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Reactions in which a large number (from 5 to 8) of nucleons are transferred under the action
of heavy ions were investigated. Targets of Th*3? were bombarded by Ne?? ions and the a-
active products Th?27, Aczze, Ac®® and Ac’*?* were recorded. The dependence of the cross
sections for the production of these isotopes on the incident ion energies was measured and

was found to rise gradually from ~ 10730

cm? near the Coulomb barrier to ~ 1

0—2 7 2

cm® at

154 MeV. The angular distributions of the recoil nuclei of these isotopes were measured at

150 and 120 MeV. They are peaked near the Rutherford angle.

The positions of the peaks

for the various isotopes are different; the larger the number of transferred nucleons, the
larger the angle corresponding to the maximum of the cross section. The observed depend-
ences cannot be described by existing models of the mechanism of transfer reactions.

1. INTRODUCTION

SHORTLY after beams of accelerated heavy ions
became available, it was found that not all reactions
produced by such beams proceed with the produc-
tion of compound nuclei. In England, [1] the
U.S.S.R., [?J and the U.S.A. [*] mass numbers dif-
fering little from the mass numbers of targets or
incident particles were found among the products
of the bombardment of isotopes. Recently, a num-
ber of papers have been devoted to transfer reac-
tions of one two, and also several nucleons in re-
actions with heavy ions. [4,5]

In order to explain reactions of incomplete fusion
and ‘‘transfer’’ reactions a number of approaches
have been developed, but their regions of applica-
bility are not yet clear. Reactions in which one
nucleon is transferred are described by the theory
based on the tunnel effect. [6J In the first papers
of Fremlin et al L™} the hypothesis was proposed
according to which the particle breaks up in the
field of the nucleus and the nucleus captures one
of its particles (the so-called shrapnel effect);
the intermediate compound nucleus thus produced
can then evaporate nucleons, as a result of which
products heavier than the target nucleus arise.

In order to explain the occurrence of products
with masses close to the mass of the incident par-
ticles, Kaufmann and Wolfgang £e] proposed a
‘‘grazing collision model.’” These authors ob-
served light radioactive products when rhodium
was bombarded by Clz, N“‘, 016, and F!° at an
energy of 10 MeV/nucleon. They found that the
angular distribution of the products has a very dis-

tinct maximum in the direction of the beam. The
cross section rises monotonically with the energy.
Wolfgang and Kaufmann £l suggested that these
products arise in grazing collisions in which the
volumes of the particles and the nucleus somewhat
overlap. Owing to friction, the substance in the
overlapping region is excited, so that the nuclei
are not fully fused. During the contact the nucleons
can pass from the nucleus to the particle and vice
versa. In the process of motion the centrifugal
and Coulomb forces again break apart this system.
In 8] the range vs energy distributions of nuclei
emitted at a given angle (18°) display a large
spread (~ 30 MeV). This clearly indicates that
unbound nucleons or complexes of nucleons also
arise in the reactions. [

An important premise of the grazing collision
model is that the energy of the bombarding particle
is high in comparison with the Coulomb barrier.
However, the considerable yield of actinium iso-
topes in the bombardment of thorium by Ne?? jons
already observed close to the Coulomb barrier [19
does not correspond to the model described by
Kaufmann and Wolfgang. [8]

In the present experiment we studied the reac-
tions in which Th?7 Ac?%6, Ac??’, and Ac??* are
produced in the bombardment of Th?32 by Ne??
ions. Such reactions correspond to the stripping
of several nucleons (5n, p5n, p6n, and p7n) from
the target nucleus. The fact that use was made of
a heavy target consisting of thorium and a heavy
Ne? particle of energy considerably exceeding
the Coulomb barrier gives support to the assump-
tion that the obtained dependence reflects certain
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Radioactive family 4n4-3 4n+4-2 4n1 4n
Observed parent nucleus Th227 Ac226 | Ac228 Ra22s | Ac?#| Ra24
Periods determining the nucleus 184, 11d 28 h 10d | 14d,10d | 3 h 3.6d
decay 3.6d
Energy of observed a line, MeV 7.35 7.68 8.35 8.35 8.78 8.78
Nucleons emitted from Th232 on pon pén | 2pdn pin | 2pbn, bna
Q-value estimate, MeV —6 +3 +2 —+15 | —3 +18
Crosszssection o at 143 MeV, 10 6.6 5.5 <1.5 5.3 <2
10°% cm?

general properties of the transfer reaction, since
the production of unbound nucleons or their com-
plexes is restricted energetically.

The method of recording «a-radioactive products
with an ionization chamber affords a high sensiti-
vity.

The experiment was carried out with an internal
beam of accelerated Ne?? ions from the multiply-
charged-ion cyclotron of the Joint Institute of Nu-
clear Research.

2. RECORDING METHOD

The isotopes Th*?T, Ac?26, Ac??®, and Ac® pro-
duced in the Th%®2 + Ne? reaction are easy to re-
cord. They all give series of o and B-active
daughter products which end in the « decay of one
of the polonium isotopes with a high « -particle
energy (see the table). By measuring the inten-
sity of these lines with the aid of an ionization
chamber, we can determine the number of nuclei
of the initial parent isotope in a given sample.
Since there are very few emitters with a-particle

energies above 7 MeV, the isotopes in the table can

be identified from the energy and half-life without
the use of chemical methods. The targets were
usually measured four or five times at different
periods, so that the amount of each isotope was
determined by at least two independent measure-
ments. In the case of some thin targets all the

remaining lines of these series were also identified.

The Th?*2" and Ac®® nuclei were effectively
screened. The isotope Ac**® could be produced
from Th®%, which, in 10% of the cases, experiences
K-capture. The isotopes Ac??4 and Ra%** could
not be separated quantitatively.

The measurements were made with an ioniza-
tion chamber which had two grids and was filled
with argon with a small admixture of acetylene.
The pulses were applied to an AI-100 100-channel
analyzer through a preamplifier, amplifier, and
expander. In the case of measurements of very
active samples we used an electron collimation
block based on the principle proposed by Facchini
et al. [11) The chamber resolution (~ 25 keV with
an effective 2m geometry) was not realized in full

in these measurements, since the products of the
reaction were ‘‘driven’’ deep into the collectors.
The chamber was fitted with a valve for the intro-
duction of the sample without the replacement of
the gas in the working volume.

3. CROSS SECTIONS

To determine the dependence of the cross sec-
tions for the production of various isotopes of Th
and Ac on the energy of the Ne®? ions the latter
was used to bombard a stack of ThyO; targets
(~ 100ug/cm2) deposited on aluminum bases 5pu
thick and stacks of aluminum collectors of dif-
ferent thickness. The targets and collectors were
counted in the ionization chamber. Here we could
also determine the amount of deposited thorium
from the o counts. Owing to the strong g activity
of the collectors and targets, the first measure-
ments were begun no earlier than ~ 15 h after the
end of the bombardment, by which time the short-
lived B emitters had already decayed. The re-
sults are shown in Figs. 1 and 2. The errors
shown include the contributions from the complete

separation of the « lines and the statistical errors.

The relative quantities are, however, more accu-
rate, since all spectra were analyzed in the same
way. The uncertainty in the energy scale is less
than + 5 MeV. In the total cross section measure-
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FIG. 1. Cross section for the production of Ac?** in the
bombardment of thorium by Ne?? ions as a function of the
bombarding-particle energy (in the laboratory system). The
arrow indicates the Coulomb barrier energy.
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FIG. 2. Energy dependence of the Ac**® and Ac*** produc-
tion cross sections.

ments the Ac’ yield was determined with a con-
siderable error, since the 8.78-MeV line is pres-
ent in the spectrum of the thorium family.

Moreover, we were not able to separate R
from Ac®®, the latter decaying into Ra%** with a
half-life of 2.8 h, since the measurements were
begun only ~ 15 h after the bombardment. How-
ever in the angular distribution measurements the
collectors were not activated by the beam and the
activity was therefore recorded immediately after
the bombardment. Although we were not able to
determine quantitatively the Ra’*® to Ac* ratio,
owing to the length of the bombardment (3—5 h),
we found that the amount of Ac??* was at least 3
times as great as that of Ra??4. In the table the
production cross sections at 143 MeV and
estimates of the values of @ for the reaction (ac-
cording to Cameron’s tables) are given.

a224

4. ANGULAR DISTRIBUTIONS

The angular distributions of the Th??7, Ac?26,
Acm’, and Ac?** recoil nuclei in the 40—180° range
were measured with the aid of a simple attach-
ment to the probe for the measurement of the ion
current of the internal beam of the cyclotron (see
Fig. 3). A ThyO, target 15pg/cm? thick was de-
posited by electrophoresis 012 on a thick molybde-
‘num base placed at an angle of 40° to the beam.
The target was bombarded ~ 5 h by a current of
~ 15pA, For a check of the ion current a small

FIG. 3. Device for meas-
urement of the angular dis-
tribution of recoil nuclei (in
the angular range 180 to 40°).
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part of it passed by the target and reached the col-
lector. Around the target was another collector
consisting of an aluminum foil in the form of a
semi-cylinder, so that the beam passed along the
cylinder axis. After the irradiation the foil was
cut along the lines 8 = const and the individual
strips were counted in the ionization chamber.

The angular distribution in the range from 0 to
70° was measured with the aid of a similar ar-
rangement. A ThyO; target 60pg/cm? thick was
placed on an aluminum foil (5u) and was set per-
pendicular to the beam.

Curves for the backward (40—180°) and forward
(0—70°) angles were matched in the overlapping
region. This matching gave consistent results for
all four distributions within the limits of experi-
mental error. The angular distributions in the

laboratory system for an ion energy of 150 MeV

are shown in Fig. 4. The angular resolution was
determined by the distance between the points. The
finite dimensions of the target gave only a slight
broadening of the angular resolution.

Figure 5a shows the c.m.s. differential cross
sections do/d2. The transformation from the
l.s. to the c.m.s. was made under the assumption
that in the reaction all the nucleons are transferred
to the incident particle while the final products
arise in the ground state. However the transfor-
mation is not very sensitive to these assumptions.
Even if several unbound nucleons are produced in
the reaction, the character of the curves does not
change.

The width of the observed « lines, which is due
to the depth to which the Th and Ac isotopes pen-
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FIG. 4. Differential cross sections for the production of
Th*’, Ac**®, Ac*®, and Ac** in the l.s. for the bombardment
of Th*** by 150-Mev Ne®” ions (6 is the angle of emission of
the recoil nucleus).
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FIG. 5. The same cross sections as in Fig. 4, but in
the c.m.s.: a — for bombardment by 150-MeV Ne** ions;
b — for 120-MeV Ne?*? ions. The recoil nucleus emission
angle is given on the lower scale of the abscissa axis;
the angle of emission of light particles is given on the
upper scale. The notation is the same as in Fig. 4.

Jid a6
:%‘I,Lb/sr / a Z0-mb/sr
214
0.007
012+
o 0,006}
o]
010 -
0.095 -
0.08 +
0.004 -
906 -
42,003
004+
0.002+
42,02
o
. o001+
| ! 1 ] 1 | ? e 'y I 1 I I [
180 160 140 120 100 60 60 40 20 0 120 100 80 60 40 20 0

c.m.s., deg

etrate into the nucleus, decreases monotonically
with increasing angle 4, since the recoil energy
decreases. Although the energy of the recoil nu-
cleus emitted at an angle greater than 150° is
very small (~ 300 keV), this segment of the curves
can also be considered reliable in view of the fact
that a very thin target was used. But since the
partial cross section for 8 = 150° is ~ 5% of the
total cross section, the statistical errors in this
range are quite large. All experiments were re-
peated with the same results. In particular, the
displacement of the peaks for the individual iso-
topes was confirmed.

Figure 5b shows the same differential cross
sections do/dQ for the bombardment of a thorium
foil 1.0 mg/cm? thick by 120-MeV Ne?? ions. The
measurements were not made to obtain the back-
ward angles, since it was found that most of the re-
coil nuclei are emitted from the target.

5. DISCUSSION OF RESULTS

As is seen from the figures, the maxima in the
angular distributions are to the right of the Ruther-
ford angle [ angle of deflection of an elastically
scattered particle with the smallest collision para-
meter ry(A)3 + Aé/s ), where ry; =1.35 F] and are
shifted with it when the ion energy is changed. This
indicates that the particles move primarily in Cou-
lomb orbits and the nuclear interaction deflects
them very little from their initial direction. This
only confirms the fact that the reaction proceeds
on the nuclear surface. At the same time, the
shift in the position of the maxima for the indi-

Recoil nuclei Gc.m.s.: deg

vidual isotopes signifies that a nuclear interaction
occurs and that it is different for different num-
bers of transferred nucleons, where the larger the
number of transferred nucleons, the more effec-
tive the nuclear interaction.

It should be stressed that the obtained depen-
dence cannot be explained by existing models for
the mechanism of the transfer reactions. It is
quite impossible to describe the transfer of eight
nucleons by a model based on the tunnel effect, al-
though the behavior of the excitation functions and
the differential cross sections is similar to that in
the case of a one-nucleon transfer. But the ‘‘graz-
ing collision model’’ can hardly describe the ob-
served phenomenon, since its basic assumption—a
high energy in comparison with the Coulomb bar-
rier—is not fulfilled. Even close to the barrier,
where the nuclei approach each other at a negligi-
ble velocity, the reaction in which a large number
of nucleons is transferred proceeds with an ap-
preciable cross section. Of course, a compound
nucleus is not always produced in central collisions,
as has been believed till now.

In the fusion of two nuclei the greater part of
the excitation energy is in the form of a deforma-
tion energy and rotational energy. It is possible
that the transition of the energy of these collective
degrees of freedom into the energy of the statisti-
cal motion of the nucleons in the compound nucleus
is somewhat inhibited and the system can split
apart. The fact that the neutrons are transferred
with a greater probability than protons (see table)
can signify that it is primarily the neutron external
shells which overlap.



REACTIONS IN THE BOMBARDMENT OF THORIUM BY Ne?? IONS

The authors thank Professor G. N. Flerov for
constant helpful interest in this work. It is a
pleasure to acknowledge the helpful discussions
with V. A. Karnaukhov. The authors express their
gratitude to the multiply-charged-ion cyclotron
crew for making possible the experiment and to
B. A. Gvozdev for consultations on the preparation
of the targets.

IChatckett, Fremlin, and Walker, Phil. Mag. 45,
173 (1954).

% Karnaukhov, Ter-Akop’yan, and Khalizev, JETP
36, 748 (1959), Soviet Phys. JETP 9, 525 (1959).

3 Reynolds, Scott, and Zucker, Phys. Rev. 102,
347 (1956).

4 Brandshtetr, Krzhivanek, Maly, and Su, Joint
Institute of Nuclear Research, Preprint R-978,
Dubna, 1962.

3 Flerov, Volkov, Pomorski, and Tys, JETP 41,
1365 (1961), Soviet Phys. JETP 14, 973 (1962).

543

8 G. Breit, Phys. Rev. 102, 549 (1956); M. E.
Ebel, Phys. Rev. 103, 958 (1956).

"Chackett, Chackett, and Fremlin, Phil. Mag.
46, 1 (1955).

8 R. Kaufman and R. Wolfgang, Phys. Rev. 121,
192 (1961).

9A. Zucker, Phys. Rev. Lett. 4, 21 (1961).

10 Donets, Karnaukhov, Kumpf, Gvozdev, and
Chuburkov, Joint Institute of Nuclear Research,
Preprint R-896, Dubna, 1962.

" Facchini, Gatti, and Pellegrini, Nuclear Instr.
4, 221 (1959).

2B, A. Gvozdev and Yu. T. Chuburkov, Radio-
khimiya (in press).

Translated by E. Marquit
134



