ISSN 1991-346X 4. 2019

NEWS

OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN
PHYSICO-MATHEMATICAL SERIES

ISSN 1991-346X https://doi.org/10.32014/2019.2518-1726.38
Volume 4, Number 326 (2019), 5 - 13

D. M. Zazulin?, N.Burtebayev'?, R. J. Peterson’, S. V. Artemov*,
S. Igamov*, Zh K. Kerimkulov', D. K. Alimov', E. S. Mukhamejanov'?,
Maulen Nassurlla'?, A. Sabidolda', Marzhan Nassurlla'?, R. Khojayev'?

Institute of Nuclear Physics, Almaty, Kazakhstan;
*Al-Farabi Kazakh National University, Almaty, Kazakhstan;
*University of Colorado, Boulder, Colorado, USA;
“Institute of Nuclear Physics, Tashkent, Uzbekistan
nburtebayev@yandex.ru; denis_zazulin@mail.ru; nburtebayev(@yandex.ru; jerry.peterson@colorado.edu;
artemov1943@gmail.com; igamov@inp.uz; zhambul-ki@yandex.ru; dilivo@mail.ru;
craftinho@mail.ru; morzhic@mail.ru; nespad@mail.ru; asabidolda@mail.ru; ramazan_inp@mail.ru

NEW RESULTS FOR THE P->C RADIATIVE
CAPTURE AT LOW ENERGIES

Abstract. New measurements of the differential cross sections of the '*C(p.y)"’N radiative capture reaction at
the angle 0 for the transition to the ground state in '°N have been made at the energies of incident protons from 1088
to 1390 keV (uncertainties of about 12%). Based on the obtained differential cross sections and on the assumption
that the angular distributions are isotropic in this energy region, the '*C(p.y)"’N reaction astrophysical S-factors have
been determined for the transition to the ground state in "°N with an uncertainties of about 16%. Within the limits of
uncertainties, our experimental results are consistent with the previous data. Analysis of the "*C(p.y)"’N reaction
astrophysical S-factor at low energies has been carried out within the modified R-matrix approach by using
previously measured asymptotic normalization coefficient of the overlap integral of the wave functions of '*C and
N nuclei bound states to minimize the uncertainties due to calculation of the direct capture part of the *C(p.y)"’N
reaction astrophysical S-factor at extremely low energies. For the energies of 0.25 and 50 keV in center of mass
frame the calculated values of the *C(p.y)"’N reaction S-factors for the transition to the ground state in °N are
presented. In the temperature range from 0 to 10" K the rates of the '*C(p,y)"’N fusion reaction have been obtained.
The results of our calculations are compared with the experimental and calculated results of previous works.

Keywords: differential cross sections, total cross sections, astrophysical S-factor, asymptotic normalization
cocfficient, reaction rates.

Introduction

It is well known that, in addition to the hydrogen pp chain, in stars more massive than the Sun,
hydrogen can burn in the reactions of the carbon-nitrogen cycle (CNO cycle) [1]. The sequence of the
cold CNO cycle consists of the following reactions: “C(p,y) "N(—"C+ ¢" +vo) "C(p, ) "N(p.»)"O(—="N+
¢ +ve) "N(p.a)'*C. In this sequence, four protons are transformed into o particle (4 p — a) and as a result
the energy of 26.73 MeV is released. Approximately 1.7 MeV of this energy is carried away by the
neutrinos. As calculations show, the rate of energy release in the CNO cycle with increasing temperature
(T ~ 107 K) increases much faster than the rate of energy release in the pp-chain.

The "*C(p.y)"”N reaction is the first reaction of the hydrogen-burning CNO cycle and plays an
important role as a source of generation of both nuclear energy [1] and low-energy neutrinos [2-5] in
massive stars. In the low-energy region, the '*C(p,y)"’N radiative capture reaction with formation of °N
nucleus in the ground state mainly goes via both direct and resonant (E* = 2.365 MeV, J*=1/2" and E" =
3.502 MeV, J* = 3/2") captures. Therefore, calculations of the >C(p,y)"’N reaction astrophysical S-factor,
which is based on the analysis of experimental data, should take into account the contributions of the
abovementioned two resonant and direct radiative captures, as well as their interference, in the energy
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region E., < 2.5 MeV (c.m. here is the center of mass frame). Unfortunately, in the energy region
between these two resonances, the available experimental data have large uncertainties [1].

Therefore, in this region E; 1., = 1100- 1400 keV (lab. here is the laboratory frame), we have made
new experimental measurements of the astrophysical S-factor for the *C(p,y)"’N radiative capture
reaction with an uncertainty of about 16%. The calculation of the astrophysical S-factor, including the
analysis of our new experimental data, has been made within the modified R-matrix method proposed
previously in [6-9].

Experimental method and results of the measurements

The experimental part of our work was done on the electrostatic tandem accelerator UKP-2-1 of the
Institute of Nuclear Physics ME RK in Almaty [10]. Protons were accelerated to energies E, 1., = 340-
1400 keV. Calibration of proton energies in the beam was made with uncertainties of = 1 keV according
to the “F(p.ay)'°0 and *’Al(p.y)**Si reactions with many well-separated resonances in the region of Ey, 1,5
=340-1400 keV [11, 12].

In our experiments, a specially made reaction chamber [6] with indium vacuum seals, a water-cooled
target holder, and a quartz glass for obtaining a luminous image of the beam shape in front of the target
were used. By an external handle, the quartz glass could be placed in front of the target for alignment. The
y-ray registration system was realized by using high-pure Germanium (HPGe) y-detector with a Ge-crystal
of volume of 111 ¢cm’. To reduce the room and cosmic ray background the y-detector was surrounded by 6
cm thick lead shield. The resolution of the y-detector was about 5 keV at E, = 2200 - 3250 keV. The target
was produced by sputtering natural carbon onto a 2 mm thick Cu substrate (thickness ~ 2 mm, length = 30
mm, and width =~ 15 mm). The thickness of the carbon film sputtered onto the substrate was 110 £ 8.8
ng/cm’. The detailed description of the reaction chamber, the target production technology, and the target
thickness determination method can be found in Refs. [6, 13, 14].

The absolute detector y-ray efficiency for E, = 2200 - 3250 keV was determined by using y-lines
(E, = 2034.92, 2598.58 and 3253.6 keV) of a calibrated *°Co source, with y-lines intensities known to
better than 4.5% [15].

When measuring the absolute efficiency, the detector and the °Co source were located precisely in
the geometry of the experiment. At the same time, the statistical uncertainty in determining the number of
counts for each y-line was no more than 2%, and the electronics dead time did not exceed 1%.

The experimental differential cross sections of radiative capture were obtained at the measurement
complex of INP [6], which allow to study the yields of the nuclear reactions on the extracted beams of the
cyclotrons of the institute at the low and ultra low energies for the astrophysical and thermonuclear
applications, see papers [6, 13, 14, 16].

During the measurements, y-detector was about 8 cm away from the beam spot on the target. The -
detector and *°Co source were located with an uncertainty of about 1 mm. The dependence of the y-ray
registration rate on the source-detector distance was determined using *°Co source. It was determined that
at a distance of 8 cm, a deviation of = 1 mm leads to a change in the y-ray registration rate by + 3%. Thus,
uncertainties in the source and detector positions, dead time, y-lines intensities, and counting statistics
lead to an overall uncertainty of 6% for the detector efficiency over the entire energy interval of registered
y-rays (i.e. from 2200 to 3250 keV).

The differential cross sections of the >C(p,y)"”’N reaction for the transition to the ground state were
determined at E;, 1., = 1100, 1150, 1250 and 1400 keV and at 0, 1. = 0°.

Beam currents ranged from 5 to 8 pA. The energy spread of the beam was determined by the width of
the front of the *’Al(p, y)**Si reaction yield curve near the resonance at E,, 1., = 992 keV (resonance width
< 0.1 keV) and did not exceed 1.5 keV. The accumulated charges on the target with an uncertainty of 3%
were 0.28, 1.26, 1.51 and 1.4 Coulomb for E, 1,, = 1100, 1150, 1250 and 1400 keV, respectively. Dead-
time effects were kept below 1.5% at all beam energies.

Figure 1 shows the y-ray spectrum obtained at E, ., = 1100 keV and 0., = 0°. The energy
calibration of the spectrometer was determined using well-known y-lines of the *°Co source and the room
background y-lines at 1461 keV (*’K) and at 2614 keV (Th).

The number of counts in the spectral peak with preliminarily subtracted background (trapezium
shaped) divided by the calibrated integrator counter value was taken as the yield of the *C(p,y)"*N capture
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reaction. Statistical uncertainties in the determination of the yields (including uncertainties introduced by
backgrounds subtracted) were about 15% for the measurement at E; 1., = 1100 keV and about 6% for the
measurements at all other energies.

During each measurement, we computed the number of registered y -rays of the transition to the
ground state in "N (N,) over the integrator counter (N,) as the yield per proton. For each of the energies
presented in the work, the dependence of N, on N, represented a straight line within the current statistical
uncertainty of determining N,, which indicated the stability of the target and the stability of the beam
position on it during the whole exposure.
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Figure 1 - y-ray spectrum of the "*C(p,y)"*N reaction for the radiative capture transition
to the ground state in *N as obtained at the laboratory proton energy of 1100 keV (Oy,1ap. = 0% by our HPGe y-detector
of volume 111 cm?, located 8 cm. from the reaction region

Since, in the region E; ,, = 1000-1400 keV the differential cross sections change only slightly with
energy, as can be seen, for example, from previous works [6, 17], the effective laboratory energies were
found using the expression E, .x=E, a5 — 0.5A14(E; 1a6), where Ay, is the energy loss of protons in the
target.

Because the y-detector energy resolution and the proton beam energy spread are significantly less
than the energy losses of protons in the target, the upper part of the "*C(p,y)""N reaction y-line, for
example, shown in Figure 1, repeats the course of the “C(p,y)"’N reaction yield curve in the
corresponding energy region (the spectrum in Figure 1 has too big statistical uncertainties), and the width
of this y-line is largely due to the target thickness. This circumstance allowed us to determine the target
thickness also by analyzing the *C(p.y)"°’N reaction y-lines shapes (i.c. as a second independent method)
and to confirm the value obtained by the first method within the uncertainties. Moreover, the second
method allowed us to check the uniformity of the target thickness for all the spectra obtained.

The differential cross sections of the *C(p,y)"°N reaction for radiative capture to the ground state of
PN at 0, 1, = 0 were determined by using the relation

do N
E(Ep, e, 0°) = -
Ny Neiz e(Ey, )
where N, is the number of counts observed for the capture transition, &(E, ) 1s the absolute detector y-

ray efficiency, EY’ off =Ep, hb.%'*‘ 1941 — (.5 ﬁ!ab.(Ep, lab)> N.p 1s the number of incident

protons, and & 12 is the areal density of °C atoms.
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As an additional test of the method for obtaining the absolute values of the differential cross sections,
we have measured the yields over the *C(p,y)"N resonance at E, 1,, = 457 keV (the differential cross
sections in this energy range are known, for example, from [6, 17] with uncertainties of no more than
10%). Due to the energy losses of protons in the target in this energy region match with the resonance
width (which is about 40 keV) the yields in the resonance region were determined by the relation

Ey, 1an.
do B dA
NV = Np Nclz J. ECE, 0 } E(E} E (E)‘ dE

E[Zh exlt

where Ep’ lab. is the proton energy at the target entrance (Ep jqp, = 440, 450, 460, 470, 480 keV),

. ) . deo o . . )
Ep, exit 1S the corresponding proton energy at the target exit, = (E, Q%) is the differential cross
section of the *C(p.y)"°N reaction for the capture to the ground state of "°N at 0, 1., = 0° (the experimental
dd . . :
data were taken from [6, 17]), = (E} is the stopping power of protons in carbon (calculated by the

LISE++ program [18]). Such measurements were carried out before and after the main experiments, and
the calculated and measured yields matched within the uncertainties.

The differential cross sections obtained in present work are given in the second row of Table 1.
Assuming isotropy in the angular distributions of the '*C(p,y)"°’N reaction in the energy region of incident
protons from 400 to 1390 keV (which is confirmed with uncertainties of 10% in the works [6, 17]) in the
present work, the total sections are calculated according to the formula:

da
a(Ep, ofz) =4T dan (Ep, efe,0°)
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Figure 2 - The astrophysical S-factor for the 2C(p.y)'*N reaction. The experimental data: filled circles
are the result of the present work, filled triangles are the data from [6] and open circles are the data from [17].
The solid line is our fit, dotted line is our calculated contribution for the direct radiative capture, dashed (dashed-dotted)
line shows our calculated contribution for the first (second) resonance and dashed-dotted-dotted line presents
our calculated contribution for the third (E* = 10.250 MeV, J* = 1/2") y-resonance tail
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Further, according to the relation:

180.29
S(keV b) = a(b) E(keV) exp{———)

 E(keV)

the astrophysical S-factors were calculated, which are given in the third row of Table 1 and are shown in
Figure 2 in comparison with the results of previous works. From Figure 2, it is clear that the experimental
data of our work are in good agreement with the results obtained in [6, 17].

Table 1 + Experimental differential cross sections and experimental astrophysical S - factors
of the ">C(p,y)"*N reaction for radiative capture to the ground state of >N

E, o (keV) 1088 1138.5 12393 1390
do b 0.027+0.0049 0.029+0.0035 0.048+£0.0058 0.064+0.0077
“P(E,0%) - (—)
d sr
S¥P(E) — (MeV b) 0.1£0.02 0.098+£0.015 0.14+0.022 0.16£0.025

Results of the >C(p,y)"’N reaction astrophysical S-factor calculation by the modified R-matrix
analysis method

The detailed description of the modified R-matrix method that was used in the calculations can be
found in [6-9, 19, 20]. The input parameters required for calculating the '*C(p.y)"°N reaction astrophysical
S-factor for transition to the ground state of '’N (channel radius, proton width and radiative widths of the
first and second resonance states) were taken from [6]. The experimental results of this work and the
experimental results of [6, 17] were used as experimental data. The asymptotic normalization coefficient
(ANC) value was taken equal to 1.43 £ 0.09 fm™ [21, 22] as in [6].

The results of our calculations of the *C(p,y)"°N reaction astrophysical S-factor taking into account
the analysis of new experimental data completely repeat our earlier results [6] and are shown in Figure 2,
where the contributions of direct radiative capture (dotted line), first resonance (dashed line) and second
resonance (dashed-dotted line) are given separately. The inclusion of the third resonant state (E* = 10.250

MeV, J* = 1/2", the proton width 7"} = 280 keV [23] and the radiation width /'; = 6000 eV [6]) tail part

contribution in the calculations significantly improved the theoretical description of the experimental data
(dashed-dotted-dotted line). The values of the resonant parameters used in present work are listed in Table
2 of [6].

The results of our calculations of the "*C(p,y)'"°’N reaction astrophysical S-factors for the transition to
the ground state of °N at the most important energies for astrophysics E = 0; 25 and 50 keV are S(0 keV)
=1.62+0.20 keVb, S(25 keV) = 1.75 £ 0.22 keVDb and S(50 keV) = 1.88 £ 0.24 ke Vb, respectively. The
uncertainties quoted for these astrophysical S-factors are due to those of the parameters of proton and y
widths and ANC given earlier [6]. Our central value for S(25 keV) within the specified uncertainty is
consistent with the values of S(25 keV) = 1.54 £ 0.08 keVb obtained in [24] and S(25 keV) =1.45 £0.20
keVDb obtained in [17], and in satisfactory agreement with the value of S(25 keV) = 1.33 + 0.15 keVb
obtained in [25, 26]. However, our result for S(0 keV) is noticeably larger than that of S(0 keV) = 1.0 and
1.3 keVb obtained in [27] using the Minnesota and V2 forms of the NN potential, respectively, as well as
the value of S(0 keV) = 1.4 keVb recommended in [28]. It should be emphasized that a value of S(25
keV) = 1.54 +£ 0.08 keVb in [24] has been also obtained within the R-matrix approach [7, 9]. In contrast to
our work in [24], the ANC, which is responsible for the contribution of direct radiative capture, was a
fitting parameter in order to better describe the experimental data at first resonance region. As a result,

this artificial overestimation of the ANC value led to resonance (/] = 0.50 + 0.05 ¢V) decrease in the

total amplitude of the radiative capture process, which led to an underestimated value of S(25 keV). In our
present work, we used the fixed ANC value obtained independently from the analysis of the peripheral
proton transfer reaction [21, 22], which allowed us earlier in [6] to carry out fitting of resonant width

parameters (for example, /"] =0.65+ 0.07 ¢V) in a correct way.
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2C(p,y)"°N reaction rate

The calculated astrophysical S-factors, as well as the data of [6, 17], were used for calculating the rate
of N nucleus formation in the stellar interior as a function of stellar temperature To, where To = T x 10’
K. The Maxwellian-averaged reaction rates Na(ov) as a function of temperature are defined by

1/2 "
N, (ov)=N, [i] (k7)™ j o(E)exp(=E / k,T)EdE .
T 5

where Ny is Avogadro’s number, kg is the Boltzmann constant, and & = 4/2F / i is the relative velocity of

the colliding particles. The calculation performed in the present work matches with the results we
obtained in [6]. Figure 3(a) shows the reaction rates of our calculation (solid line) and its comparison with
the experimental data of [29]. It is seen that the result of our calculation is in good agreement with those
recommended in [29]. That work used a very different method, with independent systematic uncertainties,
and cited uncertainties equal to the estimated values for unobserved energies. The ratio of our calculation
of reaction rates Na(ov) to the result recommended in [30] (solid line) is also given in Figure 3(b). As is
seen from Figure 3(b) there is a noticeable difference (up to = 20%) between our recommended results
and those given in [30] within a wide interval of stellar temperatures. The probable reason for the
observed difference is that in [30] the calculation of the reaction rates included all the experimental
astrophysical S-factors obtained in [17, 25, 26, 30], some of which have uncertainties up to 40%, by a
smooth spline fit. Morcover, it was assumed in [30] that the spectroscopic factor for the ground state of
the "°N nucleus in (‘*C + p) - configuration is 1. However, as can be seen from [31], this assumption is not
justified and, in fact, the empirical value of the spectroscopic factor is 0.55 + 0.18. It can be considered
that the result in [30] is model-dependent, while our calculation of the reaction rate does not contain free
parameters and in this sense it can be regarded as more reliable.
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Figure 3 - (a) The "C(p.y)"N reaction rate calculated in present work (solid line) and points taken from [29].
(b) The ratio of the "*C(p,y)"*N reaction rates N, (6v) of present work to those from [30] (solid line)

Conclusion

In this work new experimental data on the differential cross sections of the *C(p,y)"°N reaction for
the transition to the ground state of °N have been obtained at four energies from 1088 to 1390 keV in the
laboratory system at an angle of 0° with uncertainties of about 12%. The astrophysical S-factors for
radiative capture of a proton to the ground state of °N (the only bound state of this nucleus) have been
determined with uncertaintiecs of about 16% at these energies. Our experimental data are in good
agreement with those previously obtained in [6, 17].
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We have analyzed the new experimental data on '*C(p,y)"°N reaction astrophysical S-factors for the
transition to the ground state of °N at extremely low energies within the one-level R-matrix approach
where the direct part of the amplitude is expressed in terms of the ANC for N in the (p + '>C) channel.
Such a parametrization allowed us to calculate the direct capture part of the amplitude in a correct way
using the indirectly measured value of ANC found previously in [21, 22] from the analysis of the
peripheral "*C(*He,d)"’N reaction.

It is shown that using information about ANC value provides good fitting of the experimental
astrophysical S-factor of the *C(p,y)"’N reaction for the transition to the ground state of ’N and reduces
to a minimum the model dependence of the calculated direct capture part of the astrophysical S-factor on
the parameters of the R-matrix approach . In general, the results of the new analysis of the experimental
astrophysical S-factors match with the results of our previous work [6].

We have also calculated the rates of the "*C(p,y)”N reaction for the astrophysically important
transition to the ground state of °N in the low energy region. It has been shown that these present reaction
rates (as well as the rates of [6]) are in good agreement with those recommended in [29] using a very
different technique from that described in present work, whereas a notable difference (up to =~ 20%)
occurs between our result (as well as the result of [6]) and that given in [30] within a wide interval of
stellar temperatures.
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' SInponsik u3nka HECTHTYTHL, Amvarsl, Kazaxcran;
2 anp-®apabu arsiEarel Ka3¥YV, Amvarsr, Kasaxcram;
? Konopazno Yrusepcurerti, Bonaep, Komopamo, AKIII;
*SImpobIK (pu3HKa HHCTHTYTHL, TaIIKeHT, Y30eKHCTOH

TOMEH YHEPTUAJIAPIAFBI P-2C PATUAITAAJIBIK
KAPITYBIHBIH JKAHA HOTHKEJIEPI

Aunoramns, JKympicta yaeTimirren nporommapasi 1088 — 1390 x3B smeprumamapsmga 0° GypeimTa
12C(p,y)BN paaMaLMsUTBIK KAPIybl PEAKLUSACHIHBIH BN SIIPOCHIHBIH HETIRT KyHiHEe KemyiHiH Au()()CPCHIUAIIBIK
KMMACBIHBIH JKaHA emmeynep Hotmkenepi (12% monmikmeH) YCBIHBLIABL. AbHFAH TU(D(OCPESHIMANIBIK KHAMAIAP
JKOHE OCHI JHEPTHS AHMAFBIHIAFEI OYPHIITHIK TAPALYIaPAbIH H30TPONTHIK KACHETKE He OOTATHIHIBFbIHA HETI3ACTC
otsIpsIm, 16 % momaikmen 2C(p,y)"°N peakmmsacs! ymrin '°N Herisri ky#re aybICyBIHBIH aCTPO(H3HKANBIK S (PaKTOPEI
aHbIKTanapl. Karemep ImeriHae, OCBHI JKYMBICTBIH SKCIHCPHMEHTTIK HOTIDKEJEpl OYpBIHFBI O KYMBICTAPABIH
JiepekTepiMeH calikec kexeai. Momudukammananrad R - MaTpunansik oaicTi maiianala OTHIPHII, aCTPOPH3HKAIBIK
S-daxrop OGOMBIHIIA SKCIICPHMEHTTIK MOMMETTEp Tangaasl Aca TeMeHri sHepruamapia -C  sapOCHIMCH
MIPOTOHIAPABIH TIKEICH KApIBbUTYbIHA OANIAHBICTHI €CENMTEY KATEJIIKTEPIH a3alTy MAKCaThIHAA Tannay OapbhICHIHIAA
°C xome "N sponaphiHbIH GalIaHBICKAH KYHICPiHiH TONKBHIBK (yHKIHATAPSIHBIH KA0ATTACY MHTETPATBIHBIH
OIMIICHIITCH ACHMITOTHKAIBIK HOPMAIay KO3()()MIUHCHTIHIH MOHI MAaHIATAHBUTARL. Maccaiap OpTaNBIFBI KYHCCIHIS
E = 0,25 sxome 50 k3B smepruamapaa “C(p.y)""N peaxumsachran °N sSIpOCBIHBIH HETi3ri Kyire aybICyhl YIIH S-
daxTopmbiH ecenrik MoHAepi kemripimrem. 0 - 10’ K Ttemmepatypa aiimarsmma “C(p.y)°N TepMOAIPOIBIK
PEAKIMSICHIHBIH KBULIAMIBIKTAPHl AHBIKTANABL. DY >KYMBICTBIH €CENTEY HOTIDKENEPI OYPBIHFBI >KYMBICTAPIBIH
JKCTIIEPUMEHTTIK KOHE €CENTIK MAIIMETTEPIMEH CAIBICTBIPBLIIBL.

Tyiiin ce3aep: aud@epeHIMANIBIK KAMANap, TOIBIK KAMa, acTpO(U3HKAIBIK S-(DakTop, aCHMIITOTHKAIBIK
HOpManay Ko3(h()MIHEHTI, PEaKIUSHBIH SKbIIIIAM/IBIKTAPBI.
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HOBEIE PE3YJIBTATEI JUISI PATHAITAOHHOT O 3AXBATA p-2C
TP HA3KUX DHEPTHSIX

AnHotammsi. IlpeacTaBneHbl pe3yibTaTbhl HOBBIX M3MEpeHHH Ju(epeHIHaTbHBIX CCUYCHHH PEaKIUH
C(p,y)"’N pazmammoHHOTO 3axBaTa HA OCHOBHOE COCTOsHHE °N a1a yraa 0° H IpH SHEPrHAX HATETAFONIMX
mpotoHoB 0T 1088 10 1390 k3B (TounOCTH OKOMO 12%). Ha ocHOBE nonmyueHHBIX Au(epeHIraTbHbIX CCUCHUH U B
MIPEATIONOKEHNH 00 M30TPOIHOM XapakTEpe VIJOBBIX PACIPEICICHHUN B JAHHOW OOIACTH SHEPTHH C TOYHOCTHIO
oxono 16% ompeaencusl acTpodmsmueckue S — dakropsr peakmun “C(py)°N 11 mepexoia Ha OCHOBHOE
coctosrne °N. B mpenenax morpemHOCTel 3KCIEPHMEHTATBHBIC PE3yIbTaThl HACTOSIIEH PAGOTHI COTMACYIOTCS C
JAHHBIMH Oojice paHHEHX PadoT. C HCMOTB30BAHHEM MOJH()HIIMPOBAHHOTO R — MATPHYHOTO METOAA MPOBCIACH
aHAaM3 OJKCHCPUMCHTAJBHBIX JAHHBIX MO acrtpodpmsmueckoMy S — Qakropy. B memix MuHEME3aDUH
BBIUHCIUTCILHOM HCONPCACICHHOCTH, CBSI3aHHOM C NIPAMBIM 3aXBATOM NPOTOHA AAPOM 12C 1 CaAMBIX HH3KHX
SHEPTHil, NMPU aHAIM3E HCIIOJB30BAJOCh 3HAUCHHE M3MEPCHHOTO PAHHEE ACHMITOTHYECKOTO HOPMHPOBOUHOTO
k03()()MIMEHTAa HATErPATA TIEPEKPHITHA BOMHOBBIX (DY HKIHI CBA3AHHBIX COCTosHmit samep '-C u °N. J{na snepruii E
=0,25 u 50 k3B B CHCTEME IICHTPA MACC MPUBCACHBI BHYHCIICHHBIC 3HAYCHUA S — (haxTopa peakiun “C(p.y) "N ma
TIepexo1a Ha OCHOBHOE cocTosme °N. B o6mactu Temmeparyp ot 0 10 10'° K moIy4ueHs! CKOPOCTH TEPMOSIEPHOH
peaxmm  “C(p.y)'°N. PesyabTaTsl pacueToB HACTOAMCH pabOTHI CPABHHMBAIOTCA C IKCHEPHMEHTANBHBIMH H
pacyETHBIMH JAHHBIMH IPEIBIAY IMUX padoT.

KmoueBnsie caoBa: au()(CpeHIHATBHBIC CCUCHUS, MOJNHBIC CCUCHHA, acTpou3mueCKuil  S-(aktop,
ACHMIITOTHYCCKUH HOPMHUPOBOYHBIN KO3 (HUIMEHT, CKOPOCTH PEAKIIHH.
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