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The results of new measurements of the yields of the ''B(p,y)'?C reaction of radiative capture to the ground and first
excited states of '>C are presented. By normalizing these results to the corresponding experimental literature data,
differential cross sections have been extracted for the angle 0° and for incident proton energies from 482 to 1337 keV.
Based on the obtained differential cross sections and using literature data on the angular distributions of the 'B(p,y)'*C
reaction in this energy region, the total cross sections and astrophysical S factors of the 'B(p,y)'*C reaction for transitions
to the ground and first excited states of '>C have been determined with a statistical error of less than 10%.
The experimental data obtained are well described within the framework of a modified potential cluster model with the
classification of orbital states according to Young's diagrams and taking into account allowed and forbidden states. Based
on the measured experimental cross sections and using the above theoretical model, the rate of this reaction was calculated
in the temperature range from 0 to 100 million degrees of Kelvin. Within the limits of error, the results of this work are
consistent with the data of earlier works.
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INTRODUCTION

In nuclear astrophysics and in the field of controlled
thermonuclear fusion, the reaction 'B(p,y)!?C is of sig-
nificant interest [1]. It is one of the main reactions of ''B
burning and '?C production in the Sun and stars. The rate
of the "B(p,y)!?C reaction (which took place in the inte-
riors of first-generation stars) may be of great importance
for the amount of ''B observed today in the Earth’s crust
and in the interstellar medium. Material containing boron
(80% - ''B) can be used as neutron absorbers in advanced
thermonuclear reactors.

To date, the only experimental work (for the energy
range E; 1. = 530-3100 keV, where lab. is a laboratory
system) in which a full cycle of measurements has been
carried out, and in which the differential and total cross
sections of the 'B(p,y)!C reaction are presented for cap-
tures to the ground and first excited states of '>C remains
the work [2] published in 1965 (in this work, however,
errors are not given). Therefore, in this energy region (at
Ep, 1ab. = 482 — 1337 keV) we carried out new measure-
ments of cross sections and the astrophysical S-factor of
the '"B(p,y)'*Creaction of radiative capture to the ground
and first excited states of '2C with a statistical error of
less than 10%.

RESEARCH METHODS

The experimental part of our work was performed on
the electrostatic tandem accelerator UKP-2-1 of the Insti-
tute of Nuclear Physics in Almaty [3]. Protons were ac-
celerated to energies Ej 1. = 340-1400 keV. Calibration
of proton energies in the beam was made with an uncer-
tainties of +1 keV according to the "F(p,ay)'°0O and

YTAl(p,y)*Si reactions with many well-separated reso-
nances in the region of E; 1. = 340-1400 keV [4, 5].

In our experiments, the specially made reaction
chamber [6] with indium vacuum seals, the water-cooled
target holder and a quartz glass for obtaining a luminous
image of the beam shape in front of the target was used.
By an external handle, the quartz glass could be placed in
the course of the beam 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 111 cm?®. To reduce the room and cosmic ray
background the y-detector was surrounded by 60 mm -
thick lead shield. The resolution of the y-detector was
typically 6.5 keV at E,<3000 keV.

Energy calibration of the spectrometer at low energies
was carried out using the well-known lines of the y-
source Co and background lines of 1461 keV (*’K) and
2614 keV (RdTh). For energies from 10 MeV to 18 MeV
(the operating gamma quanta energy range of this exper-
iment), calibration was carried out using a procedure for
determining the position of the peaks (yo and y;) from the
"B(p, v)'?C reaction, taking into account the energy of
incident protons, target thickness, and reaction energy
Q = 15957 keV [7] and the Doppler effect.

Copper plates (~2 mm thick, ~30 mm long, and
~15 mm wide) were used as target backing. The thick-
nesses of boron films (about 90% of "B and about 10%
of '°B) deposited on two target backings were 10010
and 145+15 pg/cm?, respectively. The first target was
used for measurements at E;, 1. = 500-1100 keV, and the
second at Ej, 1,0, = 1150-1350 ke V.
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The detailed description of the reaction chamber and
target manufacturing technology can be found in
[6, 8, 9].

During the measurements, the y-detector was at a dis-
tance of 11.4 cm from the region where the reaction was
localized.

To determine the relative efficiency of the y-detector
in the region of y-quanta energies from 100 to
3253.6 keV, we used a set of standard gamma sources
0Co, 12Eu and a Co source (Ty, = 77 days), the relative
intensities of y lines of which are known with an error of
no worse than 4.5% [10]. The relative efficiency of the y-
detector for the energy region from 3253.6 to 10763 keV
was determined using the reaction of 2’ Al(p,y)*8Si at the
resonance energy of protons E; .. = 992 keV. As aresult
of this reaction, y lines are emitted in the energy range of
1.8-10.8 MeV, the relative intensities and angular distri-
butions of which are known with an error of no more than
5% (for the main transitions) [11]. In this work, we used
the transitions of the *’Al(p,y)*®Si reaction at E,
1. = 992 keV with the following energies: 1522, 1779,
2839, 4497.6, 4743, 6020, 7931 and 10763 keV. For the
energy range of gamma quanta from 10763 to
16500 keV, we used the efficiency curve of [12] (in
which the geometry of the experiment is similar to ours
and in which a gamma detector of the same type as ours
was used) normalizing it to our curve for energies from
100 to 10763 keV. Further from 16500 to 17500 keV we
made a simple linear extrapolation. Figure 1 shows the
relative efficiency curves of the gamma detector used in
the measurements and for the geometry of our experi-
ment.

The yields of the '"B(p,y)'?C reaction for the transi-
tions to the ground and first excited states were deter-
mined at E;, 1., = 500, 750, 800, 1000, 1100, 1150, 1250,
1300 and 1350 keV and at 0, 1. = 0°.

The value of the beam current was ranged from 3 to
8 nA. The energy spread of the beam was determined by
the width of the front of 2’ Al(p, y)**Si reaction yield curve
near resonance at E; 1. =992 keV (resonance width
<0.1 keV) and did not exceed 1.5 keV. The accumulated
charges on the target were measured with an uncertainty
of 3%. Dead-time effects were kept below 1.5% at all
beam energies.

Figure 2 shows the y-ray spectrum obtained at E,
1ab. = 1350 keV and 0,10, = 0°. Figure 2 shows the photo
peaks and single and double leakage peaks of the corre-
sponding gamma transitions.

The number of counts in the spectral peak with the
preliminarily subtracted background (with the form of a
trapezium) divided by the integrator counter and relative
efficiency values was taken as the yield of the ''B(p,y)'*C
capture reaction. Statistical uncertainties in the determi-
nation of the yields (including uncertainties introduced
by backgrounds subtracted) were less than 10%.
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Figure 1. Relative efficiency curves of the HpGe detector.
The black curve and open figures are ours, obtained experi-
mentally, the blue curve is from [12], the red curve is linear

extrapolation to the required energy region
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Figure 2. Fragment of the y-spectrum of''B(p,y)"?C reaction,
obtained at Ep, 1. = 1350 keV and 0y, 1ap. = 0°. Transitions
to the ground and first excited states of '>C are shown.

1 E — single leak peak, 2 E — double leak peak and F — full
photo peak. The measurements were carried out with an
HpGe detector with a volume of 111 ¢cm?, which was located
at a distance of 11.4 cm from the reaction area
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During each measurement, we plotted the number of
registered y-quanta of the transition to the ground and
first exited states in '2C (N,) on the current indication of
the integrator counter (N;). For each of the energies pre-
sented in the work, the dependence of N, on N, repre-
sented a straight line within the current statistical uncer-
tainty of determining Ny, which indicated the stability of
the target and the stability of the beam position on it dur-
ing the whole exposure.

Since in the region of E, 146, = 500-1350 keV the dif-
ferential cross sections change quite slowly with energy,
as can be seen, for example, from previous work [2], the
effective laboratory energies were found using the ex-
pression Ep, off. = Ep, lab. — 0.5A|ab,(Ep, lab.), Where Ajap. is the
energy loss of protons in the target, determined using the
LISE++ program [13].

Because the y-detector energy resolution value and
the proton beam energy spread value are significantly
less than the energy losses of protons in the target, the
upper parts of the "B(p,y)!?C reaction y-lines repeat the
courses of the ''B(p,y)"?C reaction yield curves in the cor-
responding energy region, and the width of this y-linesare
largely due to the target thickness. This circumstance al-
lowed us to determine the target thickness by analyzing
the !'B(p,y)"?C reactiony-lines shapes.Moreover, this
analysis was one of the methods for monitoring the sta-
bility of targets during the experiment.

RESULTS

The differential cross sections for the 'B(p,y)'?C re-
action of radiative capture to the ground and first excited
states of '2C for 0, = 0° were determined by normalizing
the corresponding yields we measured to the differential
cross sections of [2]. The results of normalization are pre-
sented in Table 1. Using the data on angular distributions
from [2] and the differential sections we obtained for the
angle 0°, we determined the integral crosssections, which
are shown in Figures 3 and 4. From Figures 3 and 4 we
can see good agreement between our integral cross sec-
tions and the integral cross sections of work [2] both in
the form of excitation functions and in the ratio of the
intensities of transitions to the ground and first excited
states of '>C.

Further according to the formula:

4.735

S (MeVb) = G(b)E(MeV)exp W

(all quantities in the center of mass system) astrophysical
S-factors were calculated, which are presented in Table 2
for the transitions to the ground and first excited states of
12C, respectively. Figure 15 shows the total S-factors for
the transitions to the ground and first excited states of '2C
together with the data recommended in [14]. From Fig-
ures 5 it is clear that, within the limits of statistical errors,
our data are in a satisfactory agreement with the result
obtained in work [14].

Table 1. Experimental differential cross sections for the
HB(p,y)!?C reaction. Errors are only statistical

Transition to the ground Transition to the state

state of 12C of 4439 keV of 12C
Ep,lab‘ eff
' c c
(MeV) e0(E,0°), | Error en(E,0°, | Error
in®%) | dQ in (%)
(Wbisr) (ub/sr)
482 0.282+0.028 <10 1.25+0.02 19
736.5 0.856+0.057 6.7 2.83+0.05 1.8
787 0.956+0.042 4.4 2.3840.03 14
989 1.38+0.08 5.6 1.36+0.05 3.6
1089.5 1.60+0.04 2.3 1.31£0.03 2.0
1135 1.81+0.04 2.1 1.31£0.03 2.2
1236.5 1.93+0.06 3 1.22+0.04 35
1286.5 1.99+0.05 2.3 1.35+0.03 2.3
1337 2.33+0.05 2 1.28+0.03 2.3
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Figure 3. Experimental integral cross sections for the
"B(p,y)">C capture reaction to the ground state of'>C nucleus.
Filled circles are our result. Open circles are the result

of work [2].
38 T T T T T T T T
BFE o E
34 [¢] -
32 [ ]
30 [ L ]
8F © ]
26 | 8 ]
o CJ ]
o % o
= 22 o m
~ 20+ ©O 4
)
18 ]
o
© w6l ° ]
141 @ Cb -
o
=r 2 853 ]
10 009 o e
sl ° o ]
o oo
6| Qghhiboo ]
4 L ]
2 1 1 1 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500 4000
Ep’ . - (keV)

Figure 4. Experimental integral cross sections for the
"B(p,y)"?C capture reaction to the 4439 keV state of '>C nu-
cleus. Filled circles are our result. Open circles are the result
of work [2]
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Table 2. Experimental astrophysical S-factors for the
1B(p,y)?C reaction. Errors are only statistical

Transition to the ground state Transition to the state
Ep.c.m.,eff y of 12C of 4439 keV of'2C

MeV
M) 1 gon(e), (Mev b) iEr(r;)r) Sen (E), (MeV b) lEr(ﬁ,‘/’r)

0.442 | 0.00194£0.00019 | <10 0.00773+0.00015 1.9
0.675 | 0.00219+0.00015 | 6.7 0.00653+0.00012 1.8
0.721 0.00217+0.00009 | 4.4 0.00468+0.00007 1.4
0.907 | 0.00207+0.00012 | 5.6 0.00161+0.00006 3.6
0.999 | 0.00208+0.00005 | 2.3 0.0013+0.00003 2.0
1.040 | 0.00222+0.00005 | 2.1 0.00118+0.00003 22
1.133 | 0.00209+0.00006 3 0.000949+0.000033 35
1.179 | 0.00204+0.00005 | 2.3 | 0.000978+0.000023 23
1.226 | 0.00228+0.00004 2 0.000883+0.00002 23
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Figure 5. S-factors for the capture process "' B(p,yo+y1)"*C.
The statistical errors are smaller than the sizes of the repre-
sented points

COMPARISON WITH CALCULATION

The integral cross sections for the ''B(p,yo)'?C reac-
tion obtained in this work were compared (see Figure 6)
with calculations for this process at energies less than
1500 keV, performed in [15] within the framework of a
modified potential cluster model with the classification
of orbital states according to Young diagrams and taking
into account allowed and forbidden states [16—19]. From
Figure 6 we can see a good agreement between the cal-
culated data of [15] and our experimental results and the
experimental results of works [2, 20-22] obtained in the
region from 80 keV to 1500 keV in a laboratory system.
Also, calculations [15] correctly express the position of
the first resonance. This means that it is quite possible to
use the calculation results to extrapolate cross sections to
the low-energy region and carry out various astrophysical
calculations with them, in particular, to calculate the rate
of the thermonuclear reaction of''B(p,y0)'*C occurring in
stars in the CNO cycle.

Moreover, a comprehensive, experimental and theo-
retical (within the framework of a modified potential
cluster model) study of the reaction 'B(p,y0)'2C made it
possible to determine important nuclear characteristics of

the proton and ''B system at low energies and for differ-
ent orbital channels:

1) The process of proton capture in the reaction
"B(p,y0)!?C is completely determined by the non-reso-
nant El-transition of3S; — 3Py and the resonant E2-tran-
sition of ‘P, — *Py.

2) All nuclear potentials have a Gaussian form of
V(r) = —Voexp(—or?) (there is also Coulomb interaction);

3) For the potential of a resonant *>P,-wave with a
forbidden state and J=2%V(=24.38058 MeV,
a=0.025 fm?;

4) For the potentials of non-resonant *Po- and **>P;-
scattering waves with forbidden states Vo= 60.0 MeV,
a=0.1 fm?>;

5) For the potential of a resonant S, wave without a
forbidden  state  with J=2"V,=10.9256 MeV,
o =0.08 fm2;

6) For the *P, potential of the ground state of '>C nu-
cleus with a forbidden state in the p + !'B cluster channel
Vo =142.21387 MeV, a = 0.1 fm2.
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Figure 6. Integral cross sections for the radiative reaction of
p + !B capture to the ground state of the '>C nucleus in the
energy region less than 1500 keV. Experimental errors are
smaller than the sizes of the presented points

HB(p,r9)!2C REACTION RATE

The measured cross sections for the radiative capture
reaction, as well as the data from [15], were used for cal-
culating the rate of 'B(p,yo)!*Creaction in the stars inte-
rior as a function of stellar temperature Ts, where
Te =T - 10° K. The Maxwellian-averaged reaction rates
Na(ov) as a function of temperature are defined by

8

kN

172 0

N,(ov)= NA[ J (keT) ™ [o(E)exp(~E / k,T)EdE,
0

where N, is the Avogadro’s number, kg is the Boltzmann
constant, and v = JZE /n is the relative velocity of the
colliding particles. In Figure 7 we present the reaction
rates of our calculation and its comparison with the data
of [23]. It is seen that the result of our calculation is in
good agreement with that recommended in [23] for a
fairly wide temperature range (from O to 100 million de-
grees of Kelvin).
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Figure 7. Rate for the radiative reaction of p + ''B capture
to the ground state of the '>C nucleus.

DISCUSSION

In this work, with a statistical error of less than 10%
at nine energies from 482 to 1337 keV in a laboratory
system, new experimental data on differential (for angle
09 and integral cross sections, as well as on astrophysical
S - factors of the reaction of!'B(p,y)'?C for transitions to
the ground and first excited states of '>C were obtained.
The experimental results presented in this work are in
good agreement with the literature data.

The work shows that the measured cross sections in
the corresponding energy region are well described
within the framework of a modified potential cluster
model in which nuclear potentials are consistent with the
spectrum of resonance levels and contain forbidden states
in some partial waves, and the potential of the ground
state is consistent (in general) with the main characteris-
tics of the nucleus !C in the p + !'B channel, including
binding energy and charge radius.

The rate of the radiative capture reaction 'B(p,yo)'>C,
which is consistent with previously performed calcula-
tions at temperatures up to Ts = 100 have been also cal-
culated in this work.
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TOMEHDHEPT USIJIAPJAPAJTUALUSUIIBIK P-"B TYCIPY YIHIH)KAHAHOTUXKEJIEP

C. K. Caxues!, I. M. 3azyaun'?", C. B. Apremos!?, H. T. Bypre6aes?, Mayaen Hacypiuial,
. Anumos!, Map:kan Hacypanal, A. Cadugonnal, P. Xogkaes'? E. B. Mykanos!,
I. A. Hcaes'?, C. E. Kememkanosa?, 5I. B. Cugopos?, A. III. Typcymoexos?

L KP OM «Aoponvik pusuxa uncmumymory PMK, Anmamot, Kazaxcman
2 On-Dapadu amwuindazvr Kazax, ¥nmmuix Yuusepcumemi, Aimamut, Kazaxcman
3 Aoponvix pusuxa uncmumymst, Tawkenm, Qzdexcman

* batinanvic ywin E-mail: denis_zazulin@mail.ru

UB(p,y)"?C pammanusuiblk KapMmay pPEakIWACHIHBIH Herisri sxome '2C  GipiHmi Ko3OBIPBUIFAH KyHIEpiHe >aHa
eJIeMaepaiH HoTwkenepi oepinreH. Ochl HOTHKENEPAl Ccolikec TOKIpUOeNiK 9ne0ueT AepeKTepiHe KajbIlKa KeTipy
apkpuibl 0° Oypbimbl xoHe 482-meH 1337 k9B neifiHri yaeTinreH MpoOTOH SHEprusuiapbl yiuiH guddepeHnmanapK
KUManap ajbiHAbl. OmmeHreH aguddepeHIManaplK KUMalap HETi3iHAE JKOHE OChl JHEPreTHKAIbIK aiMaKTarbl
B(p,y)"?C peakuuschiHBIE OYpHIUTHIK Tapatyjapbl Typajibl ofeOHeT NepeKTepiH naimanana oteipei, ''B(p,y)'*C
paManuaibK KapMay PeaklUSCHIHBIH KAl KOJIEHEH KUMaiaphl MeH acTpodusukanbik S daxropiapsl '?C Herisri
JKoHE OipiHII KO3FaH Kyii (0apibIK albIHFaH MOHACP/iH CTATHCTUKANEIK Katenepi 10%-naH a3) yIiH anbpiHAbL. ATBIHFaH
TOXIpnOeik aepekrep SHr cxemanapbl OOMBIHIIA OpPOMTANBIK KYHIEP/IH JKIKTENyl MEH XXOHE PYKcaT ETUITCH JKOHE
TBIABIM CaJIBIHFaH KYHJIEp/Al ecKepe OTHIPHIN, MOAW(UKANWSUIAHFaH MTOTCHIHAJIBl KJIACTEPJIIK MOJENb IIeHOepiHae
JKaKCHl CHIIATTANIFaH. OINMICHTeH TOXKIpHOENiK KOJIIeHeH KIMajap HeTi3iHJe jKoHE JKOFaphiaa KeNTipPUIreH TEOPHSIIBIK
MOJIENb/Ii Taii1aiana OTHIPEI, Oy peakmwst >KpuaaMasrs! 0-meH 100 mmumon rpaxyc KensBunare neitinri temnepaTypa
Irara3oHbIHAa ecentenai. Karenmik merinae OyIT )KYMBICTBIH HOTIDKENIEPi OYPBIHFBI )KYMBICTApIBIH JCPEKTEPIMEH COUKeC
Keesi.

Tyitin co3dep: s0ponvix acmpo@usuxa, paouayuarLlx Kapmay, mepmoaoponvix npoyecmep, ''B(p,y)>C peaxyuscet,
acmpopusuxanvix S-paxmop, s0pobIK PeaKyust Heoli0aAMObLbL.
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AICOPBLIMOHHASA OYUCTKA MPOMbILNEHHBIX CTOYHBIX BOA OT MNONNMIOTAHTOB KAPEOHATHbBIM LLITAMOM

HOBBIE PE3YJIbTATBI U151 PAIMALIMOHHOT O P-'B 3AXBATA IPU HU3KUX DHEPTUSIX

C. K. Caxues!, 1. M. 3azyaun'?", C. B. Apremos'?, H. T. Bypre6aes!2, Mayaen Hacyp.uial,
. Anumo!, Map:kan Hacypanal, A. Cadunoanal, P. Xoxxkaes'? E. B. Mykanos!,
. A. Hcaes'?, C. E. Kemeikanosa?, 5. B. Cugopos?, A. III. Typcymoexos?

I PI'IT «Hucmumym sdepnoii puzuxu» M3 PK, Anmamot, Kazaxcman
2 Kazaxckuii Hayuonansnwtii Ynusepcumem umenu Anv-@apadu, Anmamot, Kazaxcman
3 Huemumym sdepnoii gpuzuxu, Tawkenm, Yioekucman

* E-mail 0na konmaxmog: denis_zazulin@mail.ru

TIpencTaBienbl pe3y bTaThl HOBBIX H3MEPEHHit BbIX00B peakimu 'B(p,y)'?C paanalMoHHOTo 3aXBaTa Ha OCHOBHOE M
nepBoe Bo30yxeHnbie cocTosiHus 2C. HopMUpOBaHUEM THX PE3YJBTATOB HA COOTBETCTBYOIME SKCIIEPUMEHTATBHBIE
JIUTepaTypHBIE TaHHBIEC U3BJICUEHB! An(depeHIInaIbHbIe cedeHns At yrina 0° ¥ mpy SHeprusix HaJeTaroIMX IIPOTOHOB
ot 482 no 1337 x3B. Ha ocHoBe mony4deHHBIX AuddepeHInaIbHbIX CeUSHU U ¢ HCIOTh30BAHNUEM JINTEPATYPHBIX JaH-
HBIX TI0 YTJIOBBIM pacnpesieenusm peakimu B(p,y)!2C B 3Tol 061acTH SHEPTUH €O CTATHCTHYECKOM MOTPENTHOCTBIO
Mmenee 10% onpeeneHs MOIHbIE ceueHns u actpodusnueckue S-paxropst peakiun 'B(p,y)!?C ans nepexomos Ha oc-
HOBHOE U TiepBoe Bo30yxnennbie coctosuus 2C. IomyueHHbIE SKCIIEPUMEHTABHBIE JAHHBIE XOPOILO OMUCHIBAIOTCS B
paMKax MOAU(HUIIMPOBAHHON TOTEHITNATFHON KJIACTEPHOM MOJIENH ¢ KiIacCH(UKaIel OpOUTAIEHBIX COCTOSHUI TI0 CXe-
Mam Onra u ¢ YUETOM paspCHICHHBIX U 3alTPCHICHHBIX cocTossHuM. Ha ocHOBe N3MEPCHHBIX SKCIICPUMEHTAJIBHBIX CEUC-
HHU U C MIOMOILBIO BBIIENPHBECHHON TEOPETUIECKON MOJIETIH PACCUUTaHa CKOPOCTh 3TOM peakiMy B 00JIaCTH TeMIle-
patyp ot 0 o 100 muH rpagycoB KenbBrHa. B mpezenax morpemHocTel pe3ysabTaThl HACTOSIIEH padoThl COTIACYIOTCs
C TAaHHBIMH OoJiee paHHHUX PadoT.

Kniouesvie cnoea: sadepnas acmpogusuka, paduayuonnviii 3axeam, mepmoadepuvle npoyecco, peaxyus ''B(p,y)'*C,
acmpogusuueckuil S-paxmop, ckopocmu S0epHbIX PeaKyuil.
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