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DEUTERON INTERACTION WITH *?“Sn NUCLEI
AT SUB-BARRIER ENERGIES

The measurements of cross sections for deuteron elastic scattering and (d, p) reaction on *2*Sn nuclei have been
performed with aim to study the features of sub-barrier deuteron interaction with heavy nuclei. Experimental data were
obtained on the electrostatic Tandem accelerator EGP-10K of the Institute for Nuclear Research (Kyiv) at the deuteron
beam energies Eq = 4.0; 5.0 and 5.5 MeV. Cross sections of deuteron elastic scattering were calculated in approach
where the deuteron interaction potential with heavy nuclei at sub-barrier energies has been constructed in the framework
of single folding model using the complex dynamic polarization potential. It is shown that the account of finite deuteron
size leads to the increasing the nuclear potential in outer region of interaction and significantly improves the description
of the experimental data. The calculations of elastic scattering cross sections were performed without any variations of
the nuclear potential parameters. The analysis of measured integral cross sections of the 2*Sn(d, p) reaction and
calculated cross sections of deuteron breakup reaction *2*Sn(d, p)n*?*Sn shows the dominant contribution of the neutron

transfer reaction in the processes of the formation of protons and elastic scattering cross sections.
Keywords: deuteron, '?*Sn nucleus, sub-barrier energies, deuteron elastic scattering, deuteron breakup, transfer

reaction.
Introduction

Investigation of deuterons interaction with heavy
atomic nuclei at sub-barrier energies showed a
significant effect of polarizability and the breakup
processes on the elastic scattering cross sections [1 -
3]. While the elimination of the incident particle
from the elastic channel for the forward scattering
angles (6 < 90°) is adequately described by taking
into account polarization and breakup in the
Coulomb field of the target nucleus, at the angles
over 90° the deviation from the Rutherford cross
section is substantially larger than that provided by
the theory. Attempts to describe the experimental
data by fitting the potential parameters of the
standard optical model lead to non-physical values
of these parameters.

To explain this phenomenon, a model treats in a
unified way the elastic scattering, polarization and
the breakup in the target nucleus field was developed
[2, 3]. In this model, it was assumed that the
deuteron moving along the Coulomb orbit can pass
from it stationary state into some quasi-stationary
state adiabatically. This state has a certain width, is
polarized and can decay to free n-p pair.

The proposed approach allows to calculate the
complex binding energy of the incident particle and
a wave function of corresponding polarized state.
The imaginary part of the resulting binding energy is
used for the construction of the so-called electric
optical potential (EOP). However, the elastic

scattering cross section calculations with EOP and
comparison with experimental data [4, 5] showed
that the observed deviations from the Rutherford
cross sections are not explained by taking into
account only the possibility of the incident particle
breakup in the electric field of target nucleus.

Therefore, it has been suggested that due to the
deuteron finite size and the asymmetric distribution
of its charge and mass, the external field can polarize
the deuteron, stretching it along the field direction,
that allows to penetrate into the region of the nuclear
interaction in spite of the fact that the energy of the
incident particles are essentially sub-barrier and
classical Coulomb turning point is far away from the
nucleus.

The inclusion of nuclear interaction leads to the
possibility of nuclear reactions passing and in
particular (d, p) reaction. This fact was confirmed
experimentally [4, 5]. In the deuterons elastic scat-
tering by nickel and lead nuclei with simultaneous
measurements of proton emission it was found un-
expectedly high yield of protons, significantly greater
than it would be expected from the breakup reaction.

In this paper an approach which can significantly
improve the agreement of the calculated and
experimentally observed cross sections of deuteron
elastic scattering at sub-barrier energies is proposed.
The calculations performed within this approach are
compared with experimental data for elastic
scattering of deuterons by '?*Sn nuclei at the
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energies 4.0, 5.0 and 5.5 MeV. The role of deuteron
break-up and neutron transfer processes at sub-
barrier energies are also analyzed using the data for
the proton yields in the '**Sn(d, p) reaction at
Eq=4.0 and 5.0 MeV.

It should be noted that there is no experimental
data for deuteron elastic scattering and (d, p)
reaction measured simultaneously in the wide
angular range for *2*Sn. Existing data in the energy
region around the Coulomb barrier are limited by the
values of the elastic scattering cross sections for
several points of the angular distribution (see, for
example, [6, 7]). More detailed study was performed
for '%Sn(d,p) reaction as well as for
116117.122123g(d, p) reactions [7].

The article is organized as follows. In the next
section the experimental setup for deuteron elastic
scattering measurements is shortly described. Next,
the basis of the theoretical approach to the
description of the deuterons elastic scattering with
taking into account their polarizability and the
breakup in the electric field of the target nuclei is
considered. Thereafter, the main results, their
analysis and discussion are presented. Finally, a brief
summary is given.

where R is the deuteron center of mass radius-
vector; =‘F§+F/2‘ and rpz‘ﬁ—F/2‘ are the
neutron and proton coordinate, respectively; 7 is
internal coordinate of deuteron; E, and E=E, —¢,
are Kkinetic and total energies of deuteron,
respectively, &, =74?a’/2u is the free deuteron
binding energy; KR- is the operator of deuteron
center of mass kinetic energy; K, is the operator of
deuteron internal energy; V. is the Coulomb
potential;. ‘P(ﬁ,?) is the deuteron total wave
function; V, and Vp are neutron and proton nuclear
interaction potentials, respectively; V, is nucleon-
nucleon interaction potential in the deuteron.

Using the adiabatic approximation [2] and the
results of [9 - 11], equation (1) can be reduced to the
form

[Es—Ry =V (R)=8V (R)+V. (R) s (R) =0, (2)

where Vy (R)=N{o. (N|V, (r,)+V, (r,)|ex (r)) is
the single folded potential of deuteron nuclear
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Experiment

The measurements were carried out with the
deuteron beam accelerated to the energy Eq=4.0,
50 and55MeV at the Tandem Electrostatic
Generator ESG-10K (Institute for Nuclear Research,
Kyiv). Thick self-support '2*Sn (5 mg/cm?) target
was used in the experiment. The differential cross
sections of (d, d) and (d, p) reactions were measured
in the angular range of 6 = 30° - 160°. Deuterons and
protons were registered by two AE-E telescopes of
semiconductor detectors with the thicknesses ~ 20
and ~500 um, respectively. The low energy
threshold of registration was reached owing to the
utilization of thin AE-detectors. Deuteron beam
intensity was controlled with Faraday cup and a
monitor detector, which was installed in the reaction
chamber at the fixed angle 6 = 150°.

The utilized data acquisition system is described
in [4, 5, 8]. Data analysis was done by software that
is designated for execution of procedures which are
necessary for identification of registered reaction
products and reconstruction of their energy spectra.

The theoretical approach

The process of deuteron scattering by the target
nucleus in the coordinates system R and 1 is

| described by general three-particle equation

[E—Ry =R, =V, (1) =V, (1) Ve (1, )=V, (1) [¥(R.7) =0,

M)

interaction with the nucleus target [9]; 8V (R) is the

complex potential takes into account the
polarizability and the breakup of the deuteron [3];

%a(R) fis the deuteron relative motion wave

function, ¢, (r) is the distorted internal deuteron

wave function in the external Coulomb field [3]. In
this paper, in order to simplify the calculations an

approximate analytical representation for o, (F)
[11] have been used

9 (r)=Joy2rr e [1-B (A, )(or)' |, ()

where B~ F./(80g,); F,=2,6*/R* is external
force acting on the deuteron; fi; and N, are unit

vectors which determine the direction of the
corresponding vectors.

In the calculations the free nucleon-nucleus
interaction potentials (V,, V,) was chosen [12]. In

fact, the deuteron is a bound particle and its
constituent particles interaction with nuclei becomes
weaker and this is a known problem [13]. Therefore,
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the normalization factor N, which should take into
account this feature, is introduced. In the following
calculations, this factor was assumed to be N = 1.

The results of calculations of the deuteron
interaction potentials with tin nuclei in a single
folding model in comparison with deuteron zero-size
model potential is shown in Figs. 1 and 2, where
real and imaginary part of the nuclear interaction
potentials are presented.
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Fig. 1. The radial dependence of the real part of single
folded (solid line) and zero-size (dash line) deuteron
nuclear potential.

Results and discussion

The differential cross sections of deuteron elastic
scattering by tin nuclei were determined by
integrating of energy spectra over the observed
scattering peak and by normalizing the cross section
values, measured at the forward angles, to the cross
sections of Rutherford scattering (see [4, 5]).
Angular distributions of differential cross sections
for '*Sn(d, d) elastic scattering measured at the
energies of 4.0, 5.0 and 5.5 MeV are shown in
Fig. 3. Considerable deviation of the measured
differential cross sections and Rutherford ones is
observed at the middle and backward scattering
angles at Eq=5.0 and 5.5 MeV. It was also found
non-monotonic behavior of the differential cross
sections of elastic scattering. Similar behavior was
observed in angular dependence of elastic scattering
on '*Sn  nuclei at the deuteron energy
Eq=5.55MeV [7]. As it was expected, the dif-
ferences between scattering cross sections and
Rutherford cross sections decreases with energy
decreasing, that is clearly shown in Fig. 3 and from
data obtained at Eq=4.55 MeV [7]. At the energy
Eqs=4.0 MeV the scattering cross sections are
already close to the values of Rutherford scattering
Cross sections.

The results of the calculations by the method

The simple estimates show that in the energy
range under consideration the classical Coulomb
turning point for this system of interacting particles
is located at the distance of ~ 14 Fm. It is easy to see
that the folding procedure leads to a significant
strengthening of nuclear potentials (both real and
imaginary parts) in the peripheral region of
interaction.
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Fig. 2. The radial dependence of the imaginary part of
single folded (solid line) and zero-size (dash line)
deuteron nuclear potential.

described above are also shown in Fig. 3.
Calculations of elastic scattering cross sections were
performed with using the optical model with
complex potential by code GENOA [14] without any
variations of the nuclear potential parameters.

As can be seen in Fig. 3, a substantial part of the
deviation from the Rutherford scattering cross
section is described by taking into account the
deuteron polarizability and breakup as well as the
absorption of the particles constituting the deuteron
in the peripheral region of interaction (direct
reactions). This result is significantly different from
that obtained in [4, 5, 15] where the deuteron elastic
scattering by nuclei of nickel, lead and tin was
investigated with taking into account only the
breakup and polarizability of the deuteron in the
field of target nuclei.

The differential cross sections of the '2*Sn(d, p)
reaction at Eq=4.0 and 5.0 MeV were also
measured. The proton spectra were integrated over
full range of proton energy (Ep, > 1.8 MeV). The
triple differential cross sections of deuteron break-up
calculated according to [16] were integrated over the
neutron emission angle and the proton energy for the
estimation of possible break-up contribution to the
proton yield from the **Sn(d, p) reaction. It is easy
to see that the proton yield from (d, p) reaction is
much greater than from breakup reaction (Fig. 4).
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This conclusion is consistent with that obtained
previously [4,5] at the investigation of deuteron
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Fig. 3. The differential cross sections of 24Sn(d, d) elastic
scattering. The experimental values are shown by squares,
triangles and open circles. The lines correspond to the
results of theoretical calculations for the deuteron energies
of 4.0 MeV (solid line), 5.0 MeV (dashed) and 5.5 MeV
(dashed-dotted).

The value of integrated proton vyield from
1245n(d, p) reaction measured at Eq=5.0 MeV is
consistent with the data obtained for the cross
sections of reaction '2*Sn(d, p)***Sn at the close
energy Eq=5.55MeV [7]. The sum of excitation
cross sections measured at the proton angle 6, = 160°
for 44 levels of *Sn nucleus with Ex <5.06 MeV
(see Table 3 in [7]) is 6.6 mb/sr. The integrated
proton yield at Eq = 5.0 MeV and 6, = 160° is equal
5.3 mb/sr (see Fig. 4). This value is consistent with
the total cross section of (d, p) reaction at 5.55 MeV,
given the tendency of the reaction cross sections
decrease with decreasing energy of the incident
deuterons.

Conclusions

The sub-barrier interaction of deuterons with
1225n nuclei has been studied at energy of deuterons
40, 50 and 55 MeV. It was shown that the
measured differential cross sections of elastic
scattering at the middle and backward angles
significantly differ from the Rutherford cross
sections even at sub-barrier energies.

An approach with the interaction potential of the
incident particle with the target nuclei in a model of
single folding was wused for the theoretical
interpretation of the experimental data. It is shown
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scattering and (d, p)-reactions on *®®2Ni and 2°Pb
nuclei at sub-barrier energies.
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Fig. 4. The differential cross sections of !24Sn(d, p)
reaction. Open circles and squares correspond to the
measured integral yield of protons at Eq=5.0 MeV and
4.0 MeV, respectively. Solid and dashed lines show the
calculated integral (over neutron emission angle and
proton energy) Coulomb break-up cross sections at the
deuteron energies 5.0 and 4.0 MeV, respectively.

that taking into account the finite size of the incident
deuteron leads to the significant increasing the
potentials in the peripheral region, which enabled to
significantly improve the description of the
experimental data. The calculations were performed
without any variations of the nuclear potential
parameters. At the same time, this model does not
describe the non-monotonic behavier of the angular
dependence of the elastic scattering cross sections
which was experimantally observed at Eq = 5.0 and
5.5 MeV.

The calculations of differential and integral (over
the neutron emission angles and the proton energy)
cross sections of deuteron breakup reaction
1245n(d, p)n***Sn and their comparison with integral
proton yield indicate the dominant contribution of
the neutron transfer reaction in the formation of
protons in the final state and elastic scattering cross
sections.

Performed study has shown that there are many
interesting and unexplained features of the weakly
bound particles interaction. Therefore the detailed
complex study of the elastic scattering, breakup and
other direct reactions at sub-barrier energies will
provide more information about nuclear forces and
the dynamic properties of the weakly bound nuclei
in the external fields.
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0. M. I1aBnenko, B. I1. Bepouusbkuii, O. 1. Pynaens, O. B. Babak, O. K. l'opnunuy, B. B. Ocramko,
1O. 5. Kapaues, O. JI. I'puropenko, T. O. Kop3una, A. B. Ctenaniok,
L. I1. ipsinayenxo, E. M. Mox:KkyXin

Tnemumym s0eprux docnioncens HAH Ykpainu, Kuis
B3AEMOIISA JIEﬁTPOHIB 3 IIPAMM 2*Sn TP NIJIBAP’EPHUX EHEPI'IAX

BHKOHAHO BUMIPIOBaHHS IEpepi3iB MPYKHOTO PO3cisHHA aeiitponiB Ta (d, p)-peakuiii Ha sapax 2Sn 3 Meroro
JIOCITIJKEHHST 3aKOHOMIpHOCTEH Mijbap’epHOi B3aeMOii IEHTPOHIB 3 BAXXKUMH siipamu. ExcriepuMeHTanbHi 1aHi Oynu
orpumani Ha TangeMm-reHeparopi EI'TI-10K Iucrutyty spepuux mocmimxenb HAH VYkpainum mpu eHeprisix mydka
neitponiB Eq = 4,0; 5,0 1 5,5 MeB. Ilepepizu npyXHOTO pO3CisiHHS JIE€HTPOHIB pO3paxoBaHO B HAOIMKEHHI, B SIKOMY
MOTEHIIaJl B3a€MOJI1 JNEWTPOHIB 3 BaXKMMH SIpaMHM NpW IMig0ap’€pHUX EHeprisix MoOyIOBaHO B paMKax Mopeli
OZIHOKpPAaTHOI 3TOPTKH 3 BUKOPUCTAHHAM KOMIUIEKCHOTO IOTEHIlialy AWHaMidHOi mossipu3oBHOcTi. [lokaszaHo, mio
BpaxyBaHHs CKIHYEHHOCTI pPO3MIpiB JAeHTpOHa NPU3BOAWUTH JO 3HAYHOTO IIOCHJICHHS SIEPHOTO MOTEHLIaly B
niepudepiifHiii obmacTi B3aeMoAii 1 CyTTEBO MOJIMIIYE ONHMC EKCIIEPUMEHTANBHHUX JIaHWX. OOYMCIICHHS mepepi3iB
MIPY’KHOTO PO3CIsIHHS BHKOHYBajiocsi Oe3 Bapiawii Oyib-sKHX mapaMeTpiB. AHajdi3 BUMIpSHUX IHTErpajbHUX IEpepi3iB
peakuii 124Sn(d, p) Ta pospaxosaHmMx Tepepi3iB peakuii posmieruieHHs aedTponis 2*Sn(d, p)n'?*Sn Bkasye Ha
BH3HAYAIBHUHN BKIJIAJ] PEaKilii mepeaadi HEWTpoHa B IPOLIECH YTBOPEHHS MPOTOHIB i (hopMyBaHHS Tepepi3iB MPyKHOTO
PO3CIisIHHSL.

Kniouoei croea: neiirpon, aapo 24Sn, minbap’epHi eHeprii, IpysKHe PO3CisHHA NeHTPOHIB, pO3IIEIUIEHH 1eHTPOHIB,
peaxiii mepenad.

1O. H. ITaBnenko, B. I1. Bepounkuii, A. U. Pynaeas, A. B. batdak, O. K. Topnunny, B. B. Ocramko,
1O. 5. Kapasbimes, O. 1. I'puropenxo, T. A. Kop3una, A. B. Crenanok,
N. 11. Ipsinayenko, J. H. MoxkyxuH

Hucmumym soepruix uccreoosanuit HAH Ykpaunsi, Kues
B3AUMO/JIEMCTBUE JEMTPOHOB C SIJIPAMHU '%*Sn ITPU IMTOJIBAPBEPHBIX SHEPTASIX

BhINoNHEHbl M3MEpEHHs CeYeHUH YIpyroro paccesHus neiitponos u (d, p)-peaximil Ha aapax %*Sn ¢ nembio
HCCIENOBAHHS 3aKOHOMEPHOCTEH IOA0aphEepHOTO B3AUMOICHCTBUS JCHTPOHOB C THKENBIMH SAPAMH. DKCIEpUMEH-

19



YU. N. PAVLENKO, V. P. VERBYTSKYI, O. I. RUNDEL ET AL.

TaJbHBIC JaHHbIE TONy4YeHbl Ha TaHAaeM-TeHeparope DI TI-10K MuctutyTa snepusix uccnenoannit HAH Yipawnns! npu
sHepruax mydyka neiitponoB Eq=4,0; 5,0 i 5,5 MaB. Cedenust ympyroro paccessHHS ACHTPOHOB pPAcCCUYUTAHBI B
NpUONMKEHUH, B KOTOPOM ITOTEHIIMA B3aUMOJICHCTBHS ISHTPOHOB C TSDKEJIBIMU SIIPaMH MPH MOAOAPhEPHBIX IHEPTHAX
IOCTPOGH B paMKax MOJENU OIHOKPATHOW CBEPTKH C HCIIOJIb30BAHMEM KOMILIEKCHOTO IMOTEHLMANa ITUHAMHYHOM
nomsipusyemoct. [lokazaHo, YTO ydeT KOHEYHOro pas3Mmepa JAeHTpOHa NPHBOJUT K 3HAYUTEIHHOMY YCHJICHHUIO
MMOTEHINAJIOB B MepudepuiiHoi 00IacTH B3aUMOACHCTBHS U CYIICCTBEHHO YIYYIIAeT OMHCAHUC dKCICPUMCHTATBHBIX
JMaHHBIX. PacdeT ceveHWil ympyroro paccesHHs BBIMONHAICA Oe3 BapHalMK KAaKHX-ITHOO MapaMeTpoB. AHamu3
U3MEPEHHBIX MHTErpalbHBIX ceueHMil peakuuu 2*Sn(d, p) M paccUMTaHHBIX CEYEHUH peaKkIMH pacIlerIeHUs
neiitponos  4Sn(d, p)n*?*Sn  ykasbiBaeT Ha oNpeleNMIOMUH BKIAN pPEakUUd Iepelayd HelTpoHa B MpOLECCH
00pa3oBaHUS MIPOTOHOB M (POPMUPOBAHUS CEUCHUN YIIPYTOTO PACCESTHUS.

Knwouesvie cnosa: neitpoH, aapo 2*Sn, monbapbepHble 3HEpryH, YIPYroe paccesHue NeHTPOHOB, pacllelieHHe
JEUTPOHOB, peakLuy Iepeaady.
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