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ON THE MECHANISM OF PHOTONEUTRON
REACTIONS AT LIGHT TELLURIUM ISOTOPES
IN THE 10–18 MeV INTERVAL

The yield of the 122Te(𝛾, 𝑛)121Te reaction is measured, and its cross-section is calculated in a
gamma-ray energy interval of 10–18 MeV. The obtained cross-section is compared with the
cross-section of the reaction 120Te(𝛾, 𝑛)119Te. The experimental results are compared with
those of theoretical calculations performed with the use of the software package TALYS-
1.9. The statistical mechanism dominant in (𝛾, 𝑛) reactions at the studied nuclei is found.

K e yw o r d s: giant dipole resonance, atomic nucleus, nuclear reactions, cross-section, brem-
sstrahlung gamma spectrum, isomeric ratio.

1. Introduction

The giant dipole resonance (GDR) is the main specific
feature in the cross-sections 𝜎tot of gamma quantum
absorption by atomic nuclei in the energy interval of
10–20 MeV, being one of the fundamental modes of
their excitation. The study of the GDR has played a
substantial role in the formation of modern concepts
about collective perturbations in nuclei.

The GDR parameters were studied both by di-
rectly measuring the cross-section 𝜎tot with the use of
the absorption method [1, 2] and by summing up the
cross-sections of the partial channels of the GDR de-
cay: the reactions (𝛾, 𝑛), (𝛾, 2𝑛), (𝛾, 3𝑛), and so forth
[3]. In recent years, the focus of research was rather
strongly shifted from the study of the gross charac-
teristics of the GDR and its systematization to the
study of partial channels of the GDR decay with the
fixation of specific distinguished states of daughter
nuclei [4].

A new burst of interest in the study of photonu-
clear reactions in the GDR region, which has been ob-
served recently, is a result of several factors. The lat-
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ter include both the creation of basically new intense
sources of quasimonochromatic gamma radiation [5,6]
and the necessity in obtaining the information about
the cross-sections of photonuclear reactions, in par-
ticular, for astrophysical calculations [7].

As is known from astrophysics, nuclei heavier than
iron were mainly synthesized in neutron capture re-
actions (𝑟- and 𝑠-processes). But there are several
dozens of neutron-deficient stable isotopes that are
shielded by stable isobars from the capture of fast
neutrons. Those nuclei, which are commonly referred
to as 𝑝-nuclei, are produced in a chain of photonu-
clear reactions: (𝛾, 𝑛), (𝛾, 𝑝), (𝛾, 𝛼) [8, 10]. For the
calculation of a lot of 𝑝-processes, the corresponding
database including dozens of reaction cross-sections is
required. In spite of the efforts made in the last years,
the experimental information about the parameters
of photonuclear reactions, including the running of
𝑝-processes, is very scarce.

In particular, the 𝑝-nuclei also include the light iso-
tope 120Te [10]. The light isotopes of tellurium 120Te
and 122Te are similar by their nature. So, when ana-
lyzing the mechanisms of (𝛾, 𝑛) reactions for them, it
is reasonable to consider those isotopes together. The
cross-section of (𝛾, 𝑛) reactions at the 122Te nucleus
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Fig. 1. A section of the apparatus spectrum from the irradi-
ated target

has not been determined till now. However, for 120Te,
this cross-section was measured by us recently [11].

A systematic study of the evolution of the giant
resonance form was carried out for the heavy isotopes
124−130Te and 140,142Ce in work [12]. Since the num-
ber of neutrons in those isotopes varies from 72 to 84,
the cited authors aimed to study the evolution of the
GDR parameters near the closed shell with 𝑁 = 82
(140Ce). The measurements were done in an interval
of 8–26 MeV. The total cross-section of photoneutron
reactions, 𝜎tot = 𝜎(𝛾, 𝑛) + 𝜎(𝛾, 2𝑛) + 𝜎(𝛾, 𝑝𝑛) + ...,
was determined.

The aim of this work was to study the cross-sections
and the mechanism of the reactions 120Te(𝛾, 𝑛)119Te
and 122Te(𝛾, 𝑛)121Te in an energy interval of 10–
18 MeV.

2. Experimental Technique

In our research, the activation method was ap-
plied. The examined targets were fabricated from vit-
reous tellurium oxide TeO with a purity of 99.99%
in the form of disks 25 mm in diameter and 2 mm

Table 1. Spectroscopic parameters

No. Isotope 𝐵𝑛 𝐽𝜋 𝐸iso,
keV

𝐸𝛾 ,
keV

𝑇1/2 𝛼, %

1 119𝑚Те – 11/2− 261 1212 4.7 days 66.2
2 119𝑔Те 10.292 1/2+ – 644 16.05 h 84.0
3 121𝑚Те – 11/2− 294 212 154 days 81.4
4 121𝑔Те 9.834 1/2+ – 573 19.16 h 80.3
5 129𝑚Те – 11/2− 105 696 33.6 days 2.6
6 129𝑔Те 8.419 3/2+ – 456 69.6 min 7.7

in thickness. The experimental specimens were irra-
diated in the bremsstrahlung gamma beam on an
M-30 microtron at the Department of Photonuclear
Processes of the Institute of Electronic Physics of
the National Academy of Sciences of Ukraine. The
main characteristics of the microtron were described
in work [13].

The energy of accelerated electrons was varied in
a wide interval by making use of two methods: ei-
ther by changing the orbit number of the electron
beam or, for the fixed orbit number, by chang-
ing the magnitude of the guide magnetic field. The
field strength was controlled with the help of the
magnetic resonance method. The energy spread in
the electron beam in the accelerator did not exceed
±(5÷20) × Ω keV [13]. Here, Ω = 𝐻/𝐻0, where 𝐻
is the magnitude of the guide magnetic field in the
microtron, and 𝐻0 the cyclotron field. In the case of
microtron, Ω ∼= 1, as a rule [13]. The average cur-
rent was equal to 5 𝜇A. The current was registered
automatically with a time step of 1.2 s.

The experimental specimens were 𝛾-irradiated in
an interval of 10–18 MeV with the step Δ𝐸 =
= 0.5 MeV. The irradiation time 𝑡irr was 20 min at
high energies and 2 h near the threshold of (𝛾, 𝑛)
reactions. The cooling and measurement times were
selected to provide optimal conditions for the regis-
tration of gamma lines from the decay of daughter
nuclei. The relevant errors of the registration equip-
ment were less than 5%.

The gamma spectra of irradiated targets were mea-
sured with the help of a high-resolution gamma spec-
trometer on the basis of a 175-cm3 HPGe detector and
an 8192-channel CANBERRA analyzer connected to
a computer for the data accumulation. The detec-
tor resolution was 1.9 keV for the 1332-keV line of
cobalt-60. A section of the apparatus spectrum ob-
tained from the irradiated target is shown in Fig. 1.

3. Experimental Results and Their Analysis

Together with the measurement of gamma lines from
the decay of the 119Te and 121Te nuclei, we measured
gamma lines from the decay of the 129Te nucleus ob-
tained in the reaction 130Te(𝛾, 𝑛)129𝑚,𝑔Te. The mea-
surement results were used to normalize and cali-
brate the yields of the reactions 120Te(𝛾, 𝑛)119Te and
122Te(𝛾, 𝑛)121Te. The cross-section values for the re-
action 130Te(𝛾, 𝑛)129Te were taken from work [12].
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The spectroscopic characteristics for the decay of
the ground and isomeric states of the isotopes 119Te,
121Te, and 129Te are quoted in Table 1 [14–17]. The
table contains the following parameters: 𝐵𝑛 is the
threshold of (𝛾, 𝑛) reactions, 𝐽𝜋 the spin parity, 𝐸𝑖𝑠𝑜

the energy of isomeric level, 𝐸𝛾 the energy of analyti-
cal gamma line, 𝑇1/2 the half-life, and 𝛼 the intensity
of corresponding gamma line.

In the experiment, we obtained the ratios of the
excitation yields of the ground states of the isotopes
119Te and 121Te (𝑌1 and 𝑌2, respectively) to the
excitation yield of the ground state of the isotope
129Te (𝑌3),

𝜂1 = 𝑌1/𝑌3 = 𝑐1 𝑏13(𝜆1 𝜙3 𝑓3/𝜆3 𝜙1 𝑓1) (𝑁1/𝑁3);

𝜂2 = 𝑌2/𝑌3 = 𝑐1 𝑏23(𝜆2 𝜙3 𝑓3/𝜆3 𝜙2 𝑓2) (𝑁2/𝑁3).

Here, 𝑐1,2 are coefficients that are related to the errors
and pulse overlapping, 𝑏13 = 𝑏3/𝑏1 and 𝑏23 = 𝑏3/𝑏2
are the content ratios for the corresponding isotopes
in the target, 𝜆1,2 are the decay constants, 𝜙1,2 =
= 𝜉𝑘𝛼, 𝜉 is the registration photoefficiency of ana-
lytical gamma lines at the decay of ground states, 𝑘
is the self-absorption coefficient of those lines in the
studied target material, 𝛼 the intensity of analytical
gamma lines,

𝑓 = [1− exp(𝑡irr)]exp(𝑡cool)[1− exp(𝑡meas)]

is the function depending on the irradiation, 𝑡irr, cool-
ing, 𝑡cool, and measurement, 𝑡meas, times, and 𝑁 is
the number of pulses under the photopeaks of ana-
lytical gamma lines.

The ground and isomeric states of all tellurium iso-
topes were populated in the (𝛾, 𝑛) reactions. In this
case, the total yield of the (𝛾, 𝑛) reaction, 𝑌𝑛, is re-
lated to the excitation yields of the ground, 𝑌𝑔, and
isomeric, 𝑌𝑚, states as follows:

𝑌𝑛 = 𝑌𝑔 + 𝑌𝑚 = 𝑌𝑔

(︂
1 +

𝑌𝑚

𝑌𝑔

)︂
= 𝑌𝑔(1 + 𝑑).

The yield ratio of isomers, 𝑑, was determined by
us earlier [18]. Hence, by measuring the yield ra-
tio in the (𝛾, 𝑛) reactions with the ground states of
tellurium isotopes, we can determine the ratios of
the total yields in the (𝛾, 𝑛) reactions at the iso-
topes 120Te and 122Te to the total yield of the reac-
tion 130Te(𝛾, 𝑛)129Te , i.e. 𝑌 120

𝑛 /𝑌 130
𝑛 and 𝑌 122

𝑛 /𝑌 130
𝑛 .

The obtained results are exhibited in Fig. 2. The
filled and hollow circles correspond to the yield ratios

Fig. 2. Ratios of the yields of 𝑌 120
𝑛 /𝑌 130

𝑛 , and 𝑌 122
𝑛 /𝑌 130

𝑛

Fig. 3. The yield ratios 𝑌 120
𝑛 /𝑌 130

𝑛 and 𝑌 122
𝑛 /𝑌 130

𝑛

𝑌 120
𝑛 /𝑌 130

𝑛 and 𝑌 122
𝑛 /𝑌 130

𝑛 , respectively. The root-
mean-square error is less than 1% and does not exceed
the symbol size.

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 4 277



V.M. Mazur, Z.M. Bigan, P.S. Derechkey et al.

Fig. 4. Cross-sections of the reactions 120Te(𝛾, 𝑛)119Te and
122Te(𝛾, 𝑛)121Te

Table 2. Lorentzian parameters

Isotope 𝜎0, mb 𝐸0, MeV Γ0, MeV

120Те 262.6± 2.1 15.47± 0.10 5.33± 0.11
122Те 274.1± 2.1 15.27± 0.10 4.76± 0.08

The experimental dependence of the yield ra-
tio on the maximum energy in the bremsstrahlung
gamma spectrum allows the calculation of the
cross-sections for the reactions 120Te(𝛾, 𝑛)119Te and
122Te(𝛾, 𝑛)121Te to be done with the help of the cross-
section data for the reaction 130Te(𝛾, 𝑛)129Te, which
were measured earlier [12]. The cross-sections were
calculated making use of the inverse matrix method
[19] with a step of 1 MeV.

The results obtained for the (𝛾, 𝑛) reactions are
shown in Fig. 3. The cross-section dependences have
a single-hump shape with a maximum at an energy
of about 15.4 MeV. The solid curves illustrate their
approximations by the Lorentzian function

𝜎(𝐸) = 𝜎0
𝐸2Γ2

0

(𝐸2 − 𝐸2
0)

2 + 𝐸2Γ2
0

,

where 𝜎0, 𝐸0, and Γ0 are fitting parameters. The ap-
proximation was carried out using the least-squares
method. The resulting values of fitting parameters
are quoted in Table 2.

In order to compare the experimental results with
theoretical estimates, we calculated the cross-sections
of the reactions 120Te(𝛾, 𝑛)119Te and 122Te(𝛾, 𝑛)121Te
with the help of the software package TALYS-1.9
[20]. The following scenario was used for the calcu-
lation procedure. A target nucleus characterized by
the parameters (𝑍𝑖, 𝑁𝑖) and the spin-parity (𝐽𝑖, 𝜋𝑖)
absorbs a gamma quantum with the energy 𝐸𝛾 so
that a compound nucleus is formed with the exci-
tation energy 𝐸𝑐(𝐸𝑐 = 𝐸𝛾) and a spectrum of pos-
sible spin and parity values (𝐽𝑐, 𝜋𝑐). At this stage,
the total photoabsorption cross-section 𝜎tot was cal-
culated using the parametrized characteristics of the
giant 𝐸1 resonance. Then, the excited nucleus de-
cays in accordance with the Hauser–Feschbach sta-
tistical mechanism [21], which involves the admix-
ture of semidirect processes. The latter was found to
amount to a fraction of a percent for both isotopes at
the energy 𝐸𝛾 = 12 MeV and to 6–8% at the energy
𝐸𝛾 = 18 MeV. The neutron emission onto specific
levels (zones) of the daughter nucleus was calculated
using the permeability coefficients 𝑇1 determined in
the framework of the optical model. In so doing, the
specific discrete levels from the RIPL-3 database [22]
were taken, if the excitation energy of daughter nu-
clei does not exceed 𝐸 = 3 MeV. At higher excitation
energies, the spectrum was considered continuous. It
was described by the level density 𝜌(𝐸, 𝐽, 𝜋) and di-
vided into a certain number of energy zones: 50 in
our case. The effective permeability coefficient 𝑇 eff

𝑙

was determined for each zone.
To describe the level density 𝜌, two models were

used in the calculations: the constant-temperature
and energy-back-shifted Fermi-gas models [20–
24]. The results of cross-section calculations for the
reactions 120Te(𝛾, 𝑛)119Te and 122Te(𝛾, 𝑛)121Te are
compared with the experimental ones in Fig. 4. The
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hollow circles describe the result of calculations in the
framework of the constant-temperature model, the
triangles correspond to the results of the back-shifted
Fermi-gas model, and the filled circles demonstrate
experimental results. From the figure, one can see
that the calculations in the constant-temperature and
energy-shifted Fermi-gas models produce very similar
results.

Thus, a comparison between the theoretical and ex-
perimental data testifies to their satisfactory agree-
ment. In turn, this fact testifies to the main con-
tribution given by the statistical mechanism to the
cross-section of the considered (𝛾, 𝑛) reactions and,
accordingly, a relatively small contribution of semidi-
rect processes.

4. Conclusions

The experimental studies of the reactions
120Te(𝛾, 𝑛)119Te and 122Te(𝛾, 𝑛)121Te in the interval
of 10–18 MeV for the maximum energies of gamma
quanta are carried out making use of the brem-
sstrahlung gamma beam of the M-30 microtron
at the Department of Photonuclear Processes of
the Institute of Electronic Physics of the NAS of
Ukraine. The activation technique was applied.

As a result of the measurements, the ratios of
the total yields of the (𝛾, 𝑛) reactions at the iso-
topes 120Te and 122Te to the total yield of the reac-
tion 130Te(𝛾, 𝑛)129Te, i.e. 𝑌 120

𝑛 /𝑌 130
𝑛 and 𝑌 122

𝑛 /𝑌 130
𝑛 ,

are determined, which allowed us, using the cross-
section of the reaction 130Te(𝛾, 𝑛)129Te measured ear-
lier [12], to calculate both the absolute yields and the
cross-sections of the reactions 120Te(𝛾, 𝑛)119Te and
122Te(𝛾, 𝑛)121Te.

Using the TALYS-1.9 software package, the cross-
sections of the (𝛾, 𝑛) reactions were calculated for
the 120Te and 122Te isotopes in an energy inter-
val of 10–18 MeV. A satisfactory agreement was ob-
tained between the theoretical and experimental re-
sults, which allowed us to conclude that the statisti-
cal mechanism dominates in the 120Te(𝛾, 𝑛)119Te and
122Te(𝛾, 𝑛)121Te reactions.
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ДО ПИТАННЯ ПРО МЕХАНIЗМ
ФОТОНЕЙТРОННИХ РЕАКЦIЙ НА ЛЕГКИХ
IЗОТОПАХ ТЕЛУРУ В ОБЛАСТI 10–18 МеВ

В iнтервалi енергiї гамма-квантiв 10–18 МеВ проведено ви-
мiрювання виходу i розраховано перерiз реакцiї 122Те(𝛾,
𝑛)121Те. Одержаний перерiз спiвставляється з перерiзом
реакцiї 120Те(𝛾, 𝑛)119Te. Експериментальнi результати по-
рiвнюються з теоретичними розрахунками, проведеними в
рамках програмного пакета TALYS-1.9. Установлено домi-
нування статистичного механiзму для (𝛾, 𝑛) реакцiй на до-
слiджуваних ядрах.

Ключ о в i с л о в а: гiгантський дипольний резонанс, атом-
не ядро, ядернi реакцiї, перерiз, гальмiвний гамма-спектр,
iзомерне вiдношення.
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