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The resonant absorption of γ-quanta by 111Cd nuclei with
the excitation of its isomeric state has been measured with
a step of 200 keV within the interval of end-point energies
of the bremsstrahlung spectrum, Eγ max = 1.0 ÷ 3.0 MeV.
The investigation of the metastable state population has been
performed making use of the activation technique. The integral
cross-sections have been derived for the first time for the
intermediate levels with energies of 2006 and 2495 keV which
take part in the photoexcitation of the 111Cd isomer.

1. Introduction

Despite the fact that researches in nuclear isomer physics
have been carried on for about 70 years, they are now
still in progress with an increasing activity. A significant
place in these researches belongs to the works dealing
with studying the new collective transitions M1 [1]
and E1 with enhanced probability in heavy deformed
nuclei [2] and with the problem of creating a γ-laser
[3] and nuclear quantum generators [4]. The issues
concerning the isotope synthesis in the Universe are also
of importance in those studies [5].

The experimental studies of regularities in the photo-
induced formation of isomers bring about the solution
not only to the fundamental problems but to a number
of applications as well. More than a half of the isotopes
that are applied in medicine and activation analysis is
isomers. Among nuclear constructional materials, there
is a lot of elements, the nuclei of which have isomeric
levels. Long-lived isomers contribute to the activity of
nuclear waste products.

Not in the last place, the permanent interest to the
isomer researches is caused by the steady improvement
of methods: the increase of the photon source intensities,
enhancement of the efficiency and the energy resolution
ability of detectors, and so on) [6, 7].

Photonuclear reactions possess certain advantages
when studying the excitation of isomeric states. The
absence of both the binding energy and the Coulomb
barrier for γ-quanta allows one to investigate nuclei
effectively in a wide range of energies, including those
below the binding energy of nucleons in nuclei. The
momentum contributed to a nucleus is equal to 1 ~
(the contributions of other momenta do not exceed
1%) and does not depend on the γ-quantum energy. It
substantially confines the range of spin amplitudes of
the activation levels, through which the population of
the isomer occurs.

The experimental procedure has its own peculiarities
in the indicated energy range, namely, the small cross-
sections of the interaction between photons and nuclei
(by several orders of magnitude lower than those for
the giant resonance) and the resonant character of
photon absorption. On the one hand, these features make
researches, which are carried on at low photon energies,
attractive, because the obtained results contain a large
body of information and can be interpreted reliably. On
the other hand, they complicate the fulfillment of the
same studies.

The data on the 111Cd(γ, γ′)111mCd reaction which
are available in the literature were obtained mainly
with the help of permanent 60Co sources which emitted
photons with energies of 1170 and 1332 keV and a
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half-life period of the isotope of 5.25 years. When
studying the excitation of isomers, the application of
such a source of photons does not avoid difficulties.
The probability of the isomer excitation, provided
that photons with a fixed energy are used, equals
practically zero, owing to different energies of the
photons from the source and the levels concerned.
Therefore, in the course of experiments, one has to
broaden the energy spectrum of applied photons by
means of absorbers – the procedure, which inserts
uncertainties not only to the measured integral cross-
sections but to the energy levels. It is adopted that two
activation levels close by energy to 1200 and 1330 keV
are excited in the experiments with permanent photon
sources.

A great many authors emphasize that there exists a
wide spread of values obtained for the integral cross-
sections of the photoexcitation of activation levels in
experiments where the permanent sources of photons,
60Co, were used. For example, the authors of works
[8, 9] note that three of the most recent (with respect
to the year 1991) measurements of the integral cross-
section for a 111Cd nucleus, which were executed in
1979, 1982, and 1987, gave the results of 0.35, 0.058,
and 0.14 barn× eV, respectively. At the same time, the
measurement errors indicated in these works amounted
to 7–14%. This discrepancy served as a basis for
putting forward the assumption about non-resonant
nuclear photoabsorption, which was not confirmed
experimentally afterwards [8, 9].

Here are the values (in units of barn × eV) of
the integral cross-sections of excitation reported for
the activation levels in the 111Cd(γ, γ′)111mCd reaction
“near 1200 keV” [9] and the 1330-keV level [10–16]:
0.098 ± 0.025 [9], 0.06 ± 0.02 [10], 0.102 ± 0.026 [11],
0.08 ± 0.005 [12], 0.14 ± 0.01 [13], 0.058 ± 0.008 [14],
0.083± 0.005 [15], and 0.062± 0.005 [16].

A substantial spread of the available experimental
data for the 111Cd(γ, γ′)111mCd reaction stimulated
the discussion [8, 9, 14], where it was marked that
the very existence of the activation level with an
energy of 1332 keV in a 111Cd nucleus is doubtful.
Uncertain is also the energy position of “a level near
1200 keV”.

We have carried out the researches of the
111Cd(γ, γ′)111mCd reaction in the range 1.0− 3.0 MeV
of the end-point energy of the photon bremsstrahlung
spectrum in order to revise the available experimental
data.

2. Method of Experiment

The experiment was carried out at an ELIAS
electrostatic accelerator of electrons at the National
Scientific Center “Kharkiv Institute for Physics and
Technology”, with the voltage applied to a conductor
being up to 3.0 MV. Such properties of the electron
beam produced at this accelerator as high intensity (up
to 500 µA), monochromaticity, and stability, as well as
the opportunity to vary the electron energy smoothly,
allowed the experiments to be carried on effectively.

Our experiment was carried out following the
photoactivation technique within the photon energy
range of 1.0 − 3.0 MeV with a step of 0.2 MeV. An
electron beam 2 mm in diameter and with a current up to
200 µA was slowed down in a tantalum radiator 0.5 mm
in thickness cooled with flowing water. The layout of a
test bench for the irradiation of specimens was presented
in work [17]. The total current of electrons, which
reached the radiator, was determined with the help of
a device of the Faraday-cup type. The voltage across
the conductor of the generator was measured by a rotor
voltmeter which had been calibrated using the reaction
of beryllium photodisintegration. The uncertainty of the
calibration was 50 keV [18].

The isomeric state 111mCd with an energy of 396 keV
has the spin Jπ = 11/2− and the half-life period T1/2 =
48.54 min, whereas the ground state is stable and has
the spin Jπ = 1/2+. The natural abundance of the
111Cd isotope is 12.81%. The decay of the isomer was
determined by registering γ-quanta with an energy of
245.4 keV and the relative probability of the decay of
94.2% [19]. The probability of the emission of a 150.8-
keV cascade photon is 31.0% [20] (see Fig. 1).

Pieces of a cadmium foil 15 mm in diameter and
0.2 mm in thickness served as targets. The measurement
of the activity induced in the target was carried out
with the help of a Ge(Li) γ-spectrometer with a useful
capacity of about 40 cm3 and the energy resolution of
2.5 keV for the γ-line at 1332 keV of the 60Co nucleus.
The pulses from the spectrometer were analyzed by a
4096-channel peak analyzer.

3. Results of Measurements

In Fig. 1, one of the spectra of a cadmium target
activated in the course of experiment is presented.
The experimental parameters were as follows: the beam
exposition 60 min, the energy of electrons 3 MeV, and
the electron current 50 µA. The term of the activity
measurement was 50 min, and the time interval between
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Fig. 1. Emission spectrum of an irradiated cadmium target

the termination of irradiation and the beginning of the
measurement 40 min.

The yield of the 111Cd(γ, γ′)111mCd reaction as
a function of the end-point energy of the photon
bremsstrahlung spectrum was determined by the
relation

Y (Eγ max) =
Niso(Eγ max)

NeNT
, (1)

where Y (Eγ max) is the isomer yield per one electron
which reached the radiator and per one nucleus of the
target; Niso the number of isomer nuclei which were
formed in the target; Ne the number of electrons which
reached the radiator; and NT the number of nuclei per
1 cm2 of the target. The dependence Y (Eγ max) is shown
in Fig. 2. The errors are equal to the sum of statistical
and systematic errors.

4. Analysis of the Results

The populating of the isomer occurs through the process
of photon absorption by the so-called activation levels of
the isomer and their following decay, directly or through
a cascade, into an isomeric state. The reaction yield
Y (Eγ max) can also be written down in the form

Y (Eγ max) =

Eγ max∫

Eth

σ(Eγ)Nγ(Eγ , Eγ max)dEγ , (2)

where σ(Eγ) is the dependence of the cross-section of
the photonuclear reaction concerned on the energy of γ-
quanta Eγ , and Nγ(Eγ , Eγ max) is the spectral intensity

Fig. 2. Yield of the 111Cd(γ, γ′)111mCd reaction versus the end-
point energy. The points correspond to experimental data. The
broken line is described in the text

of the photon beam for the end-point energy Eγ max.
The cross-section σ can be presented as a sum of several
separate activation resonances.

Since the activation resonances are narrow, the
quantity Nγ(Eγ , Eγ max) can be regarded constant
within the range of a single resonance, so that Eq. (2)
can be replaced by the system of equations

Yi =
∑

j

(σΓ)j
isoN

j
i (3)

where Yi is the reaction yield at the i -th point of
the investigated range of Eγ max; j the number of the
nuclear activation level; (σΓ)j

iso the integral cross-section
of isomer activation through the j -th level which is to
be determined by analyzing the yield curve; and N j

i the
number of photons in a 1-keV energy interval of the
bremsstrahlung spectrum with the energy of the j -th
activation level and with the i -th end-point energy of
the bremsstrahlung spectrum.

The processing of the results of measurements
consists in finding the energy and the integral cross-
sections of activation levels. In principle, this task can
be tackled by solving the system of equations (3). This
problem is quite similar to that of the definition of the
reaction cross-section from the yield curve when dealing
with a bremsstrahlung beam of photons [21]. The latter
is a standard problem for the physics of photonuclear
reactions. But, in our case, it is practically impossible
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Fig. 3. Simplified schematic representation of the levels of a 111Cd
nucleus

to solve Eqs. (3) correctly, owing to the experimental
errors made while determining the reaction yield (the
incorrectness of the problem) and the values of the end-
point energy of the bremsstrahlung spectrum and to
the discrete character of the energy dependence of the
photoabsorption cross-section.

In Fig. 2, we see the reaction yield function as a
broken line increasing with energy with cusps at the
energies corresponding to those of excitation of the
next activation levels. Within the intervals between the
activation level energies, the energy dependence of Yi is
close to straight lines. The activation experiment does
not allow one to determine the coordinates of the cusps
in the yield versus the energy, i.e. the energy positions of
activation levels, in other words. They can be found from
spectroscopic data. According to the literature data [20],
the even-odd nucleus 111Cd which is composed of 48
protons and 63 neutrons has about 100 levels within the
interval of excitation energy 416.7− 2977.9 keV. Not all
of these levels are activation ones, because the last levels
include only those states which are excited in (γ, γ′)
reactions and are characterized by a non-zero probability
of the direct or cascade decay into the isomeric and,
simultaneously, direct decay into the ground state [22].

Having analyzed the data of tables [20], we came to
the conclusion that only the levels at 1151, 2006, and
2495 keV can be the activation ones, which is in a good
agreement with our experimental data (Fig. 2).

Fig. 3 shows a simplified schematic representation of
the decay of levels of the nucleus 111mCd. The spin and
parity of the states are indicated on the left, while their

energies (in units of keV) are given on the right. The
activation levels are marked by bold lines. One can see
that all of them undergo a direct decay into the ground
state and a cascade one into the isomeric state.

The integral cross-sections were determined as
the parameters in Eqs. (3) used for the fitting of
experimental yield data, as was done in works [17, 22].
In so doing, the bremsstrahlung spectrum of electrons
in a tantalum radiator was modeled with the help of a
GEANT3.21 code. Each experimental point corresponds
to the averaging over 107 measurements, the interval
of grouping was 1 keV, and the cut-off energy of the
cascade with respect to photons and electrons amounted
to 0.5 MeV.

The integral cross-sections (σΓ)j
iso calculated in this

work for the activation levels with energies of 1151, 2005,
and 2495 keV are equal to 0.06 ± 0.02, 0.35 ± 0.06,
and 1.2± 0.4 barn× eV, respectively. The errors of the
definition of the integral cross-sections are equal to the
sum of statistical and systematic ones.

5. Conclusions

By measuring the yield of the 111Cd(γ, γ′)111mCd
reaction in the interval of the end-point energies of
photons up to 3.0 MeV, we have been obtained the
evidences for the existence of two cusps at energies
of about 2 and 2.5 MeV, as well as the data on
the excitation of the isomer at the photon energies
below 1.4 MeV. We have analyzed the most recent
spectroscopic data for the isotope 111Cd and have found
3 candidates for activation levels, i.e. the levels through
which the isomer is excited.

Unfortunately, the published tables of isotopes do
not contain the data necessary for the calculation of
the integral cross-sections of activation levels (their
lifetimes, spins, and parities).

Most of the data available in the literature on
the excitation of the 111Cd isomer were obtained
with the help of 60Co sources. The corresponding
results cannot adequately reflect the processes that
accompany the photoexcitation of the 111Cd isomer.
As was already noted, there is no activation level
with an energy of 1330 keV in the 111Cd isotope.
Concerning the level “close to 1200 keV”, the matter
may concern the level with an energy of 1151 keV.
The value of the integral cross-section for this level
calculated by us coincides with the value of (0.058 ±
0.008) barn× eV obtained in work [14]. There is no
information in the literature concerning the levels at
2005 and 2495 keV.
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ФОТОЗБУДЖЕННЯ IЗОТОПУ 111mCd ПРИ Eγ < 3,0 MеВ

О.С. Шевченко, Ю.М. Ранюк, А.М. Довбня, В.М. Борисенко,
I.Г. Гончаров, В.Н. Гостiщев, Е.Л. Купленнiков,
А.А. Немашкало, В.I. Нога, I.I. Шаповал

Р е з ю м е

Резонансне поглинання γ-квантiв на ядрi 111Cd iз збуджен-
ням iзомерного стану дослiджено в iнтервалi граничних енергiй
гальмiвного спектра 1,0 ≤ Eγ max ≤ 3,0 MеВ з кроком 200 кеВ.
Заселення метастабiльного стану дослiджено з використанням
активацiйної методики. Для двох промiжних станiв з енергiєю
2006 та 2495 кеВ, якi беруть участь у фотозбудженнi iзомеру
111Cd, вперше отримано iнтегральнi перерiзи.
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