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NEW MEASUREMENTS OF DIFFERENTIAL CROSS SECTION
FOR ELASTIC SCATTERING PROCESS OF “O(p,p)'°O
AT ASTROPHYSICAL ENERGIES

Abstract. The overview and analysis of existing literature experimental data on elastic scattering of protons by
'°0 nuclei are carried out. The experimental complex and measuring methods of the work are described in detail.
The results of the new measurements of elastic p'°O scattering in previously unexplored areas of the energy of the
incoming particles from 0.6 to 1.0 MeV and angular range of 19°-159° are presented. A comparison of the data with
the differential cross sections, calculated according to the Rutherford formula is conducted. In the overlapping areas
the results of this work are consistent with the literature data. Also, the differential cross sections of the %’ Al(p.p)*’ Al
process at the same energy and angular ranges were measured. It is shown that, with the 4% accuracy, the obtained
cross sections of >’ Al(p,p)*’Al coincide with Rutherford case. We describe a new method of obtaining the absolute
values of the differential cross sections. The experimental data of presented work can be useful for calculations of
the processes occurring in hybrid nuclear reactors and fusion devices.
y Ke%vvords: Experimental set-up, UKP-2-1 accelerator, e¢lastic scattering, differential cross sections,
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Introduction. Currently, there are experimental information on the differential cross sections of
elastic scattering of protons by nuclei %0 in the E, 1 < 3.5 MeV obtained at the following angles and
energy ranges: 0., = 171.50, E, 1. =04 -2 MeV, error of 10% [1]; O, = 161.20, E, a5 =0.6-2.0MeV,
error of 10% [2]; Ocm = 170.6", E, 15, = 0.8 - 2.5 MeV, error of 4% [3]; O.m = 93.6 and 123.1°, E; 1., = 0.5
- 3.5 MeV, error of 5% [4]; 0. = 142.3" and 178.1", E, 1 = 0.6 - 2.5 MeV, error of 5% [5]. In all the
papers the excitation functions were measured in steps about 50 keV. For reliable phase shift analysis and
the parameters of the optical potential determination for p + '°O system at E,, ., < 1 MeV it is desirable to
have also the angular distribution of the cross sections for the '°O(p,p)'°O in the E,, 1, < 1000 keV in steps
of 200 keV for 0., =40 - 160 in steps of 10 - 20". The energy range of E, 1., < 1000 keV is important
because the processes in thermonuclear installations flow at very low energies.

Experimental methods and results. Therefore, new experimental data on clastic scattering of
protons by nuclei oxygen at low energies were measured on electrostatic tandem accelerator UKP-2-1
(scheme of UKP-2-1 is shown in Fig.1) of Institute of Nuclear Physics of the Republic of Kazakhstan
(Almaty) [6 - 8]. Protons were accelerated to energies E, 1., = 600-1040 keV. The value of the beam
current was limited by stability of the target and load characteristics of the electronic apparatus and was
ranging from 1 to 80 nA. Calibration of protons energies in the beam was made according to reactions
with narrow, well-separated resonances [9, 10]. For this purpose we used *’Al(p,y)*Si reaction at E, ., =
632, 773, 992, 1089 keV and "“F(p,ay)'°O at E, 1., = 340 keV. The accuracy of beam calibration was
equal to +1 keV. Energy spread of the beam was determined by the width of the front of *’Al(p,y)**Si
reaction yield curve near resonance at E;, 1., = 992 keV (resonance width < 0.1 keV) and did not exceed
1.2keV[11-13].
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The proton beam passed through collimation system (two collimators with diameters of 1.5 mm and
placed 420 mm apart) and was formed on the target (located at a distance of 100 mm from the last
collimator) into a spot with diameter of 2 mm. In order to minimize the number of protons scattered from
the end faces of the collimators thickness of the front wall near the holes were brought to 0.1 mm. Faraday
cup (a tube with a diameter of 15 mm and a length of 150 mm), located at a distance of 120 mm from the
target, was connected to a current integrator, which sent a digital pulse to a scaler, once it collected a
portion of charge (0.1 or 10 nC). Photo of scattering chamber is presented in Fig. 2. Accumulated charge
was determined with an error of not more than 1.5%. To minimize carbon laydown on a target during the
measurements we used pumping system consisting of ion and turbomolecular pumps, and inside the
scattering chamber nitrogen traps system was installed (see Fig. 3a, 3b). A typical pressure in the chamber
was 1.5%10° torr.
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Fig. 1 - Tandem accelerator UKP-2-1 contains two independent channels for beam transportation united by one accélerating
potential. This figure shows a scheme of the tandem. Cascade Kokroft-Wolton type generator ensures accelerating voltage up to
1MV. Analyzing magnet that includes NMR stabilization of magnetic field has mass resolution M/AM = 200
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Fig. 2 - The central chamber for investigation of he Fig.3a - Nitrogen Fig. 3b - The carbon deposition during

scattering processes and reactions with charged-particles trap bombardment of target by incident
production protons

In order to detect the scattered protons we used surface-barrier charged particles detector (diameter of
bounding diaphragm before detector was 2 mm, sensitive area thickness - 0.2 mm). The detector was
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placed at a distance of 240 mm from the target and was able to move in an angular range from 10" to 170",
The error in determining the angle of the detector location did not exceed + 0.2°. The detector was
equipped by the protective tube, which, for all its positions excluded registration of protons scattered from
the end face of the last collimator and from the Faraday cup. A second similar detector was placed at an
angle of 160° relative to the incident beam and was used to monitor the stability of the target. The energy
resolution of detectors was equal to 15 keV. Detailed description of the experimental setup for the study
of the processes with the charged particles produce in the UKP-2-1 can be found in [14], and in its
references.

An aluminum oxide film (Al,QO;), used as a target was made using the electrolytic method. Protons
energy losses (for incident protons energy of E; i, = 992 keV) after passing the target (Al,O;) were
determined by width at half-height of the yield curve of *’Al(p,y)**Si reaction near resonance at E, 1, =
992 keV (the target was placed exactly perpendicular to the incident beam) and were found to be 5.4+1.2
keV, which corresponds to the thickness of the target 28+6 pg/cm® [15,16]. Such target thickness satisfied
the requirements of mechanical and thermal strength, and at the same time, practically did not affect on
the spectral line broadening, except for spectral lines obtained at 0,,, = 70", 90", 100” at E, 1., = 600 keV,
where broadening due to the target thickness is equal to the broadening due to the detector energy
resolution.

Signals from the detectors were amplified and transmitted to two 2024-channel analyzers. Electronics
dead time did not exceed 3%. At each proton energy value, the ratio of the area of the peak from the
stationary detector because of '°O(p,p)'°O and *’Al(p.p)*’Al scattering to the reading of the integrator
counter was a constant within 4% for all positions of the movable detector. Laboratory energy given in
this work corresponds to laboratory protons energy in the center of the target thickness.

An example of protons elastic scattering from target nuclei spectrum obtained at £, 1., = 1000 keV
is given in Fig. 4. The peaks from elastic scattering of protons from '*C, '°0 and *’Al nuclei are clearly
seen in the figure. The presence of a peak from “C(p,p)'*C process in the spectrum is due to the carbon
laydown on the target surface.

The angular distributions of the '°*O(p,p)'°0
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were measured at incident protons energies
E, 1 =600, 800 and 1000 keV at angles 6.
=19, 39, 60, 70, 90, 100, 120, 140, 150, and 159
degrees. Excitation functions of the '°O(p,p)'°O

were measured in the energy range of L, =
600-1040 keV with a step of 20 keV for two
angles 90" and 159" in laboratory system. The
target was installed perpendicular to the incident
beam for detector positions at angles 6., = 39,
60", 120", 140°, 150" and 159°, and for detector
positions at 0., = 70", 90, and 100" — at an angle
of 45°,

By the yield of elastic '°O(p.p)'°O scattering,
we implied the ratio of the sum of counts in the
spectral peak (without preliminarily subtracted
background, which we linearly approximated by
a trapezoid) to the reading of the integrator
counter. Statistical error in the determination of
the yields (including errors introduced by background subtracted) was less than 3.5% for all positions of
the detector and energies of incident protons.

The spectra where peaks from "*C(p.p)"°C, "*O(p.p)'°0O and *’Al(p.p)*’Al processes significantly
overlapped, were analyzed using information about the differential cross sections of *C(p.,p)'*C, taken
from [17-20]. While the number of '>C nuclei in the target was determined by spectrum closest to the
analyzed one where peak from "*C(p.p)">C is well separated. For spectra with overlapping peaks yield of
elastic '*C(p,p)'*C scattering does not exceed 10% of yield of "°O(p,p)'°O.
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Fig. 4 - Energy spectrum of protons elastically scattered from
target nuclei
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Fig. 5a - The differential cross section of the elastic scattering of  Fig. 5b - Excitation functions of the elastic scattering of protons on

protons on 2’Al with errors of 4%. Symbols are the experimental Al with errors of 4%. Symbols are the experimental data of
data of present work, the curves - calculations by the Rutherford ~ present work, the curves - calculations by the Rutherford formula
formula

Differential cross sections of *’Al(p.p)>’ Al were assumed as purely Rutherford. Last assertion is based
on the data shown in Figs. 5ab, where the differential cross sections (Fig. 5a) and the excitation function
(Fig. 5b) for the *’Al(p.p)*’Al are given, which are the results of the processing the spectra, where the
peaks from *’Al(p.p)*’Al scattering are separated reliably (errors in the determining of the differential
cross sections are about 4%). Finally, the differential cross sections of the '°O(p.p)'°O were obtained with
an error of about 5% by normalizing of '°O(p,p)'°O yields to the normalization factor which was derived
by normalizing of *’Al(p,p)*’ Al yields to the Rutherford cross sections for >’ Al(p.p)*’Al.

Excitation functions and differential cross sections of elastic scattering of protons by '°0, obtained in
this work are given in Fig. 6a and Fig. 6b, respectively.
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Fig. 6a - Angular distributions of the p'®0 elastic scattering. Fig. 6b - Excitation function of the p'®0 elastic scattering.
Symbols are the experimental data of present work, the curves - Symbols are the experimental data of [4] and present work, the
calculations by the Rutherford formula. The uncertainties are curves - calculations by the Rutherford formula. The
approximately the size of the points and about 5% uncertainties are approximately the size of the points and about

10% for work [4] and 5% for present work

Conclusion. Within the errors the results of our experiment coincide with the published data in the
overlapping areas. At the angles of 0, = 39, 60, 70 and at the energies of E,, 1., = 600, 800 keV; and at
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O = 39, 60" and at E, 1, = 1000 keV the experimental cross sections coincide with Rutherford cross
sections (with accuracy of 5%), while at the same energies and large angles, they are a little bit more than
Rutherford. At the same time, for example, at 0y, = 159” and E,, 1., = 1000 keV the ratio of ., /or equal to
1.42 £ 0.07, which is in good agreement with published data.

This work was supported by the program of nuclear power development in the Republic of
Kazakhstan (theme: obtaining experimental and calculated nuclear reaction cross sections, yields of
fission fragments at INP accelerator complex).
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HOBBIE N3MEPEHUS TU®®EPEHIIUAJTLHBIX CEUEHUI ITPOIIECCA
YIIPYTOT'O PACCESTHUSA O(p,p)'°0 IMPU ACTPO®PU3NUECKUX SHEPTUSIX
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AHHoTanus. BeimonHeH 0030p U MPOBEACH aHATH3 UMCIOIIUXCS B JINTCPATYPE IKCIICPHMCHTATBHBIX
JAHHBIX 1O YIPYTOMY PAacCESHHIO MPOTOHOB Ha Aapax 0. IToapo6HO OMMCAHBI SKCHEPUMEHTATBHBIH
KOMITICKC H U3MEPHTEIBHBIC METOIUKH HacTosawmel padotel. [IpeacTaBneHs! pe3ynbTaTel HOBBIX H3MEpE-
HUiT yIpyroro paccesaus p' *O B HEUCC/IE JOBAHHBIX PAHEE 00IACTAX YHEPIUil HANETAOMIX YacTHil ot 0.6
10 1.0 MaB u yriosoro auamazona 19°-159°. ITpoBeaeHO CpaBHEHME MOIYUYEHHBIX AAHHBIX ¢ AuddepeH-
LUABHBIMHA CCUCHUSIMHU, BBIUUCICHHBIME TI0 dopmyiie Pesepdopaa. B nepexpriBaroimuxes obaacTax pe-
3VNIbTaThl HACTOSIIECH paboThl COTNACYIOTCS C MUTCPATYPHBIMH JAHHBIMU. Taioke ObLTH M3MEpeHB TUd-
deperupansapie ceucHms mponecca - Al(p.p)*’Al B Tex ke SHEPreTHUECKOM M YITIOBOM AHMAIA30HAX.
TMoxazaHo, uTo ¢ TouHOCTHIO 4% mony4enHble ceueHus - Al(p,p)*’Al cosmamaror ¢ PesepdopaoBCKimMuL.
Omnpcana HOBas METOIUKA MONYUCHHS aOCOMIOTHBIX 3HAUCHUH Au(p(EpEeHIMATBHBIX CCUCHUN. JKCIICPH-
MCHTATBHEIC JaHHbIC MPEICTABICHHOH paboThl MOryT ObITh BOCTPEOOBAHHBI ISl PACUCTOB IMPOLIECCOB
MPOUCXOAAIINX B THOPHIHBIX SACPHBIX PEAKTOPAX U TCPMOSACPHBIX VCTAHOBKAX.

KaroueBbie ciioBa: JkcnepuMeHTanbHas yveTaHoska, yckopurenp YKII-2-1, yopyroe paccesnue,
muddepennuanpubie ceucnus, O(p,p)' °0, ' Al(p,p)*’Al

H. Bypre6aes', JI.M. 3asyaun'”, K.K. Kepumky.aos',
M. Bakrtei6aes’, k. Bypre6aesa', JI.K. Anumos'?, M. Hacypsna'?

1H,uponbn< Ouzuka Mucrutyter, Aamarer, Kazakcras;
2 .
on-Papabu areinaarsl Kazak ynrTeik yHusepcureti, Anvarsl, Kazakcran

ACTPO®U3UKAJIBIK SHEPTUSLJIAPJIA °O(p,p) °O CEPIIIM/I IHALLIBIPAY
IMPOLIECTHIH, JU®PEPEHIIHUAJIIBIK KUMAJIAPBI BOMBIHIIA KAHA OJIIIEYJIEP

Aunnotamus. '°O sIpoIapHHAH MPOTOHIAPABIH CEPIIMII IIANIBIPAYHl GOMBIHINA OJEOHETTIK MOTi-
METTEPre IONY JKACATBIHABI KOHE ANIBIHFAaH 3MECPHUMEHTTIK MoTIMeTTep Tanganbl. OChl JKyMbICTA SKCIIC-
PHMEHTTIK KEIIEH MEH OMIIIey dicTepi TobIK cunartanras. XKymsicta 19°-159° GypslnThik AMana3oHaa
xome 0,6 — 1 MaB arkel1aHaThH GOMIICKTIH 36PTTCIMETCH SHCPIHS aiiMarbiHAa p' O cepImiMAIl mammbpay
OJIIICYICPIHIH KaHA HOTIKEACpl kearipiareH. Pesepdopa teHacyiMeH ecenrereH audpepeHIMATIIBIK
KMMa MCH QIIBIHFaH MONIMETTEPre CABICTHIPYIAP >KacanblHABl. JKyMbICTa YCHIHBUIFAH SKCICPUMEHTTIK
MOJIIMETTEP TEPMOSAPOIBIK KOHABIPFBLIAPAA KOHC THOPHUTTI SAPOIBIK PEAKTOPIApAa >KYPETIH HpOoLEec-
TEpAl ecenTeynepac KOIAaHbLTY Bl MYMKIH.

Tipex cesaep: DxcnepumeHTTIK KOHABIprEL, YKII-2-1 ymeTximi, cepmiMai mamsipay, auddepen-
mmanasik kuva, O(p,p)'°0, 7 Al(p,p)*’Al




