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1. Introduction

During the recent years, nuclear reactions induced
by heavy ions such as '"Ar, "'Kr and "*’X¢ have been
studied extensively. The new reaction mechanism which
manifests itself just on these heavy projectiles s of
special interest. This mechanism lies somewhere between
a quasielastic process and compound nucleus formation
followed by fission on heavy targets. Its main features
are as follows: 1) Two final products nave masses close
to those of initial nuclei. In other words, this process
can be called nucleon transfer. In the case of very heavy
projectiles, up to several tens of nucleons can be trans-
ferred; 2) The kinetic energies of the two products
formed are close to the Coulomb energies of the touching
nuclei; 3) Symilar to simple direct processes, the angular
distributions of reaction products are anisotropic

Indications for this reaction mechanism were ovbtuined
on comparatively lhight projectiles, e.g., ! N, "¢ and

12 ¢ (refs. ' ). However, this mechanism showed
itselj(,most vividl?; in investigations of the‘ interaction
of ““Ne and ‘"Ar with P Th (rers. 7 ). In these

papers the process was termed ''deep inelastic process’’
l.ater on, similar processes observed in the interactionof
K with? B were called "quasifission’’ ©  Theauthors
ol ref termed the deep inelastic processes observed
in the interaction of " Ar BUKr | PPN nd 2Ne with silver
"relaxation phenomena'.

The_ present paper is an extension of our previous
paper © , which dealt mainly with proton stripping reac-
tions in the system War. I When protons are picked ap
by a projectile, multinucleon transfer products cannod be
formed because of the dissociation of the initial paracle



This fact makes an analysis in terms of the two-body
mechanism more reliable.

Until recently proton pick-up reactions onheavynuclei
have been investigated only in quasielastic processes
(e.g %9 ) In this case the pick-up of only one or two
protons was observed, the cross sections being -2 orders
of magnitude lower than those for stripping reactions. It
was indicated in ref. ”  that the difference between the
proton pick-up and stripping cross sections is determined
to a considerable extent by the effects of the Coulomb
energy of the interacting nuclei.

In deep inelastic processes a relatively long-lived
double nuclezr system is formed, whichis nearly in statis-
tical equilibrium fo.u In this system the relationship
between the proton stripping and pick-up cross sections can
be different from that observed inquasielastic processes.

Proton pick-up reactions on " Ar areof particular in-
terest in view of the fact that the mass distribution of the
products of reactions involving the pick-up of several
protons can overlap to some extent with that of fission
fragments from the compound nuclew, the FWHM of the
latter distribution being large (ref. '~ ). 1t is difficult
to separate fission fragments from the products of direct
reactions using radiochemical separation methods, similar
to those of ref. !2’ In the present paper,the mechanisms
of the formation of nuclear reaction products can be se-
parated on the basis of angular distributions.

2. Experimental Technique

The experiments were carried out using the JINR 310-
c¢m  heavy-ion cyclotron. A metallic > Th_ target,
3.9 mg/cm? thick, was bombarded by 338 MeV '"Ar ions.
The products of nuclear reactions were detected by a te-
lescope consisting of two zilicon surface-barrier de-
tectors: a \l detector Tum thick and a E detector
~ 0.5 mm thick. The telescope was placed in the reacticn
chamber at a distance of 25 cm from the target. It
allowed the detection of products at a solid dangle of
3x10~! sr. The beam spoton the target was 6 x 6 mm? N
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while its angular divergence did not exceed * 0.5 . The
entrance window of the telescope was 5 mm in diameter.
Under these experimental conditions the angular resolu-
tion was not worse than * 1.57.

A two-dimensional \EE -\E spectrum was recorded in
two 4096-channel amplitude analysers operated in the
JSGAE)« 32(E , -\E) channel mode. Products with certain
atomic number 7 (all the isotopes) were separated ac-
cording to their hyperbolas in the two-dimensional zpect-
rum. The beam was monitored by elastically scatteredions
using a silicon detector located at 30° withrespect to the
beam direction. The minimum energy registrated by the
telescope with the 27,m \E detector was about3.8 MeV/
nucleon for K to Fe. Unfortunately ro \E detector of
smaliler thickness was available, so that we could not
detect rehably the low-energy paris of the spectra or the
formation of products with Z -26. The scale values of the
two-dimensional spectra were 9.7 MeV/channel and
0.92 MeV/channelalong the E and \E axis, respectively.

3. Experimental Results and Discussion
3. Energy spectra

The lab. energy spectraofdifferent products from K to
Fe are shown in fig. 1. The absolute cross sections were
determined by normalization over elastically scattered
fons. Nuclear reactions were assumed to occur in the
middle plane of the target. Corrections jor energy losses
in the target for the reaction products rec {ded were made
using the tables of specific energy losses . In the centre
of the target the energy of the initial 388 MeV *" Ar fons
was 379 M2V. The maximum correction for energy loss
in the target was 20 MeV for Fe. The energy loss and
subsequent kinematic calculations were done under the
assumption that the maximum of the {sotopic distribution
for a given 7 corresponds to the transfer of equal
numbers of protons and neutrons. This assumpiion is in
agreement with the data presented in ref. '*’. where the
isotoplc distribution of the products of reactions inval-
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F'bg. 1. Energy spectra of proton pick-up products in the
PAr, 2827h - system at 10°, 20° and 30° (the lab. sys-
tem), the "~ Ar enaorgy being 379 MeV in the tniddle
of the target. Cross section values for K~Fc are multi-
plied by 10~ 10—, reospectively.

ving the pick-up of up to four protons in the interaction
of 0Ar with®2T, was studied.

Mass variations within * (2-3) units corresponding
to the FWHM of the isotopic distribution do not affect



substantially the corrections for either energy losses or
transformation of the angles into the c.m. system using
the two-body kinemaiics. The accuracies of calculating
these corrections are 1 MeV and 1° |, respectively.

At an angle of 3CG° close to that of the Rutherford
scattering at grazing collisions (36” ), the energy spectra
for X and (@ show pronounced maximawwhich are close
to the energy of elastically scattered ~ Ar jons. These
maxima correspond to the quasielastic reaction mecha-
nism. The high energy maxima disappear gradually with
decreasing angle and only low energy maxima are obser-
vable at an an-le of 10° |, whicharedue to the deep inelas-
tic mechanism. It is also seen in fig. I that for the Sc~Fe
nuclei, the deep inelastic mechanism plays the main role
4t all angles. In this process, only the initial kinetic
energy of Ar jons leads to the system excitation about
150 MeV in the energy spectrum maximurmn. The positive
difference between the masses of the initial and final
nuclei in proton pick-up leads to therelease of an additio-
nal amount of energy, which reaches about 50 MeV 1n the
case of Fc production. The distribution of excitation ener-
gy between light and heavy reaction procucts is of coasi-
derable interest. It can be assumed that due to higher
level density the heavy nucleus takes on the main portion
of excitation energy and is likely to undergo f{ission
ultimately. In the iight nucleus, excitation will result in
the emission of neutrons, « -particles, ) -rays and, to
a smaller extent, of protuns since «xperimental Sila!t@
suggest that light products are mainly neutron-rich .

There are no special grounds to assume the c.m.
anisotropic emission of secondary particles from the light
product. When secondary particles are emitted isotropi-
cally, the average velocity and detection angle of the light
product change inconsiderably. Correspondingly, a varia-
tion in the kinetic energy of the reaction product being
detected, with respect to theappropriate Coulombbarrier,
will also be small. The arrows in fig. | show the Coulomb
energies calculated for touching sp}\g?res, the distance
betwren their centers being R-ry(A;" . AL,'} ) with
rp, - 1.46 fm, It is seen that a considerable part of the
enerry is below the Coulomb barrier This indicates that
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the nuclei undergo considerable deformation at the finail
stage of the interaction. Unfortunately the thickness of the
AE detector did not allow us to establish the positions
of maxima for elements from  to Fe evenat10° .
One can nctice the general tendency °f energy decrease
in the energy spectrum with respec o the Coulomb
barviers as the number of protons picked-up iIncreases.
The energy spectrum maximuin for vairadium correspends
to the Coulomb energy calculated with ry : 1.65 fm,
which is close to the effective value of 1y~ 1.83 fm
obtained for fissile nuclel at the saddle point te, i

Thus, in the deep inelastic interactions of " ar
with *™1h  the products of both proton stripping °
and protoa pick-up have kinetic energies close to the
Coulomb energy of touching deformed nuclei,

3.2. Angular Distributions

The c.m angular distributions of proton pick-up pro
ducts for Kk to F¢ are shown in lig 2. The hne lengths
correspond to the interval of the c.m angles ot a given
lab. angle, as a result of the constderable wudth of the
energy spectra over the entire energy range m-isured.

The values of do dv are obteined by integrating
the energy spectra J% "dE.d00  over energy. In this case
at all angles the lower limits of the energy spectra for
So—-Fe are taken at an energy corresponding to the
c.m. minimum energy recorded at & muximum angle.
This procedure reduces the disturtion of the angular
distributions by the energy spectra cut-off due to the
\E  detector thickness, since, as seen in fig. |, the main
contribution to the cross section for Sc—-Fc is made by
the sinilar portions of the spectra.

The zngular distribution for K shows a pronounced
maximum in the vicinity of the Rutherford scattering
angle (¢ i1 for grazing collisions. This maximum
corresponds to the quasielastic reaction mechanism. In
tne case of Ca  this peak {s smoothed. The production
cross  sections for Sc-Fe  increase monotonously with
decreasing angie. For comparison, fig.2 shows the angular
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Fig. 2. The c.a ﬁmg\‘ a5 distributions of proton pick-up

products in Uw ST gystem. The lengths of the
straight lines, through. which the curves are drawn, cor-
respond to the c.m. angle interval obtained for a given
angle n the lab. system as a result of the width of the
energy spectrua.

distribution for N¢  formed as a result of the stooping
of 8 protons fronr  Ar. This distribution is simlar to that
ior Fe result'ng from the pick-up of 8 protons by
A1 . However, {or XNc¢ an increase in the cross secuon
at small angles ;s somewhat smoother while a decrease
at large ungles is sharper taan in the case of I«
Anisotropy in the do & rattoin the c.m. system for the
Se=Feo nueled indicates that transfer reactions are the
main coatribators to the production cross secuons for
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these elements. If one . ssumes that the whole process of
Fe  production at ¢, -38" is associated with the frag-
ments which are formed as a resuit of fission of the com-
pound nucleus and have an isotropic angular distribution,
then not more than 50% of Fe production events can be
attributed to fission fragments.

Figure 3 shows the two-dimensional spectra for Ca and
Fe (in the c.m. system), which indicate a relationship
between the angular distributions and the energy of the
products detected. Two maxima are clearly seen for Ca.
The peak in the vicinity of the Rutherford scattering angle
for grazing collisions at 4. =4l1° and a. high energy cor-
responds to thequasielastic mechanismof Ca production.
The peak at low energies andat small angles corresponds
to the deep inelastic mechanism of Ca production. In the
case of Fe, the production cross section increascs with
decreasing angle over the entire energy range. Thus, with
an increase in the number of nucleons transferred the
deep inelastic process becomes the predominant mech.a-
nism of the forination of the corresponding products.

33 Total Cross Section

The cross sections for the formation of proton pick-
up products are presented in table 1. The cross sections
9 hens, Were obtained by integrating the angular distri-
butions over the angle range measured. The same table
shows the values of ¢ obtained by extrapolating the lab.
angular distributions from 10° to 0°,

For comparison the cross sections of the formation
of proton stripping products, taken from ref." >, are also
presented in table 1. One can see that the difference bet-
ween the cross sections for the stripping and pick-up
of the same number of protons lies within a factor of 4.
If one takes into account that for Sc—Fe only the recor-
ded part of the spectrum is included in the extrapolated
cross sections, this difference becomes still smaller.
We possibly deal wit. *he effects of potential energy,
mentioned by W.Swiatecki 1"/, The evcluuon of the system
of two interacting nuclei with (Z, + Z,)%(A, +A,)2 90 depends
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Table 1.
i T
Element )¢ Ca Se ™ v or l ¥n I Fe Total, mb
Gooasarea | 10 | 88 | 22 | 93 |11 .83 ‘ 6.3 | 4.9 ~220
(ab) _ '4 i
Go?tr;pol. 160 |10 | 64 | 28 |23 116 12 | 10 ~350
ab : ¢

i
cl 5 P 81 Al ; Mg \ Na Ne
1

i ‘.
Element i
e ; -
G oessurea | 300 | 210 {110 | 78 |46 | a1 | o2& | 1a g2y
(ab) ! . |
i
Gle-; 380 | 300 | 190 150 | BB ' 65 | a3 | 33 ‘ 1249
) ) : : B




substantially on the charge-to-charge ratio of the iniual
nuclei. With Z;>>Z, the heavy nucleus ahsorbs the light
one. As Z; increases, from some critical values of
Zy /L, the configuration of two equai-mass nuclei be-
comes energetically advantageous. The preferential trans-
fer of nucleons from the heavy nucleus to the light one
was observed experimentally in the deep inelastic inter-
action of 600 MeV “'Kr ions with 2%9Bi (rei. '® ).
The products of reaction involving the pick-up of a
considerable number of protons may have the same atomic
numbers as those of the fragments resulting from asym-
metrical fission of a compound nucleus. Uinfortunately the
experimental data on the charge and mass distribution of
the fission fragments formed in the system?232Th #38A; are
unavailable in literature. However, bearing in mind the
small mass difference between f:rz“ and 23 U, it is
possible to assume that the mass distribution of fragments
in the system 2*27h. ' Ar coincides by shape with that

10005” -3
9100E_ +
a 3
- :
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D 4 8 12 16 20 2% 28 32 35 40 44 48 52 56 60

atomlc number

Fig. 4. Cross sections for the formation of transfer reac-

tion products in the * Ar, 2327, system as a function of

atomic number (solid line). The dashed line shows the

charge distribution of fission fragments produced in the
H ”‘21‘2“ system.
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for the system ™4 . ™ Ar, obiained using radiochemicsl
methods 2. In this case we neglect some broadening
in the mass distribution of fragments in going from the
% Ar energies of 300 MeV (ref.- '2" ) to 379 MeV used
by us. The ratio Z'A  in the fission fragments coincides
with that for the whole fissioning system /'7/ within an
accuracy of several per cent. Therefore the mass distri-
hution of the fission fragments, presented in ref. 2" |
can be transformed into the distribution over atomic
numbers assuming Z to be proportional to A. This
distribution is shown infig. 4. Its area is normallzed to the
total fission cross secﬁop ‘of 2.5 b at the " Ar energy of
379 MeV for the system® 1" Ar. according to the data
of ref. '

Figure 4 also shows the cross sections for the forma-
tion of direct reaction products according to the data of
the present work and those of ref, ' . The arrows for
prodicts with 7 21-26 Indicate that the cross sections are
obtained only for part of the energy spectirum. If the
energy spectra shown in fig. 1 are assumed to be high-
energy parts of the symmetric curves with imaxima, as
observed in the stripping of a large number of protons °
then the production cross sections for Sc—Fe . presented
in the figure, should be increased nearly twice.

In spite of a number of rough assumptions made to
obtain the shape of the charge dlstrlbutnon of fission
fragments formed in the sy‘-tem‘ 2The ¥ Ar. it is seen
in fig. 4 that a considerable portuon of the products at
the edge of the radiochemically obtained mass distribu-
tion of fission fragments can in fact be the products of
deep inelastic direct processes.

Figure 4 indicates that with an increase inthe number
of protons picked-up the relative decrease in cross sec-
1oq§ reduces. Tlus can also imply that in the interaction

Th  with 'Ar  the effects of potential energy
equalize the masses of the interacting nuclei in the
relatively long-lived double nuclear system formed by
them.

The authors express their deep appreciation to Acade-
mician G.N.Flerov for his stimulating interest to this
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