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SCATTERING PROCESSES OF HELIUM NUCLIDES
ON NUCLEI %Sl

Experimental data on elastic and inelastic scattering of 50.5 MeV a-particles and 60 MeV 3He ions
by 28Si nuclei were analyzed within the framework of the standard optical model of the nucleus, in which
the effect of inelastic channels is taken into account by the phenomenological introduction of an
imaginary absorbing part into the interaction potential between colliding nuclei. The optimal values of
the internuclear interaction potential obtained as a result of the theoretical analysis were used to study
the cross sections for inelastic scattering of helium ions with the excitation of the 1.78 and 4.61 MeV
states of the nucleus under study. From the analysis by the channel coupling method, where the
calculation was performed taking into account both elastic and inelastic channels, the value of the
guadrupole deformation parameter for a-particles g, = 0.37 and for 3He ions B, = 0.49 was determined.
Optimal agreement between the calculated values and experimental data was achieved by varying the
parameters V, W, and B,. The found parameters agree with the previously obtained values from the
scattering of protons, deuterons and a-particles. Taking into account only the quadrupole deformation
extracted from the 0+ — 2+ bond, a good description of all three experimental data on elastic and inelastic
scattering of the cross sections was achieved.

Key words: elastic and inelastic scattering, optical model, optical potential, coupled channel
method.
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28Si aApOAapbIHAH FeAMit HYKAMATEpIHIH, LuaLlbipay npouecrepi

50.5 M3B a-6ealekTepi meH 60 M3B 3He wmoHaapbiHbiH, 28Si gapoAapbiHaH ceprimMAi oHe
Ceprimci3 LWallblpaybl TypaAbl 3KCMEPUMEHTTIK MBAIMETTED SAPOHBIH CTaHAAPTTbl ONTUKAABIK, MOAEAI
weHbepiHAE TaAAAHAbI, OHAQ CEpMiMCi3 apHAaAapAbIH &cepi COKTbIFbICATbIH SAPOAAPAbIH ©3apa
SpEKETTECY MoTeHLUMaAbIHA (DEHOMEHOAOTMSIABIK, KOPaMaA CiHiprill OOAIriH eHri3y apKbIAbl €CEMNTEAA].
TeopusAbIK, TaAnpdy HOTMXKECIHAE aAbIHFaH SIAPOAbIK, ©3apa 8peKeTTecy MOTEHLMAAbIHbIH, OHTalMAbl
MBHAEPI 3epTTeAeTiH 9APOHbIH 1.78 »aHe 4.61 M3B k03FaH KyiAepiHeH reAnin MOHAAPbIHbIH CepriMCi3
LIaLlbIpayblHa apHaAAFaH KMMaAapAbl 3epTTey YiliH nanasasaHbiasbl. KaHaaabl 6aiAaHbICTbIPY BAiCiMeH
TaAAQYAQH, CepriMAi >K8He CepriMCi3 apHaAapAbl ecKepe OTbIpbil ecenTeyAep >KYpPrisiaai, a-
GeAlLeKTepi yiiH KBaAPYTNOAAb! AeddopmaLins napameTpitin MaHi B2 = 0.37 xaHe 3He noHaapb! yiiH
B2 = 0.49 aHbikTaAAbl. EcenTeAreH mMaHAEpP MeH 3KCNEpPUMEHTTIK AepekTep apacblHAAFbl OHTAMABI
keAicimre V, W >xaHe By mapameTpAepiH e3repTy apKblAbl KOA XXETKi3iAal. TabbiAFaH napameTpaep
NPOTOHAAPAbIH, AEATEPOHAAPABIH KOHE a-OOALLEKTEPAIH LWaLLbipayblHaH OYPbIH aAbIHFAH MOHAEPMEH
cavikec Keaeai. 0* — 2+ GarAaHbICbIHAH aAbIHFaH KBAAPYMOAAbI AehOpMaLMsiHbI FaHa eCKepe OTbIpbIr,
KOAAEHEH, KMMaAapAblH CEPriMAI XXeHe cepriMAi emMec wallibipaybl TypaAbl 6apAbIK, YLl TaXKipubeAik
MBAIMETTEPAIH >KaKCbl CUMATTAMAChIHA KOA >KETKI3iAAI.

Ty#iH ce3aep: cepnimMAi XXeHe ceprimci3 LWaLlbipay, ONTUKAAbIK, MOAEAb, OMTUKAABIK, MOTEHLIMAA,
6aliAaHbICKAH KaHaA SAiCI.
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Mpoueccbl paccesiHUst HYKAMAOB reAusl Ha siapax 28Si

DKCNepUMEHTAAbHbIE AQHHbIE MO YMPYroMy M HeyrnpyroMy paccesiHuIO a-4acTuLl, € aHeprmen 50,5
M3B 1 noros 3He 60 MaB Ha sapax 28Si aHaAM3MPOBaAMCh B paMKax CTaHAAPTHOM OMTUYECKOM MOAEAN
9Apa, B KOTOPOW BAMSIHUE HEYNMPYrmMxX KaHAAOB YUMUTbIBAETCS (PEHOMEHOAOTMYECKMM BBEAEHMEM
MHMMOWM MOrAOLLAIOWEN YaCTM B MOTEHLMAA B3aMMOAENCTBUS MEXKAY CTAAKMBAIOLWMMM SAPaMMU.
[NoAyyeHHble B pe3yAbTaTe TEOPETMYECKOrOo aHaAM3a ONTUMaAbHble 3HaueHMs MOTeHLMaAa
MEXbIAEPHOrO B3aMMOAENCTBUS ObIAM MCMOAb30BaHbI MPU MCCAEAOBAHUM CEUEHMIA HEeYMNpPyroro
paccesiHMs MOHOB reAmst ¢ BO36y>kaeHmem coctosiimin 1,78 n 4,61 MaB unccaeayemoro siapa. M3
aHaAM3a METOAOM CBSI3M KaHAAOB, FA€ pPacyeT BbIMOAHSACS C YUETOM KaK YMpyroro, Tak 1 Heynpyrmx
KaHaAOB, OMpPeAEAEHO 3HaYeHue napameTpa KBAAPYMNOAbHON AehopmManm AAG a-dactul 8, = 0.37 un
AAs MoHoB 3He 8; = 0.49. OnTrMMaAbHOE COOTBETCTBME PACUETHBIX BEAUUUH C DKCMEPUMEHTAAbHbBIMM
A@HHbIMM AOCTMIAaAOChb BapbupoBaHMem napameTtpos V, W n B,. HaiaeHHble napaMeTpbl COrAacyoTcs
C paHee MOAYYEHHbIM 3HAYEHUSIMU 13 paccesiHusi MPOTOHOB, AEMTPOHOB U a-yacTul. C yyeToM AMLLb
KBaAPYMOAbHOM aAedhopmaumm, n3BaeveHHom n3 0+ — 2+ cBA3M, AOCTUIHYTO XOpOLLEee OMMCaHne BCex

Tpex 3KCMePUMEHTAAbHbIX AQHHbIX YIIPYFOro M HeYyrNpyroro paccesiHusi CEYeHUn.
KAtoueBble cAOBa: yripyroe 1 Heynpyroe paccesiHue, ontuyeckast MOAEAb, ONTUUYECKMI MOTEHLUMAA,

MeTOA CBA3aHHbIX KaHAAOB.

Introduction

The study of experimental data on elastic and
inelastic scattering, which contains information on
the fundamental properties of colliding nuclei and
the mechanisms of their interaction, remains one of
the topical areas of nuclear physics.

Particular attention is drawn to the nuclei in the
middle of the sd-shell because, according to [1, 2],
there is a transition from elongated deformation,
which is characteristic of nuclei of the first half of
the sd-shell, to oblate deformation. It is in the region
of the silicon core that the quadrupole deformation
parameter [; changes sign. In most cases the
numerical value of the quadrupole deformation was
obtained from the analysis of the cross sections for
inelastic scattering by the method of distorted
waves. However, this method does not take into
account the channel coupling effects, which play an
essential role for strongly deformed nuclei. The
analysis of experimental data on inelastic scattering
was carried out by the coupled channel method in
this work.

Analysis of data on scattering of a-particles is
one of the effective means of studying nuclear
deformation, which is due to the relatively simple
reaction mechanism. Therefore, a large number of
works have been devoted to the scattering of a-
particles. In particular, for the **Si nucleus, the
scattering cross sections were measured in a fairly
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wide range of angles and energies (E, = 12 —
240 MeV) [3-10].The problem that manifests itself
during the plotting of the angular distributions of the
cross sections at energies less than 50 MeV was to
explain the effect of anomalous scattering at large
angles. Attempts have been made to achieve a better
description of the experimental data by selecting the
optimal parameters of the optical potential and
taking into account the contribution of the
compound nucleus. However, these actions did not
lead to a theoretically substantiated description of
scattering in a wide range of targets and energies. At
the same time, calculations of the differential cross
sections for scattering of alpha particles by /p-shell
nuclei, carried out taking into account the link
between the channels and the contribution of the
cluster transfer mechanism, made it possible to
describe the behavior of the angular distributions in
the full angular range [11, 12].

A similar situation is observed in the analysis of
data on the scattering of *He ions during their
interaction with **Si nuclei. Elastic scattering of *He
was studied at energies of 35.3 MeV [13], 35.7 MeV
[14], 46 MeV [15], 217 MeV [16], and 450 MeV
[17] and was analyzed within the framework of an
optical model in which the deformation of nuclei
was not taken into account. Only in [15] did the
measurements include inelastic scattering, which
made it possible to derive the values of the
quadrupole deformation parameters from the
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analysis of experimental data. Note that the correct
reproduction of the angular distributions of
scattering of a-particles and *He ions by /p- and sd-
shell nuclei with deformation parameters consistent
with their theoretical values was achieved in [12,
18], where the calculations were performed using
the coupled channel method.

Materials and methods

The measurements were performed on the U-
150M isochronous cyclotron of the Institute of
Nuclear Physics [19] with beams of helium ions
accelerated to energies of 50.5 MeV (for a-particles)
and 60 MeV (for *He).

A self-supporting, produced by thermal
evaporation, thin film of enriched isotope **Si —
92.23 % with an average effective thickness of
0.59 mg/cm?” was used as a target nucleus. The target
thickness was determined by the weighing method,
as well as by the energy loss of a-particles of the
radioactive source *'Am — **Am — **Cm with an
accuracy of 6 — 9 %.

Registration and identification of scattered
particles was carried out by a spectrometric unit
consisting of two surface-barrier silicon detectors
(AE — E — method) from ORTEC: transit — AE and
total absorption — E, the thicknesses of which were

where V, W, Wp are depths of real and imaginary
potentials with volume (W) and surface (D)
absorption, which are responsible for the nuclear
interaction; V¢ is the Coulomb potential of a
umformly charged sphere with radius ;
fix;) is Woods-Saxon form factor with geometrlc
parameters of radius and diffusion a;
(=V, W, D)

2)

Calculations were performed using the SPI-
GENOA program [21]. When searching for the
optimal values of the parameters of the potentials,
the literature data obtained earlier in the study of
elastic scattering at different energies of a-particles
[22, 23] and’He ions [24, 25] were used as starting
data.

chosen depending on the energy of the scattered
particles and varied for the E counter in the range
from 500 microns to 1 mm, and for the AE counter
— from 18 microns to 100 microns. The total energy
resolution of the spectrometric channel was
~ 500 keV and was mainly determined by the energy
distribution of the primary beam of accelerated
helium ions. After preliminary selection in terms of
time and amplitude in the spectrometric channels,
pulses from the (AE — E) telescope entered the input
of the multivariate programmed analysis system
with identification of the products of nuclear
reactions [20].

The angular distributions of scattered ions on the
28Si isotope were measured in the angular range 12
— 172° in the laboratory coordinate system with a
step of ~ 2 — 3°.The total error of the measured cross
sections did not exceed 10%, where the contribution
of statistical errors is (1 — 3) % for inelastic
scattering and the calibration error of the current
integrator (~ 1%).

Results and Discussion

The analysis was carried out within the
framework of the optical model. The calculations
used phenomenological potentials with volume and
surface absorption in the form

(1)

Figure 1 show comparisons of the calculated
elastic scattering cross sections for a-particles and
*He with experimental data.

The parameters of the optical potential were
selected in such a way as to achieve the best
agreement between theoretical calculations and
experimental data. Automatic search for the optimal
parameters of the optical potential was carried out
by minimizing the value:

)

where N is number of points; (), ¢'(0,) are
experimental and theoretical differential cross
sections for elastic scattering of particles at an angle
0i; Ac*(0)) is error o”(0),).

When choosing the optimal parameters of the
optical potential, we were guided not only by the
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value of )(2, but also by the value of the volume
integral of the real part Vy of the optical potential,
defined as:

“)

b

where A, and A are the mass numbers of the
incident particle and target nucleus, the value of
which should be close to the corresponding value of
the nucleon-nucleon interaction potential, equal to
~ 400 MeV+fm’[26]. The Coulomb radius parameter

10*
103 28q: +
B Sit+o, E,=0, 0 . op.
S . E =50.5 MeV Al
8 10'
10°
10"
10?
1073 1 " 1 " 1 " 1 " 1 " 1 " 1 1 1 1 1
20 40 60 80 100 120 140 160 180
© , deg.

cm’

was taken to be r. = 1.3 fim. In the course of this
analysis on 2*Si nuclei, five families of potentials
were found for both the scattering of a-particles and
for *He ions. The obtained optimal parameters of the
interaction potential, and the corresponding values
of the volume integral of the real part J/aA4, and the
values of y’/N are given in Tables 1, 2.

The best agreement with experiment for the
nucleus under study for the scattering of a particles
is provided by the potentials from the set A/ (the
minimum value of y°/N), and at *He, by the set H3
using the combined type of absorption in the
imaginary part.

¥Si+'He, E=0,0" | ,
E,,=60.0 MeV

do/dQ) mb/sr
3,

N
Q

10°

10"

10

10°

Points — experiment, curves — calculation according to the optical model with potentials
from Table 1.
Figure 1 — Elastic scattering of a-particles and 3He ions by 2%Si nuclei

Table 1 — Optical potentials used in calculating elastic and inelastic scattering cross sections for systems?®Si+a (E<=50.5 MeV)

A+a Set v, MeV v, fm ay, fm W, MeV 7w, fm aw, fm l\/l[/e V/\;Z_?I;P X/N

28Si+0, Al 117.3 1.247 0.808 18.95 1.570 0.718 345 15
A2 116.5 1.247 0.791 21.94 1.570 0.631 338 27
A3 123.3 1.247 0.809 19.52 1.570 0.714 363 16
A4 100.0 1.247 0.809 16.21 1.570 0.838 288 25
AS 80.0 1.483 0.647 41.94 1.225 0.862 329 11

Table 2 — Optical potentials used in calculating elastic and inelastic scattering cross sections for systems?®Si+*He (E«=60 MeV)

A+a Set |V,MeV| n,fm | a, fm MVZ’V 7w, fm | aw, fm I\Z/e D\’/ rp, fm | ap, fm MJe V<§l. ?r’rﬁ x/N
28Gi+3He | HI 102.1 1.15 0.818 25.48 1.44 0.981 - - - 337 14
H2 120.0 1.11 0.860 16.14 1.61 0.648 3.73 1.47 0.866 373 10
H3 111.2 1.15 0.827 4.80 1.40 0.90 15.59 1.22 0.81 367 8
H4 106.3 1.09 0.828 8.92 1.32 0.27 9.41 1.48 0.86 310 14
H5 93.96 1.22 0.781 21.90 1.57 0.865 - - - 341 13
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A characteristic feature of the measured angular
distributions is the well-pronounced nuclear
rainbow effects, which are manifested in the
presence of a diffraction structure at angles less than
60° with a structureless decay of the cross sections
with increasing scattering angle. The interpretation
of the observed picture becomes more transparent in
a semiclassical language. In this case, the
differential cross sections at a certain angle are
determined by the contribution of the trajectories
corresponding to scattering at the “near” and “far”
edges of the nucleus. Figure 2 shows an example of
the expansion of the theoretical cross section into the
near and far components for elastic scattering of o

10°

#Sit+o, E=0, 0
E =50.5 MeV

o 10?
B 1
10
10°
10"
10? N
10° ™
1x10*

1x10°

particles at potential 47 from Table 1 it can be seen
that in the range of angles 90 — 140° the experimental
cross sections are almost completely reproduced by
the far component, and at small and largest angles,
where the amplitudes of both components are
comparable, pronounced oscillations are observed
due to the interference of the amplitudes.
Calculation of the far component without absorption
shows that the maximum itself and the subsequent
decrease are due only to the refractive property of
the nuclear field.

The radial dependences of the real and
imaginary parts of the nuclear potentials given in
Tables 1, 2 and are shown in Figure. 3.

Gf (w=0)

10° +—————7—
20 40 60

80

T T T T T T 1
120 140 160 180
®_ ,deg

om’

—
100

Points are an experimental data. Solid curve is a calculation by the optical model
for scattering at the far-edge of the nucleus. The dashed line is the near-edge scattering calculation.
The dotted line is the far-edge scattering calculation at zero absorption.
Figure 2 — Disintegration of the theoretical cross section into near and far components
for elastic scattering of a-particles by 28Si at an energy of 50.5 MeV

It can be seen that the values of the real and
imaginary parts of the potentials differ greatly from
each other both at small (» < 4 fin) and large
(r > 7 fm) distances. But for » = 6 fin, they intersect.
It should be noted that the region near » = 6 fm
corresponds to the strong absorption radius
Rs4 = 6.05 fm, determined according to [27] by the
expression:

)

where is

Sommerfeld parameter.

an

Lsa is partial wave for which the absorption
coefficient when moving along the Rutherford
trajectory T=1-|S;|>=0.5, where |S;| is modulus of the
S-matrix element for the partial wave L. This
condition is fulfilled for L = 16 (see Figure 4).

Using the optical potentials of Tables 1 and 2,
the experimental data were analyzed by the channel
coupling method, where the calculation was carried
out taking into account both elastic and inelastic
scattering channels with the excitation of the 2* and
4" states of the nucleus under study in the rotational
approximation (calculation code ECIS-88 [28]). The
optimal agreement of the calculated values with the
experimental data was achieved by varying the
parameters V, W and (.. The analysis results are
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presented in Figures 5 and 6, where points are an
experimental data, solid curves are theoretical
calculations. The parameters of the deformation of
the nuclei are determined **Si + a: B2 = 0.37 and for
Si + SHe: B, = 0.49, close in value to the

10°

Ra

W, MeV

1,0
%
T
.
~ 05
00 B

corresponding values from the work [8].Taking into
account only the quadrupole deformation extracted
from the 0" — 2" bond, a good description of all three
experimental data on elastic and inelastic scattering
of the cross sections was achieved.

10° 3
% 10? ;7\7\ RSA
> E ——HI1
=0 b —
5 ——H4
10" ¢ H5
10" —
10°F
10° —
10—4 [ N N " 1 1 1 1 1 1 1 1 1 I I 1
0 5 10 15
r, fm

15 20 25 30
1/

Figure 4 — Scattering matrix elements |Si+12| from Table 1
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102 *Sita,
E =50.5 MeV

do/dQ), mb/sr
S

20 40 60 80
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cm’

Figure 5 — Angular distributions of elastic and inelastic scattering of a-particles
with an energy of 50.5 MeV by 28Si nuclei with level excitation 1.78 MeV (2*) and 4.61 MeV (4%)

do/dQ), mb/sr

*Si+'He,
E,, =60.0 MeV

T T T T 1
80 100 120
Q_,deg.

Figure 6 — Angular distributions of elastic and inelastic scattering of 60 MeV *He ions
by 28Si nuclei with excitation of the level 1.78 MeV (2*) and 4.61 MeV (4%)

Conclusion

Differential cross sections for elastic and
inelastic scattering with excitation of the states of
the rotational band of the ground state of **Si were
measured at an a-particle energy of 50.5 MeV and
*He energy of 60 MeV. The angular distributions
were analyzed using the optical model and the
coupled channel method. In the calculations, the
phenomenological Woods-Saxon potentials were

used, the parameters of which were sought within
the framework of the optical model from the
condition of the best description of the experimental
data on elastic scattering. In the calculations carried
out within the framework of the coupled channel
method, a collective model was used.

Optimal values of the parameters of internuclear
interaction of colliding particles were found from
calculations of experimental data on elastic and
inelastic scattering of helium ions by #*Si nuclei
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