low-
energy maxima in the spectra of ions emitted at angles of 10° to 60° are indeed those
emitted at angles of —10° to —60°. The points thus plotted are indicated by dashed
lines in fig. 8 which shows that it is possible to connect both the low- and high-energy
maxima in the energy spectra in one system.

For the multi-nucleon transfer reactions the kinetic energy of final products is
somewhat smaller than the output Coulomb barrier height for spherical nuclei and
varies smoothly with the angle 3. Note the similarity of the positions and the shapes
of curves shown in fig. 8 for the utmost multi-nucleon transfers (O, F, Ne) and for
the low-energy maxima of C}, K, Ca. This fact may be considered as an indication
that in both cases we may have the product trajectories traversing through 0°.

It is interesting that in some cases the energy spectrum maximum of a light pro-
duct is below the output Coulomb barrier height (see figs. 6 and 8). Earlier the pro-
duction of transfer reaction products at energies below the Coulomb barrier height
has been observed on light and medium nuclei '?2°). One can indicate some pos-
sible reasons for the formation of light products with such low energies: (i) the detect-
ed product is produced as a result of the decay of a deformed system with relatively
smaller values of B, ; (ii) the system decays into more than two fragments, of com-
parable charge and mass; (iii) the emission, by the excited light product, of a-par-
ticles and nucleons in the direction of motion. However, it is improbable that such a
process as the decay of the system into more than two massive fragments determines
the position of maxima in energy spectra. This is confirmed by the observation of the
maxima of the energy spectra being near the Coulomb barrier for two particles in
the outgoing channel and furthermore the noticeable limitation of energy spectra at
relatively high energies.

There are no special arguments against the isotropic emission of nucleons or,
which is more probable, of a-particles by a light product (after the decay of the sys-
tem). With the isotropic decay of the light product the maximum in the energy spec-
trum will be determined by a-emission in the direction perpendicular to that of pro-
duct motion. In this case the detection angle for a new product is changed slightly
due to its great velocity. (The product energy in system decaying from the Coulomb
barrier height is 4-5 MeV/nucleon.) At the same time, considering that the velocity
of the light product after its decay is on an average retained, the variation of the kinet-
ic energy of a new product with respect to the new Coulomb barrier is small. Indeed
the points for O, F, Ne in fig. 8 are practically at the same curve. Thus, one may
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consider that at the moment of decay of the system, the nuclei are somewhat deformed
and the deformation increases with the increase in the angle of the trajectory away
from 0°.

It is interesting to note that the product yield in such processes is changed slightly
over a wide range of atomic number 8 £ Z < 20 (see product yields in figs. 3-5 for
the detection angle of 45° where such processes are separated sufficiently well).
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Fig. 9. Partial angular distributions of light products with the fixed value of Q = Q*. 4%Ar ion energy

Ey = 288 MeV. The curves for K with Q* = 0 MeV and Q* = —20 MeV have been calculated

according to Strutinsky 2#). Calculation parameters are presented in table 2. The remaining curves

have been drawn through the experimental points. All the points and curves for the given value of
O* have been multiplied by the coefficients given in the left-hand side of the figure.

4.2, ANGULAR DISTRIBUTIONS

In previous investigations 2!+ 22) it has been shown that the shape of angular dis-

tributions of light products in transfer reactions can significantly change for the dif-
ferent parts of the energy spectrum. In this case the energy spectrum was separated
into two parts and for each of them its own angular distribution was determined.
Taking into account the large width of energy spectra it is reasonable in our case to
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consider the angular distribution of reaction products at various excitation energies
of the interacting system of two nuclei. Figs. 9 and 10 show the differential cross sec-
tions for the formation of reaction products as d?¢/dQdQ with the different Q-values,
Q*. The calculation was made under the assumption of the two particles in the out-
going channel. As is seen from these figures, in few-nucleon transfer reactions at small
excitation energies of the final nuclei E* (E* = Q,,—Q*) the angular distribution
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Fig. 10. Partial angular distributions of light products with the fixed value of @ = Q*, *%Ar ion

energy E; = 379 MeV. Curves for K with 0* =0, 0* = —20 MeV and Q* = —200 MeV have

been calculated according to Strutinsky 24). Calculation parameters are presented in table 2. The

remaining curves are drawn through experimental points. All the points and curves for the given value
of 0* have been multiplied by the coefficients shown in the bottom left-side of the figure.

has a pronounced maximum. With increasing excitation energy, the maximum in the
angular distribution is shifted towards smaller angles, its width is increased, and a
rise in the cross section at small angles appears. At higher excitation energies the yield
of products increases monotonically towards 0°. The radius parameter r, cal-
culated (for the closest approach of two nuclei) from the maximum positions in the
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angular distributions ClI and K with the minimum values of |Q*| is between (1.55-
1.62)x 10713 cm.

Some investigations *®23727) have been devoted to the theoretical analysis of the
angular distributions of direct reaction products. Strutinsky’s model ?*) is most
convenient for comparison with the experimental data. We have calculated the pro-
duct angular distributions under the assumption of the “‘tangent’ nuclear collisions
and the quasi-elasticity of reactions. The function #, determining reaction intensity
in the channel with orbital momentum / has a maximum with some / = I, corre-
sponding to the “‘tangent’ trajectory. Taking

M= Moq(=1o) = 1,09(x), (1)
two expressions for the function g(x) are considered:
q(x) = exp(—a’x?)  (G), )
exp(—ax) I>1,
X) = E). 3
g = {7 op® ©)

The quantity o = 1/4] determines the wave packet width.

It has been shown that the shape of the angular distribution for light reaction pro-
ducts depends upon the number of partial waves giving a contribution to the reaction
and the classical deflection angle 9,,,,. The maximum at the angle 3., appears only
with the condition 3,47 > 2. Such an approach allows the extraction of the
values A/ and 3,,,, from the experimentally determined angular distributions.

TABLE 2

The analysis of the angular distribution of the light product in the 232Th(*°Ar, K) reaction by
using the Strutinsky model 24)

Energy o* Calculation Pmax Al
4CAT Ey (MeV) MeV variant (degrees) number of
partial waves

0 G 57 12
,
288 —20 G 56 9.2
0 G 36.5 25.1
379 —20 G 35.5 19.4
—200 E 5 6.3

Table 2 presents the results of calculations of wave packet widths for partial angu-
lar distributions of K with @* = 0 MeV and Q* = —20 MeV. (Here the initial con-
ditions of the model hold.) The calculated curves (variant G) are shown in figs. 9
and 10. The theoretical curves were normalized to the experimental cross sections at
the angles 9,,,,. The agreement of the theoretical curves with the experimental points
is quite satisfactory.
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In this new investigation Strutinsky has generalized his approach for inelastic direct
processes 7). In this variant of the model the angular distribution of reaction pro-
ducts is determined by two factors: by quantum-mechanical dispersion due to the
wave nature of the particle and by the dynamic angular dispersion due to nuclear
interaction. The mathematical expressions for the angular distributions obtained here
are equivalent to the expressions of ref. **). But since the dynamic dispersion of a
packet was not taken into account in the previous paper the parameter A/ obtained
from the analysis of the experimental angular distribution can be smaller than the
real width of the wave packet.

However, it is impossible to distinguish the quantum-mechanical and dynamic
dispersions within the framework of the proposed model *7). We have made an at-
tempt to compare the partial angular distributions shown in figs. 9 and 10 to those
calculated using the formulas of the previous work 2#). It was found that for the lar-
gest |Q*| values with E, = 379 MeV the calculated angular distribution is consistent
with the experimental, if the (F) variant is used. Fig. 10 shows the corresponding
calculated curve for K with Q* = —200 MeV. The calculated parameters are listed
in table 2.

An attempt to fit the theoretical and experimental points for the intermediate va-
lues of Q% using only the Gaussian or the exponent dependence of g (x) failed. Thus,
for comparatively small |Q*| the character of the decrease in the angular distribution
at the angles of § > 3, requires definitely the application of (G), but then the ob-
served increase of cross section at smaller angles cannot be explained on this basis.
Perhaps it may be possible to explain the observed angular distributions by intro-
ducing a varying asymmetry in g(x), from (G) to (E), with increasing excitation
energy.

4.3. DIRECT REACTION TOTAL CROSS SECTION AND THE CRITICAL ANGULAR
MOMENTUM

The comparison of our data for the total cross section of direct reactions ¢ (see
table 1) with the cross section for incomplete fusion 6,cr obtained by the fission-frag-
ment angular correlation experiments 2®) shows a noticeable divergence. The value ¢
in our experiments turned out to be considerably greater. It is possible that this diver-
gence is due to the difficulties of separation, by the fission-fragment angular correla-
tion method of the complete fusion processes and deep inelastic direct processes with
large momentum transfers to the target nucleus.

The data obtained allow a determination of the value of the critical angular mo-
mentum J_, for the 232Th+*®Ar system. Natowitz 2?) has remarked that the value
J., = 170h obtained from the data of Sikkeland ?®) may have been overestimated.
In order to evaluate J,, we have used the same formulas as in ref. *°):

I = (—‘—) o (@)

Ogr
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B
og = nR? (1— __) , (5)
2u(E. —B)R?
J2, = 2(Eem —BIR® ) (6)

hZ

Here oy is the total reaction cross section, o,cp is the cross section for incomplete
fusion, B is the input Coulomb barrier height, p is the reduced mass, R is the sum of
the target and projectile radii (r, = 1.46 fm), J,,, is the maximum orbital angular
momentum under the assumption of spherical nuclei with sharp boundaries. The
results of calculation of J,, are presented in table 3. The values J, should be consid-
ered as the upper limit for the critical angular momentum, since the limiting value
for o,cr Was used in the calculations.

TABLE 3

Calculation of the critical angular momentum value of the ?32Th-+*%Ar system according to
Natowitz 2°)

Energy 4OAI‘ Or J1cF Jmax Jcr
Ey (MeV) (b) (b) (units of #) (units of #) *)
288 1.9 1.1 157 102
379 2.9 2.4 222 94

) Jor = the upper limit for the critical angular momentum value.

It should be noted that our data for J,, values fit rather well the empirical system-
atics for critical angular momenta proposed by Natowitz *?).

5. Conclusion

The results obtained in this expetiment demonstrate the possibility of the “‘element™
approach in studying nuclear reactions with very heavy ions.

Transfer reactions with *°Ar have been shown to occur both in the form of quasi-
elastic and deep inelastic processes. The former are characteristic of few-nucleon
transfer reactions. In this case the reaction product retains a major part of the incident
ion velocity, whereas the product angular distribution has a pronounced peak at
angles close to the Rutherford scattering angle for the incident ion. Deep inelastic
processes make a noticeable contribution to few-nucleon transfer reactions and are
dominant in multi-nucleon reactions. In such processes all the kinetic energy of nu-
clear collisions is spent in the rearrangement and excitation of nuclei. The angular
distributions are described by a monotonic increase of the yield with decreasing de-
tection angle.

Such processes are an intermediate stage to the production of the compound
system. This may be suggested by the transition of the trajectory of light product
throughout 0° and deformed configuration of the system at the moment of scission.

The transfer of a considerable number of nucleons from a heavy ion to the target
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nucleus with a noticeable cross section indicates the possibility of using such processes
for the synthesis of transuranic elements and, possibly, of superheavy nuclei in a new
region of stability. It is worth noting that the large width of the energy spectra of light
products increases the probability of processes resulting in the weak excitation of the
final heavy products.

The authors are deeply indebted to Academician G. N. Flerov for his interest to
this investigation and valuable discussions and to B. A. Zager and the cyclotron
operation staff for their cooperation.
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