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THE STUDIES OF THE EXCITATION FUNCTIONS OF REACTIONS
WITH EMISSION OF y-QUANTA INDUCED BY PROTONS
WITH ENERGY 200...1800 keV ON NUCLEI OF B AND B
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A systematic study of the relative thick-target yields of prompt y-rays with the energies of the most suitable for
elemental and isotopic analysis for stable boron isotopes following proton bombardment has been carried out at
Ep = 200...1800 xeV. The relevant excitation function of y-emission 429 keV from reaction °B(p,ay)'Be, 718 keV
from reaction °B(p,p'y)*°B, 4.439 and 16.106 MeV from reaction **B(p,y)**C are depicted and a tables of yields of
prompt y-rays as function of proton bombardment energy are given. The experimental procedure is described. Par-

ticular aspects of the measuring techniques are discussed.

PACS: 06.20.Jk; 23.50.+w:25.85.Jg.

INTRODUCTION

The studies of the excitation functions of reactions
occurring on nuclei of stable boron isotopes irradiated
by accelerated ions are of interest from a fundamental
and applied point of view. In the first case, measure-
ments of the cross sections for nuclear reactions at low
protons energies are important for refining the S-factor
in astrophysical research. In the second, the use of the
products of nuclear reactions to determine the stoichi-
ometry and impurities of boron in samples of various
compositions and to determine the isotopic composition
of boron contained in the samples under study. Since
boron-containing substances are widely used in medi-
cine, industry and nuclear power [1 - 4], information on
the elemental and isotopic composition is extremely
important at all stages of the extraction, production and
use of boron and its compounds. Natural boron includes
two stable isotopes, °B and !B, with a content of 19.7
and 80.3 at.%. accordingly, but there are some varia-
tions in isotopic abundance — about 1%.

Nuclear analysis, using the reactions induced by the
charged particles from electrostatic accelerators (NRA)
as well as mass-spectrometry, is the most suitable meth-
od as for the determination of the isotope composition
and stoichiometry of the materials on the base of the
boron, so and for the definition of small quantities of
boron in matrices of different elemental composition.
There have been some reports listing prompt y-rays
which are useful in analytical applications using NRA.
These reports includes y-rays from reactions with the
incident ions: protons, deutrons, tritons, *He and a-
particles [5] ore only protons [6, 7]. Some of these re-
ports contain data on the energies of quanta emitted in
reactions on nuclei of stable isotopes of boron [5, 7].

The information about the energy lines of gamma
radiation suitable for the identification of boron and its
isotopes contained in the aforementioned reports makes
it possible to establish their presence in the objects of
study, but it is not enough to select the optimal experi-
mental conditions, if it is necessary to determine the
elemental and isotopic composition of both pure boron
and materials based on boron compounds. The most
important tool that allows one to selectively change the

ISSN 1562-6016. BAHT. 2022. Ne3(139)

ratio of the intensities of the registered y-lines is the
proton energy. Therefore, for the practical analysis of
the elemental and isotopic composition, data on the
change in the intensity of the vy-radiation yield, as a
function of the proton energy are important.

The aim of work was to measure vyields of
y-radiation as function of protons energy for a number
of reactions of protons on nuclei °B, 'B. To obtain
these data series of measurements of spectra y-radiation
from thick boron target irradiated by beam of protons
with energy range 200...1800 keV were made.

EXPERIMENTAL EQUIPMENT

The measurements presented in this work have been
made, using the 2 MeV Van de Graaff accelerator
“Sokol” NSC KIPT [8]. The irradiation chamber used in
the experiment is located at the exit of the experimental
channel of the accelerator, in which the accelerated par-
ticles are deflected at an angle of 45°. The Ge(Li) and
scintillation Nal(TI) detectors were used to register the
y-radiation excited in the nuclear reactions under study.
The geometric layout of the experiment is shown in
Fig. 1.

Accelerator

Fig. 1. Geometric scheme of the experiment

The protons from accelerator, passing along the ion
pipeline, through the forming system, including tanta-
lum diaphragms, reached the surface of the target, locat-
ed in the measuring chamber, pumped to a pressure of
10 Torr. The direction of motion of the beam of pro-
tons coincided with the normal to the surface of the tar-
get. The charge of the protons on the target was meas-
ured with the help of a current integrator. The irradia-
tion chamber was isolated from the ion guide and the
alignment table and was used as a Faraday cup to meas-
ure the proton charge on the target.
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The Ge (Li) detector, located in the horizontal plane
at an angle of 0° to the beam axis was used to register
y-radiation with energies of 400...5000 keV. The reso-
lution of the Ge (Li) detector was 2.5 keV for y-quanta
with an energy of 1332 keV, and its efficiency was
equivalent to 19%, relative to a 7.5 by 7.5 cm Nal(TI)
detector.

That of the Nal(TI) scintillation detector with a crys-
tal volume of 160 cm®. Nal(TI), a large-volume detec-
tor, was also used to detect the high-energy y-radiation
with energies of 4000...17000 keV because of to signif-
icant decrease in the detection efficiency of the Ge(Li)
detector in this region of photon energies. Nal(TI) de-
tector was installed vertically above the target at an an-
gle of 90° relative to the direction of the proton beam.

MEASURING PROCEDURE

The energy calibration of the accelerator was per-
formed using a resonance at an energy of 991.2 keV
from the *’Al(p,y)?Si reaction. We used calibrated radi-
oactive sources based on *'Cs, ®°Co, and **?Eu isotopes
to calibrate the spectrometric tract and determine the
efficiency calibration of detectors.

The beam size on the target was varied using a set of
diaphragms and was finally chosen with a diameter of
5 mm. The target for the measure of excitation function
was prepared in the form of tablet from powder of boron
of natural isotopic composition of 9 mm in diameter and
2 mm of thickness.

A Ge(Li) detector was used at a distance of 5cm
from the sample surface and at 0° relative to the direc-
tion of the incident ion beam. A 2 mm thick window
between the sample and detector in the back wall of the
chamber was used in order to minimize y-ray attenua-
tion.

Nal(TI) detector was placed on 90° relative to the di-
rection of the incident ion beam on distance of 4 cm
from center of beam spot on target surface.

The y-ray spectra were stored in the 8k emulator
Nuclear Data analyzer “Green Star” production.

We are made a number of the measuring of spectra
of y-emission from of natural composition boron thick
target using both Ge(Li) and Nal(TI) detectors. The pro-
ton energy was varied in the range 200...1800 keV, the
beam current was varied from 20 to 500 nA, depending
on the load of the spectrometric channel. To reduce the
load on the spectrometric path, absorbing filters made
from lead foil were also placed in front of the detectors.
The filter thickness in front of the Nal(TI) detector was
13 mm and did not change during measurements. Foils
with a thickness of 5 and 10 mm were installed in front
of the Ge(Li) detector. The spectra at low proton ener-
gies — up to 400 keV were measured without an absorb-
er.

RESULTS OF MEASUREMENT

Fragments of y-radiation spectra from targets made
of natural boron measured synchronously by both spec-
trometers are shown in Figs. 2-4. These spectra were
measured at energy of protons 1800 keV, beam current
50 nA, charge 50 uC. Lead foil 5 and 13 mm thickness,
respectively, was placed between the target and the
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Ge(Li) and Nal(TI), detectors. The analyzer dead time
in the channels of both spectrometers did not exceed
3%.
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Fig. 2. A fragment of the low-energy part of the
y-ray spectrum measured by the Ge(Li) detector
from a natural boron thick target protons irradiated

As follows from the Fig. 2, the line with an energy
of 718 keV from the reaction °B(p,p'y)'°B is signifi-
cantly inferior to the intensity of the line with an energy
of 429 keV from the reaction °B(p,ay)'Be
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Fig. 3. A fragment of the middle-energy part of the
y-ray spectrum measured by the Ge(Li) detector
from a natural boron thick target protons irradiated

On Fig. 4 a fragment is shown of the high-energy
part of the vy-radiation spectrum measured by the
Nal(TI) detector when a natural boron thick target was
irradiated by protons.

As can be seen from the Fig. 4, the spectrum contains
three peaks at energies of 4.439; 11.667, and 16.106 MeV
emitted in the reaction **B(p,y) “C. The resolution of the
Nal(TI) detector is much worse than the Ge(Li) detector,
but thanks to the higher efficiency of the first of them,
yield of y-emission with energy 16.106 MeV can be de-
termined with less statistical error.
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Fig. 4. A fragment of the high-energy part of the
y-ray spectrum measured by the Nal(TI) detector
from a natural boron thick target protons irradiated

Processing of spectral information was carried out
using a semi-automatic routine which has been devel-
oped in NSC KIPT for determination of sum amounts
under peak.

The main task of the study was to replenish the bank
of experimental data, which are necessary to improve
the accuracy of determining the elemental and isotopic
composition of matter in solving materials science prob-
lems. Therefore, the functions of excitation of
y-radiation for reactions and energies of quanta, which
are of the greatest interest for analytical applications,
were studied. Selected reactions and energies of quanta
for are given in Table 1.

Table 1
Reaction induced by protons on nuclei of stable boron
isotopes for which yields of j-ray from thick target
were measured

Reaction Energy of y-quanta, keV
B(p.y) 'Be 429
“B(p,p'y) B 718
“B(p,y) 2c 4439, 11667, 16106

The results of measurements are presents on Figs. 5-
7 and in Tables 2-5.
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Fig. 5. Yield of j~radiation with energy 429 keV
as function of proton energy
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Table 2

Yield of y-rays emission with energy of 429 keV
from reaction “°B(p, ) 'Be

Proton energy, Yield for Err
keV 429 keV
200 0.3 0.03
250 1.2 0.00
300 3.4 0.09
350 8.2 0.23
400 15,5 0.54
450 28.3 1.11
500 51.7 1.66
550 76.8 2.22
600 126.0 4.72
650 199.6 7.46
700 314.2 12.33
750 469.1 20.59
800 661.1 28.58
850 1310.0 58.08
900 1514.0 60.90
950 2008.1 91.59
1000 3008.5 137.39
1050 3799.5 174.75
1100 5834.9 270.35
1150 8166.7 378.57
1200 11072.1 487.52
1250 15163.9 668.86
1300 20231.3 792.22
1350 29431.0 1302.45
1400 43102.9 1881.38
1450 66864.5 2634.82
1500 105665.0 4465.24
1550 141004.1 6376.54
1600 178549.8 7912.23
1650 201771.3 9390.30
1700 223961.7 10277.81
1750 236773.3 11940.91
1800 256097.2 7255.18
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Fig. 6. Yield of y~radiation with energy 718 keV
as function of proton energy
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Table 3

Yield of yrays emission with energy of 718 keV
from reaction “°B(p,p'7)'°B

Proton energy, keV Yield for 718 keVV Err
1200 10 3
1250 13 3
1300 24 3
1350 46 4
1400 61 8
1450 115 6
1500 183 9
1550 245 14
1600 348 15
1650 533 17
1700 669 23
1750 919 40
1800 1196 17
1150 964.27 4.46
1200 1027.92 4.61
1250 1097.57 4.75
1300 1159.07 4.90
1350 1237.73 5.06
1400 1273.03 5.13
1450 1485.63 7.48
1500 1570.14 10.79
1550 1653.32 11.09
1600 1697.31 11.38
1650 1891.77 11.83
1700 2036.77 12.28
1750 2090.16 8.70
1800 2251.76 8.59

Table 4

Yield of j-rays emission with energy of 4439 keV
from reaction *'B(p,»)*C
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Fig. 7. Yield of j~radiation with energy 4439 keV
as function of proton energy
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Fig. 8. Yield of j~radiation with energy 16106 keV
as function of proton energy

Proton energy, keV | Yield for 4439 keV Err
Table 5

200 44.06 0.19 Yield of yrays emission with energy of 16106 keV
250 42.35 0.19 from reaction *'B(p,»)**C
300 42.11 0.19 '
350 51.87 0.21 Proton energy, keV | Yield for 16106 keV Err
400 58.21 0.22 200 0.83 0.03
400 58.85 0.47 250 0.90 0.03
450 73.95 0.52 300 1.27 0.03
500 100.72 0.61 350 1.92 0.04
550 137.11 0.71 400 3.43 0.03
600 192.31 0.84 450 5.69 0.06
650 337.24 2.05 500 9.22 0.08
700 411.74 2.91 550 14.93 0.26
750 493.27 3.18 600 21.71 0.32
800 568.72 3.43 650 30.72 0.69
850 633.68 3.62 700 43.03 1.07
900 700.74 3.80 750 55.75 1.20
950 765.64 3.97 800 78.75 1.49
1000 810.88 4.09 850 92.67 157
1050 868.83 4.24 900 112.72 1.72
1100 920.00 4.36 950 136.12 1.88

1000 172.02 212

1050 200.72 2.30
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Continued Table 5 boron and its total concentration in natural and en-

1350 500.03 3.60 riched samples // Anal Chem. 2014, v.86(22),
1400 564.81 3.84 p. 11167-73.
1450 601.46 2.86 4. N.N. Belash, A.V. Kushtym, V.R. Tatarinov,
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1550 726.53 8.27 materialov  II2JI IIC CVY3  povyshennoj
1600 802.69 555 rabotosposobnosti  //  Yaderni ta radiacijni
1650 850.04 303 tehnologiji. 2007, t. 7, Ne 3-4 (in Russian).
1700 908.79 9.21 5. JR. Bird, M.D. Scott, L.H. Russell, M.J. Kenny.
1750 94781 387 Analysis using ion induced y-rays // Nucl. Instr.
1800 1024.19 6.63 Meth. 1978, v. 149, p. 336.
6. L. Golicheff, M. Loeuillet, Ch. Engelmann. Analyti-
CONCLUSIONS cal application of the direct observation of nuclear
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Journal of Radioanalytical Chemistry. 1972, v. 12,
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JOCJIII)KEHHS ®YHKIIIN 35YI’)KYBAHHSI PEAKIII 3 BATTPOMIHIOBAHHSIM y-KBAHTIB
NMPOTOHAMM 3 EHEPTISIMH 200...1800 keB HA SIIPAX B TA 'B

B.B. Jleseneun, O.11. Omenvnuk, A.O. Lllyp

IIpoBeneHO cucTEMaTHYHE IOCHIIKEHHS BITHOCHHX BHUXOIIB 3 TOBCTOI MIII€HI MHTTEBOTO Y-BHIIPOMIHIOBAHHS 3
EHeprisiMu HaWOINbII NPUAATHUMH JUIS €JIEMEHTHOIO Ta 130TOIHOrO aHami3iB CTabinbHUX i30TOIiB Oo0py mpu
O6ombapayBaHHi mpoToHamu 3 eHeprismu Ep = 200...1800 keB. BigmoBimui ¢yHKIiT 30ymKEeHHS Y-BUIIPOMiHIOBaHHS
429 xeB 3 peaxuii *°B(p,ay)'Be, 718 xeB 3 peakuii *°B(p,p'y)'°B, 4,439 ta 16,106 MeB 3 peakuii "'B(p,y)*’C 306paxeHo
Ha PUCYHKAaX, Ta HABEICHO TaOJHII BHXOJIB MUTTEBOTO Y-BUIPOMIHIOBaHHS 3aJ€KHO Bi eHeprii mpoToHiB. OmnucaHo
METOMKY eKCIIepUMeHTY. OOrOBOPIOIOTHCS OKPEMI aCIIeKTH BUMIPIOBAIBHOI TEXHIKH.

UCCJEJOBAHUE ®YHKIIANA BO3BYKIEHUS PEAKIIUIA C U3JYYEHUEM y-KBAHTOB
MPOTOHAMM C SHEPTUSIMH 200...1800 x>B HA SI/IPAX °B U 'B

B.B. Jleseney, A.Il. Omenvnux, A.A. Hlyp

ITpoBeeHO CHCTEMATHIECKOE UCCISIOBAHNE OTHOCHTENBHBIX BBIXO0B MTHOBEHHBIX Y-M3YUEHHS U3 TOJICTHIX MHIIIE-
HEH C PHEPrUsMH, HanOoJIee MOIXOAANIMMH JUIS 3JIEMEHTHOTO U M30TOITHOTO aHAJIM30B CTA0MIILHBIX U30TONOB OOpa Mpu
6omMOapIUpoBKe MIPOTOHAMH pu Ep =200...1800 x3B. CoOTBeTCTBYIOLIHE GbyHKIN BO30Y)KICHUS
y-mamygenns 429 kB u3 peaxunn “B(p,ay) Be, 718 k9B u3 peaxman °B(p,p'y)'°B, 4,439 u 16,106 MsB u3 peaxuuu
"B(p,y)"*C u306paxeHsl Ha PUCYHKAX, U JAHBI TAGJIHIBI BBIXOI0B MIHOBEHHBIX Y-H3/IYUCHHS B 3aBUCHMOCTH OT SHEPrHH
npoToHOB. OnucaHa MeTouKa sKkcrepuMenTa. O0CyKAalTCs OT/ICIBHBIC aCMIEKThl METOJIOB U3MEPCHUSI.
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