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Excitation of the 1°Te™, 121 Te™, 123Te™, 127Te™, and '*Te™ isomers
in (y,n) reactions from 10 to 22 MeV
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Isomeric yield ratios for the "°Te, ! Te, '23Te, '?'Te, and '**Te nuclei were obtained in (y,n) reactions with
bremsstrahlung endpoint energies ranging from 10 to 22 MeV in steps of 0.5 MeV. Experimental isomeric ratios
were used to calculate the cross sections of (y,n)" reactions, which were further compared with TALYS-1.4

calculations.
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I. INTRODUCTION

y-ray beams are an accurate tool for investigating different
processes in nuclear physics and astrophysics. Photons with
energies of tens MeV bring relatively small changes to nuclei
(comparing with charged and massive particles) and due to
the pure electromagnetic character of photonuclear reactions
may be used to obtain information on nucleon-nucleon
interactions [1,2], collective motions of the nuclear matter
[giant dipole resonance (GDR), pygmy dipole resonance, etc.)]
[3], mechanisms of the particular nuclear-state excitation [4,5],
etc.

Photonuclear reactions are also important for understanding
the processes of element creation in a stellar environment. In
cosmic nucleosynthesis, nuclei heavier than iron are mainly
produced via the chain of neutron capture reactions named r
and s astrophysical processes. However, there are few dozen
neutron-deficient stable nuclides screened by stable isobars
from neutron capture [6]. They are called p-nuclei and are syn-
thesized mainly through the chain of photonuclear reactions
on r- or s-seed nuclei [7,8]. '*°Te is one of these p-process
nuclei and the reaction '*°Te(y,n)!!°Te partly determines the
cross section of its photodisintegration. Moreover, in view of
the fact that '°Te is produced by photodisintegration of the
s-only nucleus '?*Te followed by that of 2! Te, cross sections
of '22Te(y,n)'?! Te may be treated as a part of production cross
section of the p-nucleus.

A database that includes exact values for thousands of
reaction cross sections is required in order to determine
p-abundances. As experimental information on reactions
involved in the p-process is very scarce [9]; reaction rates
based on calculations within the Hauser-Feshbach formalism
[10] are used for modeling of the p-process flow.

One of the methods for checking the conformity of
statistical model based on compound nucleus assumption
involves the comparison of its results with experimental
data on isomeric-state population—isomeric ratios and cross
sections. The modeling of partial reactions is not a trivial
task because, in addition to the determination of total cross
sections, it demands accurate treatment of the processes
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taking place in the residual nucleus (y cascade, particle
emission).

The isomeric ratios and cross sections of (y,n)" reactions
on Te isotopes in the GDR energy region were previously insuf-
ficiently studied. There are only two published works [11,12]
that contain complex studies of Te isomeric-yield ratios, which
were, however, measured for only particular energies up to
Eymax = 25 MeV. At the same time, Te isotopes are remarkable
because they allowed the investigation of the evolution of
isomeric ratios with the change of neutron subshell population
through a wide mass range (A = 119-130). All tellurium
isomers are characterized by spin-parity J” = 11/27 and are
formed by the 1h1,, subshell. Ground states of '"Te, !*!Te,
and '**Te, isotopes are formed by 3s1, subshell, while in '*'Te,
129Te they are formed by 2ds /o

Therefore, the objective of this study is to present the
following:

(i) Measurements of isomeric-yield ratios’ d =Y, /Y,
dependence on bremsstrahlung endpoint energy in the (y,n)
reactions on "9Te, 12! Te, 12>Te, '?"Te, and '*Te isotopes for
the energy range E, max = 10-22 MeV (Secs. II and III).

(ii) Determination of '**Te(y,n)'?*Te™, 128Te(y,n)'?" Te™,
and '¥0Te(y,n)'?*Te™ reaction cross sections in the energy
region of the giant dipole resonance (Secs. II and III).

(iii) Calculation of Te isotopes’ isomeric-state population
cross sections with the TALYS-1.4 code [13] and further
comparison with the obtained experimental data (Sec. IV).

II. EXPERIMENT

A. Targets and irradiation

Samples were irradiated with a bremsstrahlung beam from
electron accelerator Microtron M-30 (Institute of Electron
Physics of National Academy of Sciences of Ukraine) [14]
within the 10-18 MeV endpoint-energy range in AE =
0.5 MeV steps. The electron beam extracted from the acceler-
ator was converted into bremsstrahlung with a 0.5-mm-thick
tantalum radiator. The energy of the electron beam can be tuned
using two methods: (i) in the wide energy range—by replacing
the wave guide insets, i.e., by varying the number of electron
beam orbits, and (ii) within the energy limits of single inset—
by varying the magnetic field of the microtron. The intensity
of the magnetic field was measured by the NMR method
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FIG. 1. Typical y-ray spectrum from measuring the activated
tellurium sample using a HPGe detector. Counting time was 24 hours,
E,max = 15 MeV.

and it allowed us to achieve less than 50 keV uncertainties
in the electron-beam-energy spread determination. The mean
current (5 uA) of beam electrons was controlled with a
secondary-emission monitor with the 1.2 s time step. For
the energies 20-22 MeV the bremsstrahlung beam from the
betatron B25/30 of Uzhhorod National University was used;
tellurium targets were placed on the beam axis at a distance
of 30 cm from the tantalum radiator. Targets were made
of glass-like TeO, of natural isotopic composition (99.99%
chemical purity) in the form of disks (25 mm diameter,
2.5 mm thick).

B. Measurements

The activation technique was used in the experiment.
Specifically, induced activity in the targets was measured
offline after irradiation and cooling periods. Since lifetimes
of investigated states are relatively long it allowed us to
carry out the measurements in good background conditions
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irradiation session, thus the isomeric ratios were determined
with high precision.

Following the irradiations and cooling period, the residual
activity in the samples was measured in a low-background en-
vironment with spectroscopic system consisting of a 175 cm?
HPGe detector and a multichannel analyzer manufactured by
“EG&G ORTEC”. The detector was screened from back-
ground radiation by the combined Pb-Cd-Cu shield. The
energy resolution of the detector was 2 keV for ®°Co y
rays. Efficiency calibrations were done with the reference
radioactive sources: ®°Co, '¥’Cs, '5?Eu (standard uncertainty
~2%).

To extract optimal amount of data from the decay of the
residual nuclei the measurement process was organized as
described below. Irradiation periods varied from 2 hours for
near-threshold energies to 20 minutes for energies greater than
15 MeV. After irradiation and 1 to 2 hours cooling (needed to
reduce the dead time of the detector) the decay of the '*Te?
ground state was measured. y spectra obtained during next
24 hours were used to obtain data on the decay of the H9em
127Te™, and '?°Te" states. Measurements of long-lived reaction
products were performed during 1-3 days after 7-20 days of
cooling.

Part of the typical spectrum from an irradiated tellurium
sample is shown in Fig. 1. We used spectroscopic data for the
investigated nuclei from Refs. [15-19] (Table I).

Table I gives the neutron separation energy S, from the
initial nucleus, the spin parity J” of the levels, the half-lives
Ty, of the levels, the energies E,, of the isomeric levels, the
energies E,, of the analytical y-ray lines, the intensity « of the
analytical y-ray lines, and the “isomer-to-ground” branching
ratio p.

III. RESULTS

Direct outcome of the experiments, which were performed
with bremsstrahlung beams, includes the yields Y, which
are connected with the cross sections ¢ through the integral
equation

. . . . E
and observe even low-intensity y-ray lines. Isomeric states e
. Y(E,) =k EYDP(E, E, nax)dE, 1
and unstable ground states were produced during the same (En) Eq 7 (E)( ymax) M
TABLE I. Spectroscopic data for investigated nuclei.

S, (MeV) JT Ti) E,, (keV) E, (keV) o (%) p (%)
H9erm 11/2~ 4.70 days 261.0 1212.7 66.1 <0.008
19 Tes 10.296 1/2* 16.05 hours 0.0 644.0 84.1
121 11/2~ 164.2 days 294.0 212.2 81.5 88.6
121Tes 9.834 172+ 19.17 days 0.0 573.1 80.4
123Tem 11/2~ 119.2 days 247.5 159.0 84.0 100.0
123Tes 9.424 1/2% stable 0.0
127Tem 11/2~ 106.1 days 88.3 88.3 0.084 97.6
127t 8.775 3/2% 9.35 hours 0.0 4179 0.99
129em 11/2- 33.6 days 105.5 696.0 3.19 63.0
129Tes 8.419 3/2* 69.6 min 0.0 459.6 7.7
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where ®(E, E,max) is the bremsstrahlung spectrum, Ey, is
the reaction threshold energy, E,max is the bremsstrahlung
endpoint energy, and k is the normalization coefficient. In the
general case, the isomeric-yield ratios d are determined as [20]

Y Ag fm(@®) (om N, A
d(Eymay) = — = {c_gf_ (w__g _ p—g>
Yn )\m fg(t) ng Nm )"g _)"m
A -1
m , 2
+p—kg o } 2

where N, and N, are the counts in photopeaks associated
with isomer and ground state decay, respectively, ¢, and ¢,
are the coefficients which include the detector efficiency e,
self-absorption u in the targets, and the y-ray line intensity o,
p is the branching ratio, c is the correction factor for detector
“dead time” and pulse overlapping, and the f,, and f, time
factors are expressed in following way:

fm - [1 - exp(_)"mtirr)] eXp(_)‘mtcool)[l - exp(_)\mtmeas)]v
fg =[l- exp(_)"gtirr)] exp(_)"gtcool)[l - exp(_)\gtmeas)]y

where A, and A, denote the decay constants of the isomeric
and ground states, and fi, fcool, and fmeas are the intervals of
irradiation, cooling, and measurements.

However, for the tellurium isotopes in which the half-lives
of the ground states are significantly smaller than those for
the isomeric ('?’Te, '2°Te) it was reasonable to separate the
measurements in time in order to separate the state decay and
treat their yields as independent values. In these cases isomeric
ratios were obtained with the expression
Ny cm Am (2 fg(t)

Vg Cg hg Om fm(t)7

d(Eymux) = Ym/Yg = (3)

assfmeas) and cooling (7 15 )
intervals were different for different states. Ground-state yields
were measured immediately after the irradiation. Since 777, >

Tf;z the contribution of isomers decay in them was negligible.
The error caused by the procedure does not exceed 0.5%.

Naturally, measurement (z;;,

A. lste()’,n)]27 Te'"’g

We used the analytical y-ray line from the ground state
decay 4179 keV (a¢ = 0.993) twice because of the low
intensity of the '?’Te” decay y and rather high “isomer-to-
ground” branching ratio. Following irradiation and 2 to 3 hours
of cooling, the yield of the 12’ Te? state was measured. The next
measurement was carried out after 7-10 days when the initial
number of nuclei resulted from the '28Te(y,n)!?’Te# reaction
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decreased 10°-10° times and the population of the ground
state was determined only by the decay of the isomer, since
the system came to the equilibrium condition A, N, = A, Nyy,.
Thus, the ground-state decay with the half-life of the isomer
and the 417.9 keV line was used for indicating the decay of
the isomeric state during this counting interval. Consequently,
Eq. (3) transforms into the following expression:

N cn o 1 fo(0) @

d(Eymax)ZYm/YgZ Ny, ¢co Ao P f, (t)
8 “g g Jm

B. *Te(y,n) '=Te™*

The ground state 'Te? is stable and it is impossible to
estimate its population in the conditions of our experiment.
However, considering the data on total cross section of (y,n)
reactions on tellurium isotopes [21] it can be seen that the
variations of the parameters are very small from isotope to
isotope. It allowed us to use the simultaneously measured
total yield ¥, = Y, + Y,, of the reaction '*Te(y,n)'**Te™* to
estimate the isomeric ratio in the reaction 124Te(y,n)123Te’"*g .
Although the cross section of the (y, y)” reaction is two
orders of magnitude lower than those of the reactions (y,n)"
and the abundance of >3Te in natural isotopic composition is
only 0.87%, we made the correction for the ' Te(y, y)!?3Te™
reaction contribution to the population of the '2*Te™ state
as it can be noteworthily important in the near-threshold
region.

Obtained with the above-mentioned procedures, ex-
perimental isomeric-yield ratios d = f(E,ma) for the
lZOTe(y,n)ll9Tem,g’ 122Te(y,n)121Tem,g’ ]24Te(]/,7’l)123Tem'g,
128Te(y,n)'?’Te™ ¢, and 'OTe(y,n)'**Te” ¢ reactions with
standard errors determined from a series of measurements
are shown as dots in Fig. 2. Essentially, dependencies d =
S(Eymax) grow from the (y,n)™ reactions thresholds for all
presented cases and reach the plateau within a 20-22 MeV
energy range. Statistical error of every single measurement
was 2% to 3% near the threshold and decreased to 0.2%
to 0.4% for the energies greater than 14.5 MeV. Magni-
tudes of main sources of systematic uncertainties were in
the following limits: sample mass determination <0.5%,
detector efficiency was 2%, branching ratios was <1%,
product half-lives were <1%, y-ray-line intensities were
<1%.

The solid lines in Fig. 2 resulted from approximating the
experimental isomeric ratios with Boltzmann curves:

y=A+ (B - A)/{l +expl(E — Eo)/AE]}, ®)

TABLE II. Boltzmann curve parameters values.

Isotope A B Ey (MeV) AE (MeV)
19T 0.184(3) —0.064 54(20) 14.03(37) 2.21(2)
121Te 0.224(10) —0.1135(40) 12.60(48) 2.07(3)
123Te 0.228(4) —0.1513(30) 12.03(31) 2.71(5)
127Te 0.315(20) —0.0496(20) 13.92(19) 1.99(20)
129Te 0.440(6) —0.053(6) 14.13(6) 1.97(8)
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FIG. 2. Experimental isomeric-yield ratios for the 'Te(y,n)!"*Te™¢, 2Te(y,n)'?' Te"™s, **Te(y,n)'>Te™¢, Te(y,n)'*’Te™ ¢, and
130Te(y,n)12Te™# reactions. Dots are experimental values and solid line is an approximation of the experimental results.

where A, B, Ey, and AE are parameters. The approximation
was carried out with a least-squares method within the range
from reaction thresholds up to 20 MeV. The parameter
values are presented in Table II. We would like to point that
extrapolation of our data to higher energies leads to excellent

agreement with the isomeric ratios measured at 25 MeV
endpoint energy published in Ref. [11].

Experimental dependence of the isomeric-yield ratios on
the bremsstrahlung endpoint energy d = f(E,max) allows us
to calculate the experimental isomeric-state population cross
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FIG. 3. Cross sections of '*Te(y,n)'""Te™, '2Te(y,n)?'Te™”, #Te(y,n)'>Te”, 2Te(y,n)'?’Te™, and '*Te(y,n)'?Te”. Dots are

experimental values, solid lines show TALYS-1.4 calculations with RIPL-3 standard level structure, dashed line shows a TALYS-1.4 calculation

with a modified level structure.

sections o, using known total (y,n) reaction cross sections
[21]. The calculation was carried out with the reverse matrix
method [22]. The yield curves were smoothed before used as
an input for the calculations. Uncertainties of the calculated

cross sections were determined according to the procedure
described in Ref. [22]. It also has to be taken into account that
systematic uncertainty caused by normalization to the total
cross section from Ref. [21] is near 5%.
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TABLE III. Lorentz curves parameters values.

Otot Ref. [21] Om
124Te 128'1'*e 130'1'*e 124Te 128’1'*e 130Te
0y (mb) 281(15) 304(15) 318(16) 68.6(26) 80.2(10) 107(5)
Ty (MeV) 5.5(2) 5.4(2) 5.1(2) 42(2) 4.0(1) 3.42)
Ey (MeV) 15.2(1) 15.1(1) 15.1(2) 15.5(1) 15.4(1) 15.1(1)

Obtained cross sections of isomer populations in the
124Te(y,n)123Tem , 128Te(y,n)127Te'” , and 130Te(y,n)129Te’"
reactions are presented as dots in the Fig. 3. We are
not presenting results of calculations for '°Te(y,n)'!°Te™
and '?*Te(y,n)'?! Te” reactions because there are no pub-
lished experimental data on total (y,n) cross sections for
these isotopes. The parameters of the Lorenz curves fit to
the obtained isomeric cross sections together with the literature
parameters of total cross sections oy taken from Ref. [21] are
shown in Table III.

Figures 2 and 3 reveal that isomeric-yield ratios and cross
sections are increasing with growth of isotope mass from A =
119 to A = 129. It correlates with the population of the outer
subshell 1411, which starts to fill from 122Te and reaches eight

neutrons in °Te.

IV. MODEL CALCULATIONS

In order to compare experimental and theoretical data on
isomeric excitation we calculated the reaction cross sections
with the help of the TALYS-1.4 code.

The following scheme was used in calculations: A dipole
monochromatic y ray with Ey energy interacts with a nuclear
target (Z;, N;) and the compound state (J., ) is formed with
excitation energy E,. equal to the energy of incident y ray.
The total photoabsorption cross section oy is calculated with
the use of experimental GDR parameters (if available) or from
semiempirical systematics.

Both statistical and pre-equilibrium mechanisms contribute
to the decay process of the residual nuclei. The main
contribution in the investigated energy region belongs to the
Hauser-Feshbach statistical mechanism. But with the increase
of energy, the part of the pre-equilibrium processes simulated
with the exciton model [23-25] becomes more significant.
After y-ray absorption the particle-hole pair (exciton) is
created. The system evolves through the steps and the
number of excitons for each is increased by one. Particle
emission is possible from every stage of the process. After
six steps the process is no longer treated as pre-equilibrium
and further reaction flow is simulated with a statistical
model.

The calculated contribution of pre-equilibrium processes to
the total photoneutron reaction cross section on Te isotopes
for 12, 16, and 18 MeV energies are showed in Table IV.
Calculations show that statistical mechanisms dominate for
the GDR region and its contribution to the total (y,n) cross
sections even for higher energies is more than 80%.

After neutron emission the population of the particular
residual nucleus levels is calculated using the transmission
coefficients 7; obtained from the optical model [26]. The
RIPL-3 database [27] was used to obtain information on the
first 80 discreet levels. At higher energies, the excited-state
spectrum was treated as continuous. It was described by
the level density p(E, J, w) and divided into 40 equidistant
energy bins. If the nucleus decays to continuous spectrum bins,
then the effective transmission coefficient 7 is used. For
simulation of the continuous spectra we used the back-shifted
Fermi-gas model [28].

The calculated cross sections are plotted in Fig. 3 with
solid lines. Calculated values are significantly consistent with
experimental data for 124mTe and '27"Te, but at the same
time we may see very poor agreement in the case of '?*"Te.
Notable disagreement (more than 50% at the maximum) for
the reaction 130Te(y,n)129Tem stimulated additional research.
We found that the information on discreet levels for the '*°Te
used in the RIPL-3 database originated from the Evaluated
Nuclear Structure Data File (ENSDF) [19] which (in case
of A = 129) has not been updated since 1996. However, the
detailed study of '**Te structure was published in 2003 [29].
This paper introduces the 1221 keV level with J7 =5/2~
which may be the key to understanding the strong population
of the " Te isomer. This level effectively accumulate the
intensity from higher-lying 3/27 states, which can be easily
excited in (y,n) reactions. The substantial part of neutrons
will be emitted with L = 0 moments after the decay of the
1~ state of the giant dipole resonance via the photoneutron
channel and it leads to the direct excitation of 3/27 levels in
the residual nuclei. About 42% of the intensity feeding the
isomers goes through this level. Furthermore, the 7/27 state at
1162 keV plays an important role in redirecting about 25% of
the intensity to the isomer. Similar mechanisms of the isomer
population were found in the other Te isotopes [29,30].

We modified the level-structure file according to the
information published in Ref. [29] and performed additional
calculations (shown as solid lines in Fig. 3). We can see
that calculations with updated data lead to significantly better
agreement with experimental cross sections.

TABLE IV. Calculated contribution of pre-equilibrium processes
to (y,n)™ reaction cross section.

Isotope 12 MeV 16 MeV 18 MeV
124Te 0.46% 5.7% 9.4%
128Te 0.99% 7.4% 11.3%
130Te 1.3% 8.5% 12.5%
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Here we should note that such calculations are highly
sensitive to the information about nuclear structure. For
example, changing the J value for a single level of '*Te
(level energy 455 keV, possible spin-parity values 7/2%,
9/2%) resulted in about 10% change for the *°Te(y,n)!?°Te”
reaction cross section. Therefore, one can hardly rely on
the model calculations for obtaining populations of par-
ticular nuclear levels (e.g., isomers) if data on at least
low-energy-level J* values and the branching ratio is not
complete.

In the statistical model, because of averaging of the large
number of overlapping states, we can neglect the matrix-
element features that describe the decay of particular states.
It results in a similarity of transition-matrix elements, i.e.,
the final levels for the decay of a particular state are equal.
Thus, the probability of a particular transition is proportional
to the final density of states and depends on the transition’s
multipolarity.

In TALYS-1.4, calculations of the y-transition probabilities
are derived from the y-ray strength functions. For E1 transi-
tions the generalized Lorentzian form of Kopecky and Uhl [31]
was used, while for the transitions of other multipolarities
were standard Lorentzian (Brink-Axel form) [32,33]. It should
be noted that E1 transitions are dominating in calculated
y-cascade (90%) with a very little admixture of E2 and M 1
radiation.

The situation is different in the low-energy part of
the spectra where the microscopic calculations of level
structure can be performed. In Ref, [29] it was mentioned that
all the states in '*°Te of negative parity lower than 1100 keV
are only weakly populated in (d, p) reactions which may serve
as a sign of their complicated structure [34,35]. The interacting
boson-fermion model (IBFM) describes states 3/2~ and 5/2~
of ®Te as a mixture of the 1A/, neutron wave function as
a main part with a small 3p component, coupled to the first
47 state of the core [30,36]. The IBFM calculations reproduce
well the energy of the states and confirm the enhanced E2
transitions between the levels of negative parity due to the
admixed quadrupole phonons.

According to the analysis of the y transitions between
low-energy levels [9] we can see that the part of the E1
transitions is extremely low. States of positive parity decay
by M1 and E2 transitions and do not populate levels of
negative parity. Their decay path leads to final level J” =
3/2% and practically does not contribute to the population of
the J7 = 11/2~ isomer. As mentioned above, the enhanced
E?2 transitions are observed between negative-parity states.
Therefore the transitions probabilities are mainly defined by
their microscopic nature. It is highly possible that the same
is true for higher energies described in the calculations as
continuous spectra.

PHYSICAL REVIEW C 87, 044604 (2013)

As mentioned before, the main part of the Te isomer
excitation cross section belongs to the statistical mechanism.
But the growth of the isomeric population and the cross
section of the (y,n)" reactions with the increase of isotope
mass cannot be explained in the framework of the statistical
model. It would be natural to suggest that the increasing
contribution of pre-equilibrium processes can be responsible
for that, but calculations showed that their share is too low to
explain this effect. Experimental data on the nuclear structure
of tellurium isotopes [19,29,30] (including '*°Te) suggests that
growth is caused rather by redistribution of transitions between
low-lying nuclear levels connected with their microscopic
nature.

V. CONCLUSIONS

The dependence of isomeric-yield ratios on bremsstrahlung
endpoint energy has been measured for the reactions
lZOTe(y,n)leem,g’ IZZTC()/,VL)IZITem’g, ]24Te(]/,l’l)123Tem'g,
128Te(y,n)'?Te™ ¢, and 13°Te(y,n)'2°Te™ ¢ in the energy range
10-22 MeV. We obtained relatively high isomeric ratios for
tellurium isotopes in spite of significant spin differences inside
isomeric pairs. The values of isomeric ratios increase with
the filling of the subshell 1/, and are highest for '*Te.
It is notable that the observed effect of correlation between
increasing possibility of isomers J* = 11/27 excitation and
growing of the neutrons number on subshell 141, cannot
be associated with the contributions of statistical or pre-
equilibrium mechanisms, but is rather a consequence the
nonstatistical distribution of y-ray transition probabilities
resulting from peculiarities in level structure.

The cross sections of isomer population have been cal-
culated with the inverse matrix method. Results were com-
pared with TALYS-1.4 calculations. Theoretical calculations
revealed the dominating role of the statistical model based on
the Hauser-Feshbach formalism in the (y,n) reactions and
the contribution of the pre-equilibrium mechanism based
on the exciton model is about 7% to 12%. In most cases,
calculation reproduced the cross section and this can serve
as evidence of the adequacy of statistical theory. But the
case of the *°Te(y,n)'>Te™ reaction shows that results of
calculations significantly depend on the properties of low-
energy levels and transitions between them. Thus, without
precise knowledge of nuclear structure, calculations of isomers
excitation can produce misleading results.
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