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Abstract

Relevance. The study of photonuclear reactions plays a defining role in the formation of modern ideas about high-
localized collective excitations in nuclei of the giant resonance type. The giant dipole El-resonance (GR) is the main
feature in y-quantum absorption cross-sections of nuclei. The presence of isotopes with multiple isotopes makes it
possible to trace the evolution of GR characteristics from changes in the number of neutrons in the nuclei. One such
element is tellurium.

Purpose. The purpose of this research is an experimental and theoretical study of the cross-section of *Te(y, n)"*'Te
reaction in the region of giant El-resonance energies.

Methods. The study of the cross-section of (y, n) reaction on *Te isotope was performed on the bremsstrahlung y-beam
of the M-30 microtron of the Institute of Electronic Physics of the National Academy of Sciences of Ukraine. The yield
curves were measured in the range of maximum gamma-quantum energies E,  =10-18 MeV. The reaction cross-section
was calculated by the inverse matrix method. When registering the reaction products, an activation technique was
used, while the gamma activity of the products was recorded by the spectrometric method. The theoretical calculations
of the cross-section for the '**Te(y, n)"*'Te reaction were performed using the TALYS-1.9 software package.

Results. The measured experimental yield ratios of the *Te(y, n)Te and *'Te(y, n)*Te d=Y*'/Y* =f(E )
reactions allowed the experimental cross-section for the **Te(y, n)**Te reaction to be calculated. The cross-section
has a single hump shape with a maximum at an energy of ~ 15.3 MeV. It was approximated by the Lorentz curve
with the parameters 80=(274.1i2.1) MB, E, (15.27+0.10) MeV, F0=(4.76iO.08) MeV. The cross-section obtained was
compared with similar cross-sections for *Te and *‘Te isotopes, as well as with theoretical calculations according to
the TALYS-1.9 program.

Conclusions. The obtained cross-section for the *Te(y, n)"*Te reaction is consistent with the evolution of the
parameters of (y, n) reaction cross-section on tellurium isotopes **Te(y, n)'*Te with a change in the number of neutrons.
The theoretical approaches used are satisfactorily consistent with the experimental data. This agreement indicates the
main contribution of the statistical mechanism to the cross-section of the considered (y, n) reaction and a relatively
small contribution of semi-direct processes.
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Introduction

The main feature in the gamma-ray absorption cross-sec-
tions of atomic nuclei in the 10-20 MeV range is the giant
Elresonance (GR). The study of its characteristics has played
an important role in the formation of modern understand-
ings of nuclear collective perturbations. Therefore, an
empirical study of the GR parameters was carried out as
a direct measurement of the ¢, cross-section both by the
absorption method [1; 2] and by summing the cross-sec-
tions of the partial decay channels of the El resonance,
i.e. by summing the (y, n), (y, 2n), (y, 3N), etc. reaction
cross-sections [3]. Recently, the focus of research on giant
dipole resonance has largely shifted from the study of its
gross characteristics and taxonomics to the study of par-
tial channels of GR decay with fixation of specific isolated,
isomeric states of daughter nuclei [4].

The growing interest in the study of photonuclear
reactions in the region of 10-20 MeV, which is observed to-
day, can be associated with several reasons, in particular,
both with the need to obtain missing information about
the cross-sections of photonuclear reactions, for example,
for astrophysical calculations, for which there is a need [5],
and with the creation of fundamentally new intensive
sources of quasi-monochromatic gamma radiation [6; 7].

To date, cross-section for the **Te(y, n)**' reaction has
not been explored. A detailed study of the evolution of giant
resonance characteristics from changes in nuclear mass for
124130Te heavy isotopes was carried out in the work [8]. The
work was performed on a beam of quasi-monochromatic
photons from positron annihilation on the fly. The measure-
ment was performed in the range of gamma-ray quantum
energies of 8-26 MeV. By registering neutrons, was deter-
mined the complete cross-section of photoneutron reaction
s At the same time, the possibility of 1n, 2n, and 3n neutrons
escape was determined experimentally.

Natural tellurium samples are known to con-
tain very few light isotopes *Te, *Te: Te (0.09%),
2Te (2.4%). That is why, until recently, photoneutron
cross-sections on them have not been studied. Such stud-
ies began to be conducted only with the advent of highly
enriched targets of light tellurium isotopes [8]. However,
getting such targets is very difficult and expensive.
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The purpose of this paper is to study the cross-sec-
tion for the *Te(y, n)®Te reaction in the energy range
10-18 MeV, as well as to compare the results with theoretical
calculations.

Materials and Methods

This study presents the results of studying targets in the
form of disks of high-purity vitreous tellurium oxide TeO,
with a diameter of 25 mm and a thickness of 2 mm. Natu-
ral tellurium was used. Despite the insignificant content
of Te in the studied samples, the present activity of ' Te
was accurately recorded and identified. Measurement of
the Te(y,n)"*'Te reaction yields was performed using the
activation technique. Gamma radiation from the decay of
reaction products (y, n) was recorded.

Irradiation of the studied samples was carried out
in the Department of Photonuclear Processes Institute of
Electron Physics of the National Academy of Sciences of
Ukraine on a braking gamma beam of the M-30 micro-
tron, the parameters of which are given in [9]. The aver-
age current was 5 pa, monitoring was performed every
1.2 seconds and was recorded. The energy of accelerated
electrons was changed by changing the number of orbits
of the electron beam (within a wide range) and changing
the magnitude of the conducting magnetic field strength
(within one number of orbits). The value of the conduct-
ing magnetic field strength was controlled by the method
of nuclear magnetic resonance. The irradiation was
performed in the maximum energy range of the brems-
strahlung gamma-ray beam 10-18 MeV in increments of
AE=0.5 MeV.

The irradiation time t__ it was 20 minutes at high
energies and 2 hours near the threshold (y, n) reactions,
irradiation time, and measurements were selected from
the optimal conditions for recording gamma lines from
the decay of daughter nuclei. The error of recording
equipment was less than 5%. Measurements of the re-
duced gamma activity of the studied targets were per-
formed on a 175 cm® HPGe detector (2 keV resolution for
a 1332 keV ®°Co line). A typical instrumental gamma spec-
trum is shown in Figure 1.
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Figure 1. Instrumental gamma spectrum of an irradiated TeO, target



Results and Discussion

Along with the measurement of gamma lines from the decay
of Te obtained in *Te(y, n)"*™¢Te reaction gamma lines
were measured from '*Te decay obtained in **Te(y, n)"*™tTe
reaction, that were used to calibrate **Te(y, n)"*'Te reaction
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yield. The cross-sections for the **Te(y, n)*Te reaction were
taken from [8]. Basic spectroscopic parameters from the
decay of both the main and isomeric states of isotopes *Te
and Te is shown in Table 1[10-13].

Table 1. Main spectroscopic parameters

No. Isotope B, J” E_ (KeV) E (KeV) Iy o (%)
1 12mTe 11/2- 294 212 154 days 81.4
2 2sTe 9.834 1/2* 573 19.16 hours 80.3%
3 12mTe 11/2 105 696 33.6 days 2.6
4 12%Te 8.419 3/2* 456 69.6 min 7.7
The table shows the following values: B — thresh- T, ) - half-life, a — intensity. Experimentally obtained ratios

olds of (v, n) reactions, J” - spin parity, E__ — energy of the
isomeric level, E - energy of the analytical gamma line,

Ny = Y51 /Yy = €12 - b12(Ay - @, “fol Az @1 f1) - (N1/Ny).

where ¢, — coefficient that takes into account miscalcula-
tions and pulse overlays, b, — the ratio of the content of
the corresponding isotopes in the target (b,,=b,/b)), A -
decay coefficient, ¢ ,=&ka, where § — photoefficiency of
analytical gamma-ray line registration during the decay
of ground states, k — coefficient of self-absorption of these
lines in the material of the target under study, a — the
intensity of analytical gamma lines, f — time function:
f)=[1-exp(t )]-exp(t, J)[1-exp(t  J](t, L.t ...—times
of irradiation,cooling and measurement), N — the number
of pulses under photo peak of analytical gamma lines.

Both Te and " Te tellurium isotopes have isomer-
ic states and thus in the reaction (y, n) both their ground
states and isomeric states are populated. At the same
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of the ground state excitation yield of isotope "'Te (Y,)
to the ground state excitation yield of isotope *Te (Y,,):

M

time, the total yield (y, n) of the Y_ reactions, related to
the excitation yields of the ground Y, and the isomeric
state Y _is as follows:

Yo=Y, + Y, =Y,(1+Y,/Y) =Y,(1+d) (2

Experimentally obtained isomeric ratio of d yields
for ¥'Te and ®Te isotopes is described in [14]. Studying
the ratio of population yields in (y, n) reactions of the
ground states of tellurium isotopes can be determined by
Ynm/Yan"’ — ratio of the total reaction yield (y, n) on *Te
isotope until the complete **Te(y, n)*Te reaction yield,
(Fig. 2). The root-mean-square error is less than 1% and
does not exceed the point size.
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Figure 2. Dependence of the Y '**/Y ™ yield ratio on the maximum energies of the braking beam spectrum

Using the cross-section for *'Te(y, n)'*Te reaction
in [8] and the resulting experimental dependence n=Y /Y **
from the energy of the inhibitory gamma spectrum, the
cross-section for the **Te (y, n)?Te reaction can be

calculated. The calculation was performed by the inverse
matrix method [15] in increments of 1 MeV. The resulting
reaction cross-section (y, n) is shown in Figure 3.
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Figure 3. Te(y, n)**Te reaction cross-section

As can be seen from Figure 3, the resulting cross-sec-
tion has a single-humped shape with a maxim at an energy
of ~15.3 MeV, the result of approximation of the cross-sec-
tion by the Lorentz curve is shown as a solid curve:

o(E) = 0 E2T2[(E? — E2) + E2T¢] 3)

Here o, E,, G are parameters. The approximation
was carried out using the least squares method. The fol-
lowing parameter values are obtained: o,=(274.1+2.1) mb,

E =(15.27+0.10) MeV, G, =(4.76+0.08) MeV.

Figure 4 shows a comparison of the cross-sections
for the *Te(y, n)"*Te reaction with cross-sections for (y, n)
reactions on *Te and **Te heavier tellurium isotopes [8].
The evolution of cross-sections from light to heavy iso-
topes is observed. General trends can be noted: shift of
the '*Te cross-section threshold in the direction of higher
energies and some growth of the *Te and *Te cross-sections
is most likely due to an increase in the mass of these isotopes.
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Figure 4. Comparison of (y, n) reaction cross-sections on '*Te, *Te, *'Te isotopes

In order to compare the obtained experimental
cross-sections with theoretical estimates, calculations of
the cross-sections for the **Te(y, n)**Te reaction are per-
formed using the TALYS-1.9 software package [16]. For
theoretical evaluation, the following scheme is used: a
target core with the following characteristics (Z, N,) and
spin parity (J,, ) absorbs a dipole gamma quantum with
E energy and forms a compound nucleus with excitation
energy E_(E = Ey) and the spectrum of possible spin and
parity values (J, 7). The total absorptions section o__ is
calculated using the parameterized characteristics of the
giant E1 resonance. The decay of the excited nucleus oc-
curs in accordance with the Hauser-Feshbach statistical
mechanism [17]. Additionally, the impurity of semi-direct
processes is considered, which was a fraction of a percent
at the energy E =12 MeV and 8% at energy E =18 Mev.
Neutron emission at specific levels (zones) of the daughter

nucleus was calculated using T, permeability coefficients,
which were based on the optical model. At the same time,
specific discrete levels from the RIPL-3 base were taken to
the excitation energy of the daughter nuclei E=3 MeV [18].
At higher excitation energies, the spectrum was considered
continuous, described by the density of levels p(E, J, m)
and was divided into a certain number of energy bands.
In this case — 50. The effective permeability coefficient T,
was determined for each band.

The density of p levels was described in two ap-
proaches: the constant temperature model and the ener-
gy-shifted Fermi-gas model [16; 19]. Results of calculating
the cross-section for the ?Te(y, n)*'Te reaction and their
comparison with the experiment are shown in Figure 5.
Light circles indicate the result of calculations using the
constant temperature model, triangles — the energy-shifted
Fermi-gas model, dark dots — the experimental results.



The figure shows that both theoretical approaches used
give very similar results and are in satisfactory agreement
with the experimental data. This agreement indicates
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the main contribution of the statistical mechanism to the
cross-section of the considered (y, n) reactions and, accord-
ingly, a relatively small contribution of semi-direct processes.
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Figure 5. Comparison of (y, n) reaction cross-sections on '**Te, *Te, ®*'Te isotopes

Conclusions

The presented experimental studies of the *Te(y, n)"*'Te
reaction were carried out on the bremsstrahlung gam-
ma-ray beam of the M-30 microtron of the Institute of
Electronic Physics of the National Academy of Sciences of
Ukraine in the maximum energy range of the bremsstrah-
lung spectrum E  =10-18 MeV. The activation method
was used in the measurements.

As a result of the measurements performed, the ra-
tio of the *Te(y, n)**'Te total reaction yield to **Te(y, n)"*Te

total reaction yield was determined, which allowed, us-
ing the cross-section for the ®'Te(y,n)*Te reaction [8],
calculate both the absolute yield and the cross-section
for the Te(y,n)"?Te reaction. Theoretical calculations
of the (y, n) reaction cross-section for *Te isotope have
been performed. Calculations were performed using the
TALYS-1.9 software package. In the process of comparing
theoretical and experimental results, their satisfactory
agreement was obtained.
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BuBueHHs nepepisy peaxiii '2*Te(y, n)'*'Te akTuBalitHUM MeTOAOM

30a MuxaiutiBHa biran, Ilerpo CepriiioBuy /lepeukei,
Bonogumup Muxaitnosud Masyp, Okcana MuxaiiniBHa ITon

[HCTUTYT enexTponHOi disuku HAH Ykpainu
88017, Bysn1. YHiBepcuTeTChKa, 21, M. YXKropoz, Ykpaina

AHoraniga

AxTyanbHicTb. Jloctiakents GpOTOsIEpHUX peakliii Biirpae BU3HaYaabHy pojb ¥ GOPMyBaHHI CydacHUX ysIBJIEHb
PO BUCOKOPO3TAIIOBaHI KOJEKTUBHI 30y/KEHHS B spaX THUITY TraHTChKUX PEe30HAHCIB. ['iraHTChKUM JUITOJbHUMN
El-pesonanc (I'P) — rosoBHa OCOOJHUBICTH y Iepepi3ax IMOIVIMHAHHS Y-KBaHTIB siipamMu. HasBHICTH i30TOMIB i3
6araTOYMCIEHUMH 130TOIIaMU ZIa€ 3MOTY IIPOCTEKUTH €BOJIIOIiI0 XapaKTepyucTUK ['P Big 3MiHM Yucia HEWTPOHIB B
sazppax. OJHUM 3 TAKUX eJIEMEHTIB ABJIAETbCS TETYP

MeTa. MeTot0 pobOTH € eKCcliepUMeHTaIbHE Ta TEOPETUYHE JOCTKeHHA nepepisy peakuii " Te(y, n)*Te B obsmacti
eHepriii riranTcpkoro El-pe3oHaHcy.

MeToau. JloctimkenHs mepepisy peakiiii (Y, n) Ha izoromi *Te mpoBOAWIOCS Ha rajbMiBHOMY Y-IIyYKY MiKPOTPOHY
M-30 IncTuTyTy enieKTpoHHOi ¢izuku HAH Ykpainu. Kpusi BUXozy BUMIpIOBAIUCSA B iHTEPBaTi MAaKCUMaJIbHUX €HEPrii
FaMMa-KPaHTlB Eynzﬁx=10—18 MeB. [lepepi3 peaxiii pOIBPaXOBYBaBCH MeTozoM 06epHeHOoI MaTpuiii. Y mporieci peecrp.auﬁ
MIPOAYKTIiB peakllii BHKOPHUCTOBYBalacsd aKTHBAalliifHA MeTOAMKA, BOJHOYAC PpeecTpyBajaci IaMMa-aKTHUBHICTh
MIPO/AYKTIB CIIEKTPOMETPUYHUM MeTOZ0M. TeopeTuyHi po3paxyHKu nepepisy peakiii *Te(y, n)*Te mpoBoAWINCS 3a
JlorioMororo nporpamuoro nakery TALYS-1.9.

Pe3ynbTaTi. BumipsiHi eKcliepuMeHTaIbHI BiJHOIIIEHHS BUXOZIB peakiiii »Te(y, n)*Te i *Te(y, n)*Ted= Y, n' Ay nl »
=f (E, ) Aanu 3MOTy po3paxoByBaTH eKcllepuMeHTalbHuUl Tlepepis peakitii “Te(y, n)"*'Te. Ilepepis Mae onHOrOp6Yy
dopmy 3 MakcuMyMoM IIpu eHeprii ~15,3 MeB. Bin anpokcumyBaBcsa KpuBolo JIopeHIia 3 mapameTpamu 8 = (274,1+2,1)
M6, E; (15,27+0,10)MeB, T')=(4,76+0,08) MeB. TlpoBeZieHO TOPiBHAHHA OZEPXKAHOTO MEpPepidy 3 aHaIOTiYHMMHU
nepepizamu i i3oTomiB *Te i ®Te, a TaK0K TEOPETUYHUMH PO3paxyHKaMu 3a mporpamoio TALYS-1.9.

BucHoBku. OzepxxaHuii nepepis peakuii *Te(y, n)*Te y3romxyeTbcs 3 €BOJIOLIEI0 MapaMeTpiB mepepisis (y, n)
peaxiiii Ha i3oTomax Temypy ’Te(y, n)'*Te 3i 3MiHOO YKc/Ia HEUTPOHIB. BUKOpHCTaHi TEOPETUYHI MiZAXOAY 3a0BLIBHO
Y3TOZKYIOThCA 3 €eKCIIepUMEHTAIbHUMU JaHUMHU. Take Y3rO[KEeHH: CBiYUTH PO OCHOBHHUH BKJIaJ, CTATUCTUYHOTO
MeXaHi3My B Ilepepi3 po3mIAHYTOi (Y, n) peakuii i MOpiBHAHO Mauii BKJIa/ HaIiBIPAMUX IIPOLECiB

Kimro4oBi cj10Ba: MiKpOTPOH, ra/ibMiBHE raMMa-BUIIPOMIHIOBAHHS, TIepepi3 GpOTOsIEPHOI peakilii, Te, raMMa-CIIEKTPOMETPist



