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INVESTIGATION OF THE CROSS-SECTIONS
FOR THE PRODUCTION OF BROMINE ISOTOPES
USING PROTON-INDUCED REACTIONS

1. Introduction

We have considered the production of bromine isotopes by studying the cross-sections of nu-
clear reactions in the selenium-enriched target. This is of importance due to the applications
i nuclear medicine and radiation therapy. Eight channels are observed in the production
of bromine isotopes: 53Se(p,2n) 55 Br, 5iSe(p,3n) L2 Br, 1$Se(p,n) I8 Br, TiSe(p,2n) 58Br,
17Se(p,n) 5EBr, 58Se(p,2n) 5IBr, 81Se(p,4n) 5IBr, and 51Se(p,n) 2" Br. The energy of the
interacting protons ranging from the threshold is 2.20-84.20 MeV and is calculated by using
an activation technique. For the proton-induced production of bromine isotopes from selenium
target atoms, the stopping power and the yield have been calculated. The Zeigler formula was
applied to investigate the cross-sections and to determine the yield for each reaction over
the stopping power range. The total energy of each reaction and the corresponding cross-
sections are statistically analyzed. These energies are reproduced by the incident proton en-
ergy with acceptable errors at 0.01 MeV intervals. One of the most significant results of the
current calculations is the stopping power of targets evaluated within the Ziegler and SRIM
approaches.
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maceuticals from unique chemical complexes [1]. Po-

Due to the kinetic energy of the accelerated nucleus,
two nuclei with different potentials can become close
to each other and can interact. In view of many im-
portant applications of bromine isotopes, in particu-
lar, in the medical fields, the proton interaction tech-
nique was used with the nuclei of selenium-enriched
targets for the production of these isotopes. In the
current era, the use of radioactive isotopes is essen-
tial in various fields of life science. The most widely
used radionuclides in nuclear medicine are radioac-
tive isotopes, which are utilized to create radiophar-
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sitron Emission Tomography (PET) and Single-Pho-
ton Emission Computed Tomography (SPECT) are
considered the unique utilization of radionuclides for
diagnostic medical purposes. Furthermore, it is be-
coming increasingly important in internal radiother-
apy. Because of the increasing demand for neutrons,
the lack of radioactive isotopes, and their low cost,
models of the therapeutic cyclotron equipment were
intensively developed. In recent years, the benefit
of accelerators was enhanced considerably, and nu-
clear reactors were used in the production of iso-
topes. Physicians employed radionuclides to investi-
gate non-invasively various ailments. These radionu-
clides allow a radiologist to chart the illnesses and
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assess the heart function of patients using exter-
nal radiation detectors [2]. Recently, some alterna-
tive production techniques have been studied due
to the high cost of the enriching elements. Because
radioactive isotopes have been currently used in a
lot of medical applications, there is a greater need
for effective radioactive isotopes. The identification
of the cross-sections of nuclear reactions on a wide
energy scale is considered a critical step in the estab-
lishment of optimum conditions of production meth-
ods. This significantly contributes to the development
of the nuclear models. The process of producing ra-
dionuclides and their half-lifes can be found in Ta-
ble 1. The cross-section of the proton-induced reac-
tions on the nuclei of selenium atoms which produce
bromine isotopes are presented in the International
Atomic Energy Agency (IAEA) libraries, and other
published empirical information sources [3, 4]. Com-
monly, the interaction mechanism relies on the in-
teraction between the target (nucleus) and the parti-
cle (proton). These interactions can be divided into
scattering operations and nuclear ones. When fast
charged particles pass through the material, they
collide inelastically with ions, atoms, or molecules
of this material. The energy of the incident par-
ticles, as well as the characteristics of the mate-
rial which is passed through, affect their stopping
power. To produce bromine isotopes from selenium,
a certain numbers of identical atoms were investi-
gated for the high-power analysis up to energies that
are available at conventional accelerators. For any
thickness of a target, the yield is referred to the
ratio between the number of nuclei produced dur-
ing a nuclear reaction and the number of particles
striking the target. The recommended cross-section
presented in this work for a target with a signif-
icant thickness was utilized to examine the calcu-
lated yields in [5, 6]. The cross-sections reactions
were produced inaccurately for 0.01-MeV increments
of the declining proton energy, and the accompa-
nying inaccuracies were incorporated into the sug-
gested estimated values. In the current work, authors’
data were used [19-32] within the energy interval
2.20-84.20 MeV. The calculated yields of the proton-
induced reactions to create bromine isotopes from se-
lenium atoms are presented on the plots. The cross-
section activation data at intermediate energies have
gained increasing importance for a wide range of dis-
tinctive uses [7].
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2. Theoretical Part
2.1. Stopping power

Recently, the importance of the theoretical study of
the stopping power and the range of molecules in dif-
ferent materials has increased dramatically. Due to
the perpetual collisions of charged particles with ele-
ments of a target, these particles will gradually lose
their energy. Ziegler used a method to extract the
combined terminology of adjustment for the normal-
izing of stop computations for interactions to analyze
the various types of energy. Three ranges of energies
(low, middle, and high) can be applied to explain the
behavior of ions in each energy area. The particle ve-
locity, charge, and type of material all play a role in
the mechanism determining the stopping power for
atoms that penetrate materials [8].

2.1.1. The low-energy region

The Thomas—Fermi potential is used to calculate the
electronic stopping cross-section as a function of the
particle velocity within a region (¢) (¢ < 190212/3).
The equation that describes this region is given by:

72[%2, (0
_ 2 1 2 (2
Se = 8me“ag 7373 <790>, (1)
where
723 = 71+ 723, 2)
and ag represents the Bohr radius
h? .
ap = —5 =529 x 107" A, (3)
me

In this study, the program used to calculate the
electronic stopping power for the experimental meth-
ods presented by Ziegler is represented by the follow-
ing equations [9]:

1. Energy spectrum (1-10) x 1073 keV

—‘é—f = A EY2, (4)

2. Energy spectrum (10-999) x 1072 keV
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3. Energy spectrum (1000-100.000) x 1073 keV

dE\ (A A7 B2
()= () [»(25) -

Y A B)|. (8)

=0

We also found that: A; is the Ziegler coefficient, F is
the energy of particles in MeV, B is the ratio between
the speed of the incident particle and the speed of
light [10, 11].

2.1.2. The middle energy region

When the velocity of the incident particle () falls
into the interval (20021 > 0 > 99Z:/*), it has the
greatest stopping power. This occurs in the medium
energy area. As a result of the loss of the charged par-
ticle energy, this leads to a decrease in their velocity
and charge Z7, and atoms’ nuclei will collide elasti-
cally due to the loss and gain of the same energy by
electrons. Thus, the effect of the active charge will
be evident in this region. Equation (1) and the elec-

tronic stopping power were thus adjusted as in the
Bethe-Bloch model (1933):

dE 4 K2e*Z2

L="Lo+ Z\Ly + Z}Ls. (10)
While (L), which depends on the particle velocity and
the target material, is known as the stopping atomic
number, where,

Lo = In (2uwv/? /1) — C/Z,, (11)
(Z1 L) is the correction of Barka’s influence of polar-
ization, (Z%Ly) is Bloch’s correction to the conversion
from the quantum to classical description, C'/Z5 is the
shell correction [12].

2.1.3. The high-energy region

It is the resulting zone, when the speed of the inci-
dent particle is around (V' > 2V Z;). Since ions mov-
ing at speeds below (V) constantly collide with the
target electrons, their stopping force is low. As a re-
sult, the stopping force increases as the ionic velocity
decreases. The dominant equation for calculating the
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electronic stopping power in this region is the Bethe
one (1933):

e _
de

x N Z, {m (2"}192> —In(1-p5% - 3|,

At K2e* 72
= —X

NS,
5 ma?

(12)

where: V; is the Bohr velocity (Vy = 2.18 x 10% m/s),
N is material’s atomic density [N = N, (p/A)]. N, is
Avogadro’s number (N, = 6.022 x 10?3 mole™!), p is
the material density, A is the mass number, ¢ and m
are the electron’s charge and mass, respectively, Z
and Z, are the atomic numbers of the ion and the
target, respectively, 3 is the ratio of the speed of the
incident particle to the speed of light

)
ﬁ =
c
I is the typical ionization and excitation potential,

K =/~ =899 x 10° Nm2C~2 [13].

4meq

2.2. Yield calculations

To make the calculations of the yield per particle (V)
for the ideal delicate target, we consider the monoen-
ergetic inicdent particle:
Y = (nt)o (Ey) e (Eyp), (13)
where n selects the desired number of atoms per vol-
ume unit, ¢ is the target thickness, o is the cross-
section of the interaction, ¢ is the efficiency to reveal
a proton, Fj is the incident energy.

Regarding the infinitely thick target and the re-
lationship between the calculated yield and the loss
in energy during passing through the target, we can
write the relation:

Ey
B no (E) e (E) fdE
Y E/ _% &) , (14)

where (Einy = Ep — AFE), FEip,y is the threshold en-
ergy, AFE is the beam’s energy loss at a target, f is
the number of target atoms present in each target
molecule, f% (E) is a function of the beam energy
and the stopping power of the target.

If each molecule has one atom (i.e., f = 1) and

considering the efficiency ¢ (E) = 1, it can be said
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Table 1. International libraries were utilized to acquire

the most accurate measurement data for induced proton effects on selenium isotopes

Target Reaction Target Reaction
element . element .
Library Product Library Product
78Se EXFOR (p,2n)%2Br T7Se EXFOR (p,n)%IBr
EXFOR (p,n)%¢Br 8Se EXFOR (p,2n)%IBr
T7Se EXFOR (p,3n)%2Br 89Se EXFOR* (p,4n)%IBr
EXFOR (p,2n)%¢Br EXFOR (p,n)§2Br

*Only one author gives data. EXFOR: Exchange Format.

that the target is thick enough. The calculated yield
is given by the relation:

Ey
no(E)dE
v(m)= [ 2R (15)
E¢nr

But the stopping power is as follows: % (— %) [14-17].

2.3. Reduction and analysis of data

The methods presented below were used to obtain the
recommended cross-sections:

1) Gathering empirical cross-sectional data for var-
ious authors and different energy intervals. The cross-
sections are rearranged with errors identical for the
0.01 MeV energy interval.

2) The statistical distribution of cross-sectional er-
rors was normalized for the normal cross-section val-
ues for each author.

3) The internal completion of the closest data for
each power period was carried out using the Matrix
Laboratory (Matlab-7.0 program) as a result of the
errors associated with cross sections.

4) The following relations were derived using the
interpolated data to reach the weighted average that
provides the basis for the adopted cross-section:

Z?:l (AZZV
Owa. = 27171 (16)
i=1 (Aa¢)2
The error value for the standard deviation is written
as:

S.D. = !

P
=1 (Ao;)?

where o; is cross section value. Ag; is the correspond-
ing error for each cross-section [18§].
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(17)

2.4. Computational details

To conduct a theoretical study using the nuclear reac-
tions that result in the decay of the composite nucleus
into discrete and continuous states, the equilibrium
calculations have been performed by using the Mat-
lab program.

It includes calculations of the total cross-sections
and cross-sections of the compound nuclei consisting
of (P, X) interactions that give radioactive bromine
nuclei as products, where scientific data are avail-
able for the permissible energy range from the thresh-
old energy of the proton. The practically measured
cross-sections are based on the International Atomic
Energy Agency libraries (IAEA) such as Exchange
Format Data (EXFOR), Q-Value, Threshold energy,
Production Yield, Activity, and Width can be cal-
culated and compared with the approved practical
values.

3. Results and Discussions

This study involves recommended cross-sections uti-
lizing the Matlab 7.0 program. The used data were
obtained from the EXFOR library, to calculate the
yield for the proton incident on the selenium-enriched
target. The evaluated cross-sections for the produc-
tion of bromine isotopes are given in Table 1. The
results concerning the cross-section of the nuclear re-
actions are as follows.

3.1. "6 Se(p,2n)" Br reaction

To determine the cross-section of the reaction
"6Se(p,2n)®Br, according to Fig. 1, we used two sets
of data published by A.M.J. Paans et al. (1980) [19]
and Z. Kovacs et al. (1985) [20] that have threshold
energies estimated from 15.74 up to 39.85 MeV. That
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is, the cross-sectional data available for the second re-
action are related to an energy greater than 30 MeV.
The process of decreasing the cross-section is a func-
tion of the energy of the proton incident on the “6Se
target in the (p,2n) reaction and can be used to pro-
duce the "Br isotope.

3.2. ""Se(p,3n)7 Br reaction

The second reaction of the bromine isotope produc-
tion “Br is (p,3n) for a proton incident on a nucleus
of ""Se. It is formed by two sets of data and published
by the authors Levkovskij et al. (1991) [21] and Spahn
et al. (2009) [22] and has the threshold energy ranging
from 24.00 up to 56.60 MeV as shown in Fig. 2.

3.3. " Se(p,n)"® Br reaction

The "®Se(p,n)"®Br reaction, whose threshold energy
is 4.60 up to 39.88 MeV, is presented in Fig. 3. Cross-
section data for this nuclear reaction at low ener-
gies, as written by Paans et al. (1980) [19], Kovacs
et al. (1985) [20], Levkovskij et al. (1991) [21] and
Hassan et al. (2004) [23], have been plotted and in-
terpolated to get the recommended cross-sections for
this reaction.

3.4. 7" Se(p,2n)76 Br reaction

The second important interaction for the production
of the isotope of bromine "Br is (p,2n) which includes
the proton incident on the 7"Se target. We have used
the data on the cross sections which consist of four
sets from four sources, namely Janssen et al. (1980)
[24], Levkovskij et al. (1991) [21], Hassan et al. (2004)
[23] and Spahn et al. (2009) [22]. These data reveal
the threshold energies from 6.70 up to 56.60 MeV of
the nuclear reactions producingr the "Br isotope.

3.5. 7" Se(p,n)"" Br reaction

As for the cross-section of the nuclear (p,n) reaction
for a proton incident on the selenium target to pro-
duce the isotope of bromine, which consists of eight
sets of data and published by eight authors, namely
Johnson et al. (1960) [25], Fedorets et al. (1977) [26],
Skakun et al. (1980) [27], Janssen et al. (1980) [24],
Levkovskij et al. (1991) [21], Skakun et al. (1992) [28],
Hassan et al. (2004) [23], and Spahn et al. (2010) [29]
that have the threshold energy estimated from 2.19
up to 56.60 MeV. The (p,n) reaction that creates the
""Br isotope is regarded as one of the most significant
nuclear reactions.

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 11

3.6. " Se(p,2n)"" Br reaction

The second important reaction is (p,2n) to produce
""Br isotope from the "®Se target which is within the
higher energy rof the incident proton, as it has thresh-
old energy ranging from 13.80 up to 64.70 MeV. The
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Fig. 1. The recommended cross-sections for the ggSe tar-
get (present work) compared with EXFOR Library. Data 1:
Ref. [19]; Data 2: Ref. [20]; Data 3: (PW)
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Fig. 2. The recommended cross-sections for the gZSe tar-
get (present work) compared with EXFOR Library. Data 1:
Ref. [21]; Data 2: Ref. [22 |; Data 3: (PW)
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Fig. 8. The recommended cross-sections for the ggSe tar-
get (present work) compared with EXFOR Library. Data 1:
Ref. [19]; Data 2: Ref. [20]; Data 3: Ref. [21]; Data 4: Ref. [23];
Data 5: (PW)
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data were published by three groups: Janssen et
al. (1980) [24], Levkovskij et al (1991) [21], and
Spahn et al. (2010) [29], as shown in Fig. 6.
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Fig. 4. The recommended cross-sections for the EZSe tar-

get (present work) compared with EXFOR Library. Data 1:

Ref. [24]; Data 2: Ref. [21]; Data 3: Ref. [23] Data 4: Ref. [22];

Data 5: (PW)
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Fig. 5. The recommended cross-sections for the ZZSe tar-
get (present work) compared with EXFOR Library. Data 1:
Ref. [25]; Data 2: Ref. [26]; Data 3: Ref. [27] Data 4: Ref. [24];
Data 5: Ref. [21]; Data 6: Ref. [28] Data 7: Ref. [23]; Data 8:
Ref. [29]; Data 9: (PW)
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Fig. 6. The recommended cross-sections for the ggSe tar-

get (present work) compared with EXFOR Library. Data 1:

Ref. [24]; Data 2: Ref. [21]; Data 3: Ref. [29] Data 4: (PW)
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3.7.8%Se(p,4n)"" Br reaction

The final reaction producing the isotope 8°Br is (p,4n)
for a proton incident on the "®Se target. It is less im-
portant, because it occurs in regions of high ener-
gies, where the energy threshold is from 34.50 up to
84.20 MeV, The data are raken from the following
works: Spahn et al. (2010) [29], as shown in Fig. 7.

3.8.8%Se(p, n)8°™ Br reaction

The reaction (p,n) to produce the isotope SBr
from the 89Se target is considered as the most sig-
nificant due to its importance in medical applica-
tiobs. It can also occur within low-energy regions,
where the threshold energy ranges from 2.67 up to
18.50 MeV. We have used seven sets of data: Blaser
et al. (1951) [30], Johnson et al. (1964) [31], Kailas et
al. (1979) [32], Skakun et al. (1980) [27], Levkovskij
et al. (1991) [21], Skakun et al. (1992) [28] and Spahn
et al. (2010) [29], as shown in Fig. 8.

250
data1
data2
200} .
E 80 7
= s5e(p,4n),sBr
o 1501 1
=
[ Recommended Value
»
« 100} e E
1]
o
&
50 g
0 . . . . .
30 40 50 60 70 80 90

ENERGY OF INCIDENT PROTON (MeV)
Fig. 7. The recommended cross-sections for the ggSe tar-
get (present work) compared with EXFOR Library. Data 1:
Ref. [29]; Data 2: (PW)
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(present work) compared with EXFOR Library. Data 1:
Ref. [30]; Data 2: Ref. [31]; Data 3: Ref. [32] Data 4: Ref.[27];
Data 5: Ref.[21]; Data 6: Ref.[28]; Data 7: Ref.[29]; Data 8:
(PW)
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Fig. 9. Left side; calculated and SRIM (2003) stopping power verses the incident proton
energy on 35Se. Right side; calculated and experimental yields based on the adopted cross-
sections for the 3°Se reaction with a proton
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Fig. 10. The stopping energy versus the energy of an incident proton and their corresponding calculated
yield

818 ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 11



Investigation of the Cross-Sections for the Production of Bromine Isotopes

Table 2. Ziegler coefficients for the proton [15]

Target A-1 A-2 A-3 A4 A5 A-6 A-7 A-8 A-9 A-10 A-11 A-12
element
H 1.262 | 1.440 | 242.6 | 1.2E+04 | 0.1159 | 0.0005 | 54360 | -5.05 | 2.049 | —0.3044 | 0.0196 | —0.0004
Se 5.874 | 6.656 | 7395 117.51 | 0.0076 | 0.0173 | 3006 | —13.11 | 4.965 | —0.6735 | 0.0393 | —0.0008
Br 5.611 | 6.335 | 8046 365.2 0.0062 | 0.0178 | 2928 | —13.40 | 5.083 | —0.6906 | 0.0402 | —0.0008

We note that, when analyzing the results of a
proton-induced reaction on the selenium target for
the production of bromine isotopes, we indicate that
separate nuclear states are characterized as eligible
for the normal dissolution and have a width, half-life,
and distinct separations. The overlap between the en-
ergy distributions of two various states is very unde-
sirable as it leads to confusion for the decay’s result-
ing steady-state and, consequently, for calculating the
cross-sections at the specific energy of the incident
protons and for the nuclear state.

We may conclude that unstable states that are not
characterized by exact wave functions, because they
are strongly intertwined and mixed. The width in
these cases is small compared to their separation. The
instability of the complex nuclei results in the inac-
curacy in determining the energy levels. In this work,
the Ziegler method, experimental formulas, and the
Ziegler coeflicients were used as theoretical outcomes
to account for the stopping power of the targets for
protons, as shown in Table 2:

In the energy range (1-10) keV/amu, we use coef-
ficients A-1.

But, in the energy range (10-999)keV/amu, we
took coefficients A-2 to A-5.

For the energy levels higher than 1000 keV /amu,
we use coefficients A-6 to A-12.

Thus, as for the production of Br isotopes from
selenium, the calculated cross-sections of each nuclear
reaction are of great importance for calculating the
yields used in diagnosis, nuclear medicine, and drug
production. The most significant isotopes studied in
this research are bromine 75, 76, 77, and 80. They
can be discussed as follows:

1. Isotopes 52Br and ¢Br have half-life (1.61 and
16.20) hour , respectively. The isotope 52Br is con-
sidered one of the most important isotopes used in
rapid metabolism processes, as it is a positron emit-
ter and can be applied in (PET), in addition to its
importance in the field of nuclear medical [19]. As for
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the isotope “Br, it has been utilized, in particular,
in the PET imaging for a long time because of its
appropriate half-life and modern work [4, 20].

2. Isotopes 5IBr and §2™Br have half-lives (57.04
and 4.40) hour, respectively. These isotopes are dis-
tinguished by the results of their interactions with
the emission of two Auger electrons, and one of its
most important applications in internal nuclear ther-
apy [21, 22]. Through low-energy (p,n), (p,2n) and
(p,4n) interactions and for the production of the IZBr
isotope, the cross-sectional data have been identi-
fied 5 ™%%Se targets have been used. These calcu-
lations have been expanded by studying nuclear pro-
cesses. The isotope §2"Br is only produced through
the reaction (p,n) in the target §3Se. This isotope can
be used to produce therapeutic radionuclides [23].

With the increase in the incident proton energy,
the stopping power gradually diminishes. Filled outer
shells increase a calculated increase, which enhances
the possibility of bromine isotope production due to
the irradiation of the selenium-enriched target with
protons. It is clear from the results obtained and from
the figures drawn that the stopping powers for the two
reactions ""Se(p,n)”"Br and #°Se(p,n)*’Br are 8.86
and 7.79 (MeV - cm?*1.0E-18/atom) at proton ener-
gies 2.56 and 2.49 MeV, respectively [18].

In this research, we also calculated the yield and
concluded that it increases with the energy of the
proton. We mention the higher calculated yield for
two reactions "®Se(p,2n)""Br and 3°Se(p,n)”"Br that
are 9996 and 9785 (atom*1.0E-9) at proton energies
of 24 and 50 MeV, respectively. To measure the cal-
culated yield, relation (13) can be applied [24]. The
results concerning the stopping power and the yield
are illustrated in Fig. 9 and are well consistent with
the current reports [39, 40].

4. Conclusions

In this work, selenium is used as a target to pro-
duce bromine isotopes 52Br, 1Br, I’Br, and §2Br for
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medical applications. The cross-sections as a function
of the proton energy in the production of radioac-
tive bromine nuclei on the selenium-enriched target
from 2.00 up to 84.00 MeV are calculated. By compar-
ing the experimental and theoretical results, we have
found that the cross-sections are successful in repro-
ducing the experimental data. It can be indicated also
that there is a good consistency with previous stud-
ies. The reaction of "®Se(p,2n)""Br gives the highest
yield for the production of the ""Br isotope. In the
field of imaging techniques, the use of these isotopes
has increased on the medical side and is likely to con-
tinue in the following years.

As a recommendation for future works, (1) bromine
isotopes can be produced via more efficient methods
by deuteron-induced reactions on krypton; (2) Study-
ing the (p,y) reaction cross-section; (3) studying the
direct and indirect cross-sections.
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of Higher Education € Scientific Research/University
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JOCJILAXKEHHS ITOITEPEYHMX
I[IEPEPI3IB 'EHEPAILIIl I30TOIIIB BPOMY
B PEAKIIAX, IHAYKOBAHUX ITPOTOHOM

Posrisimaersca remepanisi izoromiB GpoMy 1 JOCHIIAKYIOTHCS
[orepeyHi epepisu siIepHuX peaxiliii B MileHi, 1o 3daradeHa
cesieHOM. Lle BaxKIMBO /7151 3aCTOCYBaHHSI B MEIUIIMHI Ta B JIKY-
BaHHI BupoMminenuaM. Bigomi BiciM kaHaJjiiB remepariil i3o0To-
B 6pomy: gﬁSe(p 2n) ggBr, gZSe(p, 3n) ggBr, ggSe(p, n) ggBr,
§iSe(p, 2n) §2Br, §iSe(p, n) §IBr, IiSe(p, 2n) [IBr, §3Se(p, 4n)
ggBr Ta ggSe(p, n) ggmBr. Enepris B3aeMoirounx nIpoToHiB cs-
rae Bixg mopora peaxnil B imTepsasi 2,20-84,20 MeB i pospa-
XOBaHa 3 BUKOPUCTAHHSAM aKTUBaIiiHOI TexHiku. PospaxoBa-
Hi HaKTOpU rajJbMyBaHHS Ta BHUXIJ peakmil 3 BUKOPHUCTAHHSIM
dopmysu Leiirsiepa. Bukonano crarucTudHuii aHasi3 MOBHOT
eHepril Ta [oNepevYHuX IepepisiB i KoxKHOI peakiril. 11i enep-
rif BUBHAYEHO 3 NPUITHATHOI TOYHICTIO B iHTepBasiax 0,01 MeB.
Ak omuH 3 HAUOLIBII [IKABUX PE3yJIbTaTiB, BiAMITHMO po3pa-
XyHOK (paKTOpIiB rajbMyBaHHsS B MIIIEHSIX B paMKax IiIXOmiB

Ieitrnepa Ta SRIM.

Katwvwoei caoea: nonepeunuii nepepis, dopmysia lleiirite-
pa, dbakTOp raabmyBaHHs:, 30aradeHa CeJIEHOM MillleHb, BUXIJL
Gpowmy.
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