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INVESTIGATION OF DEUTERON SCATTERING
BY 'Li NUCLEI AT ENERGY OF 14.5 MeV

Abstract. The pronounced cluster structure of lithium isotopes is an excellent test for verification the various
theoretical nuclear models. The study of the cluster exchange mechanism in direct nuclear reactions opens new
possibilities in determining the structures of these nuclei. The sets of parameters of optical potentials available in the
literature are vary, that can lead to ambiguity in determining the cluster spectroscopic factors of the studied nuclei.
Therefore, an experimental study of the scattering process at energy £ = 14.5 MeV has been carried out in order to
obtain an independent global systematic of optical potentials for the d + 'Li system. New experimental data were
obtained in the current paper on the elastic and inelastic scattering of deuterons on 'Li nuclei at energy E = 14.5
MeV. In addition to this, in our analysis we used experimental data on elastic scattering, measured previously at
deuteron energies from 7 to 28 MeV. The analysis of the differential cross sections was performed within the
framework of the optical model. The optimal parameters of optical potentials for the studied nucleus are established.
The obtained parameters in this work will be used in the analysis of the data on inelastic scattering of deuterons and
the "Li (d, 7) reaction to refine the structural characteristics of lithium isotopes.

Keywords: lithium nuclei, differential cross sections, elastic and inelastic scattering, optical potential.

Introduction

The systematics of the proton and a-particles scattering by light nuclei at an energy of about 10
MeV/nucleon showed an anomalous growth of cross sections at the large angles. It was shown [1-5], that
other mechanism, such as exchange processes, make a significant contribution to the formation of a
scattering cross section in this energy region.

At present, scattering of a-particles by °Li and "Li nuclei, having a pronounced cluster structure, was
systematically studied. The anomalous large-angle scattering (ALAS), observed in [1-4], can be only
described with taking into account the contribution of the cluster exchange mechanism, which is
physically indistinguishable from potential scattering. Therefore, in a number of papers [4, 6], with taking
into account this mechanism, it was possible not only to obtain more reliable parameters of the optical
potentials, but also to extract the values of cluster spectroscopic factors from the cross sections analysis at
large angles. In particular, the values of the spectroscopic factors were obtained for the configurations d
+a, *He + 7 and ¢ + o, and not only for the ground, but also for the excited states of the 87Li nuclei from
the analysis of the scattering of *He and o - particles. A systematic analysis of the deuteron scattering on
SLi nuclei, performed in [4] in wide energy range, confirmed the possibility of describing the behavior of
the cross sections at backward angles by the exchange mechanism. The differential cross sections of the
transfer of the alpha cluster were obtained taking into account the channels coupling and the spectroscopic
factor for the configuration of the °Li nucleus as d + o, which is close to 1.

In the present work, to determine the parameters of the optical potential for the "Li nucleus, the
scattering of deuterons was studied not only at 14.5 MeV, but also at other energies using literature data.
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Experimental method and results of the measurements

The experimental angular distribution of the deuteron elastic scattering by 'Li was measured at the
energy of 14.5 MeV. The deuteron beam was extracted from the U150-M isochronous cyclotron of the
Institute of Nuclear Physics (Almaty, Kazakhstan).

The scattering chamber [7], used in the experiment, allowed to measure both in the region of small
scattering angles (from 3° to 22°) and in the wide angular range (10°<0<170°). The metal lithium with
90% enrichment of 'Li was used as a target. It was manufactured by thermal evaporation of lithium on a
thin alundum (AL,O;) film (30 pg/cm?) in vacuum. After deposition, the target was transferred to a
scattering chamber without breaking the vacuum. The target thickness was determined by weighing, as
well as the energy losses of a-particles from the radioactive source **' Am-"* Am->*Cm and **’Pu. The 'Li
target thickness was determined as 0.393 + 0.030 mg/cm”.

For the registration and identification of nuclear reactions products the AE-E method was used [8].
Thin surface-barrier silicon detectors with thicknesses of 100 or 50 um (for small angles) and 30 pm (for
large angles) were used as a AE counters. As the E counter, a surface barrier silicon detector with a
thickness of 2 mm was used.

The angular distribution of the deuteron elastic scattering by 'Li nuclei was measured in the angular
range of 18°—128° with step 2°. The systematic error in the cross sections is related with the uncertainty of
the target thickness (6-9%), of the solid angle of the spectrometer (1%) and of the calibration of the
current integrator (<1%). The statistical errors of the analyzed data are 1-5% and reached 6-15% only in
the minimum of the cross sections.

The energy resolution of the registration system (~ 150 keV) allowed to reliably identify all low-lying
levels of the "Li nucleus. Typical spectrum of deuterons is shown in Fig. la. The transitions to states with
excitation energies £, = 0.478 MeV (1/2") and 4.65 MeV (7/2°) as well as the elastic peak (3/2°) were
observed in the spectrum of deuterons. The peaks corresponding to the excited states of the '*C (4.43
MeV) and "°O (6.09 MeV) nuclei (due to the presence of carbon and oxygen impurities in the target) were
not reliably separated from the 4.65 MeV state of the 'Li nucleus. Thus, this state was excluded from
further analysis.

The energy peaks located higher from the ground state of 'Li belong to the nuclei of oxygen,
aluminum (from the substrate) and carbon. The presence of carbon is due to its deposition on the target
during the experiment.

When analyzing elastic scattering at small angles, the contribution of impurities was taken into
account using literature data on the elastic scattering of deuterons by *C, '°O nuclei at an energy of E =
13.6 MeV [9].
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Fig. la. Energy spectrum of deuterons scattered by Li Fig. 1b. Differential scattering cross sections of deuterons
(013, = 70°) at the energy of 14.5 MeV. scattered by 'Li at E = 14.5 MeV.

Black squares - elastic scattering cross sections;
white triangles - inelastic scattering cross sections.

The Fig. 1b shows measured differential cross sections for deuteron scattering by 'Li at the energy of
14.5 MeV. As it can be seen from figure, the diffraction structure is characteristic for the measured
— 16 ——
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angular distributions. In contrast to deuteron scattering on °Li nuclei [4], for which a significant rise of the
cross sections is observed in the backward hemisphere, the scattering cross sections for 'Li gradually
decrease with increasing of the scattering angle. This fact confirms the absence of deuteron cluster in the
"Li nucleus. It should be noted that the experimental data measured at the energy of 14.5 MeV are in good
agreement within experimental errors with literature data for the energy of 14.7 MeV [10].

Analysis of elastic scattering of deuterons by the optical model and discussion of the results

The differential cross sections of the elastic scattering were calculated in the framework of the optical
model (OM) [11]. The parameters of the phenomenological optical potential (OP) were found by
comparing the calculated angular distribution with the experimental data. The potential is used in the
Woods-Saxon parameterization, which well reproduces the distribution of nuclear matter:

U(r) = =V(r) + idapWp L0 4+ 1, ()2 15 £, (D WLS) + Vo (r) (M

dar r

The first two terms are responsible for the nuclear central interaction with surface absorption. The
third term is the spin-orbit potential. J and W) are the depths of the real and imaginary parts of the optical
potential with surface absorption. Vo is the depth of the real part of the spin-orbit potential. Radial

dependence f;(r) is described by the Woods-Saxon form factor with a reduced radius 7; and diffuseness
a;, where i is R, D or SO:

f=[1+expr—rd™)/a)] ", @)

Ve (7) is the Coulomb potential of uniformly charged sphere with radius Rc:
Ve(r) = 2,2, ez/RC, when r > RC , 3)

where Z,, Z, are the charges of the incident projectile (p) and the target (¢). In our calculations Rc = red"”,
where rc =1.30 fm.

The parameters of the potential corresponding to the best description of the experimental cross
sections were found by minimizing the value of x*:

. % Z{GT(Z',.;;(ZE) (Q)T’ @

where N - the number of experimental points in the angular distribution, ¢’ and o * - the calculated and
measured values of the differential scattering cross section at angle &,, Ac"- the uncertainty of the ¢”

value.
It should be noted that choosing this potential as optimal, we follow the physically reasonable value
of the volume integral of the real part defined as:

Jy=(1/4,4) [ V(r)dmr*dr
&)

where 4, and A4, are the mass numbers of the incident projectile and the target nucleus. Its value
should be close to the corresponding value of the nucleon-nucleon -interaction potential, which is
approximately equal to 400 MeV fim® [12].

It is well known that the parameters of the optical potentials have discrete and continuous
uncertainties [13]. Therefore, to eliminate the discrete uncertainty of the real part of the potential, the
potential energy dependence is often used.

For this purpose, global systematic of the OP parameters for the d + 'Li system was performed in a
wide energy range using literature data. For this purpose, experimental data on the elastic scattering of
17
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deuterons on 'Li measured at energies 7-12 MeV [14, 15], 14.7 MeV [10], 25 MeV [16] and 27.7 [17]
were used.

It has been established that with energy increasing of the incident particle, the discrete uncertainty is
eliminated, for example, at energies above 12 MeV/nucleon. According to this, first of all, the
experimental data were analyzed at energies of 28 and 25 MeV. As starting parameters, the values from
[18] were used, which were established by the global systematic of the optical potentials for the elastic
scattering of deuterons in the energy range 2090 MeV for the atomic mass range from 4 = 12 to 4 = 238.

The search of the parameters of the optical potential was carried out by fitting the calculated angular
distributions with the experimental data using the FRESCO code [19]. To eliminate the discrete
uncertainty in determining the optical parameters, the radii of the real (r}) and imaginary (7y) parts of the
potentials were fixed. The theoretical calculations were fitted to experimental data by varying the 4
remaining OP parameters (Vz, Wp, ar and ap). The fitting of the calculated cross sections to the
experimental data was performed at the maximum angular range. The diffuseness’s (a), established in
such approach, strongly depend on the energy at low energies (see Fig.2a) which probably reflect the
effects of the resonances in the d + 'Li system (set 4 in the Table). It can be seen from the figure 2a, the
diffuseness’s become constant with energy increasing.

The second set of OP (B) is obtained using these fixed values az = 0.9 fm and ay = 0.75 fm. Next, to
clarify the dynamics of eliminating discrete ambiguity, the dependence of y* on the depth of the real part
for this set was studied. The depth values varied from 30 MeV to 250 MeV with step of 10 MeV. The
results are shown in figure 2b. It can be seen that several minimums are observed at low energies. This
indicates the presence of discrete families of OPs. With energy increasing, the number of minimums
decreases up to one.

As one would expect, with the increase in the energy of the incident particles, the discrete
uncertainty of the depth of the real part of the potential was eliminated. The results of the description of
the experimental angular distributions of the elastic scattering of deuterons on the studied nucleus are
presented in Fig. 3. Since the experimental data on the elastic scattering at energies of 14.7 and 14.5 MeV
are virtually indistinguishable within the limits of the error, the graphs show data at 14.7 MeV (these data
cover more large angles).

As a comparison, Fig. 3 shows the calculations of the angular distributions of elastic scattering
performed using the optimal OP sets from [20] (Set C); [21] (Set D) (see Table).

As can be seen from the Fig. 3, the theoretical calculations performed using the OP sets from this
work better describe the differential cross sections for the elastic scattering of deuterons in the
investigated energy range.

The optimal OP parameters established in this work will be used in the data analysis of the inelastic
scattering of deuterons and 'Li(d, f) reactions at energy of 14.5 MeV to clarify the structure of lithium
isotopes.

12000

L] a
Ty« Ty . R
. Li(dd)Li |-a—5
1.2 . D 10000
-
1,0 o = -
. a 8000 |-
0,8 4
A S — A 'y
- N — 14.5 MeV
= 0,6 / e
© /
0,4 - 4000
0,24 A 2000
O‘D T T T T 1
5 10 15 20 25 30 0 . . .
E [MeV] 150 200 250

V, (MeV)

Fig.2a. The energy dependence of the OP diffuseness’s for the Fig. 2b. The dependence of x* on the depth of the real part of
deuteron scattering by "Li. the potential.
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Fig. 3. Differential cross sections of the elastic scattering of deuterons on "Li nucleus at different energies. Symbols - experimental
data, solid lines - OM calculations with set A; dotted lines - calculations with set C; dash-dotted lines - calculations with set D.

Table — Optical potential parameters for elastic scattering 'Li + d

E4  Set Vi 'R ar Wp "D ap Vso so Aso rc
MeV (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)
A 62.96 1.17 1.22 9.08 1.325 0.4 6.76 1.07 0.66 1.3
7 B 89.7 1.17 0.9 3.99 1.325 0.75 6.76 1.07 0.66 1.3
C 66.0 1.35 0.9 4.5 2.37 0.3 8.0 0.86 0.25 1.3
D 77.78 1.173 0.809 14.21 1.327 0.551 3.703 1.23 0.813 1.69
A 67.53 1.17 1.105 12.47 1.325 0.304 6.76 1.07 0.66 1.3
8 B 91.62 1.17 0.9 4.36 1.325 0.75 6.76 1.07 0.66 1.3
C 65.0 1.35 0.88 4.9 2.3 0.3 8.0 0.86 0.25 1.3
D 77.62 1.173 0.809 14.13 1.327 0.551 3.702 1.23 0.813 1.69
A 72.65 1.17 1.02 19.22 1.325 0.217 6.76 1.07 0.66 1.3
9 B 94.31 1.17 0.9 4.87 1.325 0.75 6.76 1.07 0.66 1.3
C 62.0 1.35 0.86 6.0 2.15 0.3 8.0 0.86 0.25 1.3
D 77.46 1.173 0.809 14.05 1.327 0.551 3.702 1.23 0.813 1.69
A 73.41 1.17 0.988 23.29 1.325 0.195 6.76 1.07 0.66 1.3
10 B 95.85 1.17 0.9 4.65 1.325 0.75 6.76 1.07 0.66 1.3
C 61.5 1.35 0.83 7.2 2.18 0.3 8.0 0.86 0.25 1.3
D 77.29 1.173 0.809 13.974 1.327 0.551 3.702 1.23 0.813 1.69
A 68.84 1.17 1.0 11.08 1.325 0.64 6.76 1.07 0.66 1.3
12 B 72.35 1.17 0.9 6.21 1.325 0.75 6.76 1.07 0.66 1.3
C 64.0 1.35 0.79 10.5 2.1 0.3 8.0 0.86 0.25 1.3
D 76.96 1.173 0.809 13.815 1.327 0.551 3.702 1.23 0.813 1.69
IA 73.97 1.17 0.986 9.57 1.325 0.74 6.76 1.07 0.66 1.3
147 B 73.08 1.17 0.9 7.95 1.325 0.75 6.76 1.07 0.66 1.3
C 62.0 1.35 0.73 12.0 2.0 0.3 8.0 0.86 0.25 1.3
D 76.49 1.173 0.809 13.60 1.327 0.551 3.702 1.23 0.813 1.69
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Ipodonsicenue mabauywl
E,; [Set Vi "R lar Wp "D ap Vso "so aso rc
MeV (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)
A 81.14 1.17 0.91 14.37 1.325 0.75 6.76 1.07 0.66 1.3
25 B 75.94 1.17 0.9 10.7 1.325 0.75 6.76 1.07 0.66 1.3
C 57.0 1.35 0.72 12.9 1.94 0.3 8.0 0.86 0.25 1.3
D 74.60 1.173 0.809 12.78 1.327 0.551 3.70 1.23 0.813 1.69
A 75.32 1.17 0.9 10.28 1.325 0.75 6.76 1.07 0.66 1.3
23 B 75.32 1.17 0.9 10.28 1.325 0.75 6.76 1.07 0.66 1.3
C 55.62 1.35 0.72 12.9 1.94 0.3 8.0 0.86 0.25 1.3
D 74.02 1.173 0.809 12.54 1.327 0.551 3.70 1.235 0.813 1.69
Conclusions

Differential cross sections of the deuteron elastic scattering by 'Li were measured at the energy of
14.5 MeV in the angular range from 18° to 128°. In addition to the angular distribution of elastic
scattering, measured by us, in the optical-model analysis, we used other experimental data obtained earlier
in the energy range of 7-28 MeV. As result, the optimal parameters of optical potentials were found,
which correctly describe the angular distributions at the different beam energies in the full angular range.

It is shown that the diffusion parameter (a) strongly depends on the energy up to £,= 15 MeV, and at
higher energies this parameter practically does not change its values.

The dependence of ¥ on the depth of the real potential shows that several minimums are observed at
low energies and at the higher energies (£, > 20 MeV) the number of minimums decreases up to one. This
indicates the elimination of a discrete ambiguity in determining the real part of the potential.
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SHEPTUCHI 14.5 M>B JIEUTPOHJIAP/BIH "Li SIIPOJIAPBIHAH LIAIIBIPAYBIH 3EPTTEY

AnHoTanusi. JIMTHH W30TONTAPBIHBIH aWKbIH KJIACTEPIIIK KYPBUIBIMBI - 9P TYpJi TEOPUSUIBIK SIPOJIBIK
MOJICTIbJIEPAl TEKCEePY YLIIH OTe JKaKChl ChIHAK O0ubIn TaObutajpl. Tikenei saposblK peakusIapAarbl KIacTepIik
arMacy MEXaHW3MIH 3epzerney OChbl SApPOJaplblH KYpPbUIBIMBIH aHBIKTAy YIIIH JKaHa MYMKIHIIKTEp amiajpl.
O1eOueTTer! ONTHKAJIBIK HOTSHIMAJIap apaMeTpIIePiHiH KUBIHTBIFBI OPTYPIIi, OYJI 3€pTTEII *KaTKaH SIPOJIapAbIH
KJIACTEPJIIK CIEKTPOCKOMUSUIBIK (haKTOPJIAPBIH aHBIKTaFaH Ke3jae OIpMOHALTIKTIH OoMMayblHAa OKEIyl MYMKIH.
Conppikran, d + 'Li xyifeci YIIiH ONTHKAIBIK MOTEHIMAIIAP/IBIH TOYEICi3 IO IBIK XKyitenirin any ymin E = 14.5
M5B sHeprusicbiHIa mamblpay MponeciHe SKCIEPUMEHTTIK 3epTTey Kyprizinai. XKymeic 6apsiceinaa E = 14.5 MaB
SHEPrHsCHI XKaFaibiHaa 'Li aaponapbinia AeHTpORIapIbIH CEPIiMIi KoOHE CePHiMCi3 ManIbIpaybl OOMBIHIIA KaHA
SKCIEPUMEHTTIK Jepektep ambiHasl. CoHBIMEH KaTap Oi3fiH capanTaMmagana IedTtpoHaapaeiH 7 - 28 M»sB
apanbIFbIHIA CEPIIMIM/IL IANIBIPAYBIHBIH YKCIIEPUMEHTAIIBIK MOH/IEPI KAMTBUIIBL. SIIPOHBIH ONTHUKAIIBIK MOJEIIHIH
mIeHOepiHAe SHePrusyIapAblH KeH ayKbIMBIHIA CEpIiMIi HIaIbIpayAblH MU GepeHINaIAbK KUMalapblHa Taaay
Kyprizinmi. Hotmkecinme, 3epTTeNreH sOpO VINIH ONTHKAIBIK IOTCHIMAIAAPABIH OHTAWIBI [apaMeTpiepi
aHbIKTaaapl. OCbhl JKYMbICTA aJBIHFaH [apamMerpiiep KeJeleKTe JIUTUH H30TONTapbIHBIH — KYPBLUIBIMIIBIK
CHIIATTAMAJIaphlH HAKTHUIAYFA KAKETTi AeHTPOHIApBIH CEpHiMCci3 mIambIpaybl %oHe 'Li (d, t) peakiusiapbIHbIH
OOMBIHIIIA ACPEKTEPl TAAAY Ke3iHe Mak1anaHblIa b,

Tyiiin ce3mep: suTuil sapockl, 1uddepeHmanIpK KumMa, cepIiMIl )KoHe cepliMci3 manblpayiap, ONTHKAIBIK
MOTEHINAI.
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UCCJEJJOBAHUE PACCESIHUS IEUTPOHOB
HA AJPAX "Li ITIPM DHEPT MM 14.5 M>B

AHHOTanusl. BripakeHHas! K1acTepHasi CTPyKTypa H30TOIOB JIMTHUS SBISIETCSI OTIMYHBIM TECTOM JUIS IPOBEPKH
Pa3IMYHBIX TEOPETHUYECKUX SIACPHBIX Mopenei. M3yueHne mMexaHm3Ma oOMEHa KiacTepaMy B NPSIMBIX SAEPHBIX
peaKLusiX OTKPBIBAET HOBBIE BOSMOXKHOCTH OIIPENENCHUsS CTPYKTYp 3TuX siaep. MMeromuecs B muteparype HaOOPbI
[apaMeTpOB ONTHYECKUX MOTEHIMATIOB Pa3JIMuHbI, YTO MOXET MNPHUBECTH K HEOJHO3HAYHOCTU NPH OIPEAEICHUH
KIIACTEPHBIX CHEKTPOCKONMMYECKUX (AKTOPOB HCCIenyeMbIX siaep. llosToMy mamist MONTydeHUs HE3aBUCHMOM
III06ANBHON CHCTEMATHKM ONTHYECKHX IOTEHIMATOB Ui CHCTeMbl d + 'Li NpOBEIEHO HSKCIIEPHMEHTANBHOE
HCCIIeIOBaHKE TIpoliecca paccestHus npu sHeprun £ = 14.5 M»sB. B pabore mosyueHbl HOBbIE SKCIICPUMCHTAIBHBIC
JIAHHBIE [0 YOPYTOMY H HEYIPYroMy PAacCesHHIO NEHTPOHOB Ha sapax 'Li mpu smeprum E = 14.5 MbB. B
no0aBlIeHMe K 3TOMY, B HalleM aHajiu3e ObUIM HCIOJIBb30BaHbl SKCIEPHMEHTANBHBIE JAHHBIE MO YNPYromy
paccesiHus, U3MEPEHHBIC paHee MPU HEPTUsX ACUTPOHOB OT 7 1o 28 M»aB. Ananu3 muddepeHranbHbIX CeUeHHH
MIPOBOAWIICS B PaMKaxX ONTHYECKOW MOJIENH. Y CTaHOBIEHBI ONTHMAJIbHBIE MAPAMETPBl ONTHYECKUX MOTCHIHUAJIOB
Ui uccnexyeMoro siapa. IlomydeHHsle B gaHHOH paboTe mapaMmeTphl B JaJbHEWIIEM OyIyT HMCIOJIB30BAHBI IPH
aHamM3e JAHHBIX 10 HEYNPYrOMY PAacCesHMIO ISHTPOHOB M peakuuil 'Li (d, t) 1s yTOYHEHHS CTPYKTYPHBIX
XapaKTEPUCTHK U30TOMOB JIUTHUS.

KaroueBble ciioBa: siapa mutus, JuddepeHnnansHoe CedeHue, yIpyroe 1 HeyIpyroe paccestHue, ONTHIeCKHH
MOTECHIUAI.
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