
302

St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 1.2 
Научно-технические ведомости СПбГПУ. Физико-математические науки. 16 (1.2) 2023

© Koltsov V.V., 2023. Published by Peter the Great St. Petersburg Polytechnic University.

Conference materials
UDC 539.17
DOI: https://doi.org/10.18721/JPM.161.246

Nuclear isomers as a tool for studying the influence of zero-point 
fluctuations of an electromagnetic field on the probability  

of spontaneous electromagnetic transitions

V.V. Koltsov1✉

1 JSC “Khlopin Radium Institute”, St. Petersburg, Russia
✉ vladimir-koltsov@yandex.ru

Abstract. A review of works on the influence of zero-point fluctuations of the electromagnetic 
(EM) field (ZPFs) on EM transitions in atomic nuclei inside metals is presented. In a metal, as well 
as in a resonator of extremely small dimensions, ZPFs are suppressed in the region of low frequencies 
ω, for which the reflection of EM waves from the metal surface is still significant (ħω is less than 
~ 1 keV). Based on the concept of the stimulation of spontaneous EM transitions of energy ħω0 by 
resonant ZPFs of frequency ω0, one could expect suppression of transitions of energy up to ~ 1 keV 
for excited nuclei in a metal matrix. In experiments with nuclear isomers, such an effect was indeed 
found for conversion transitions of 76, 910, and 2173 eV energy, which cannot be explained only by 
the deformation of the electron shells of isomeric atoms or by the scattering of conversion electrons 
by matrix atoms. Qualitatively, the effect corresponds to the suppression of conversion transitions 
with a decrease in the ZPFs energy density in metals at the transition frequencies.
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Аннотация. Проведен обзор экспериментальных и теоретических работ по влиянию нулевых 
колебаний электромагнитного (ЭМ) поля (НКП) на вероятность ЭМ переходов малой энергии 
в атомных ядрах внутри металлов. В металле, как и в резонаторе предельно малых размеров, 
НКП подавлены в области малых частот ω, для которых еще существенно отражение ЭМ 
волн от поверхности металла (ħω меньше ~ 1 кэВ). Исходя из представления о стимуляции 
спонтанных ЭМ переходов энергии ħω0 резонансными НКП частоты ω0, можно было ожидать 
подавления ЭМ переходов энергии до ~ 1 кэВ для возбужденных ядер в матрице металла. 
В экспериментах с ядерными изомерами действительно был обнаружен такой эффект для 
конверсионных переходов энергии 76, 910 и 2173 эВ, который не может быть объяснен только 
деформацией электронных оболочек изомерных атомов или рассеянием конверсионных 
электронов на атомах матрицы. Качественно эффект соответствует подавлению конверсионных 
переходов при уменьшении в металле плотности энергии НКП на частоте перехода.
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Introduction
Immediately after the creation of quantum electrodynamics, the idea arose of stimulating the 

spontaneous emission of photons by zero-point fluctuations of an electromagnetic (EM) field 
(ZPFs) [1] (see also references in [2]). This idea was based on the description of the interaction 
of charged particles according to perturbation theory, when the Hamiltonian of a system of parti-
cles and an EM field is divided into the Hamiltonians of particles and fields (photons and ZPFs), 
that do not interact with each other, and the energy of interaction between them. Then, if we 
do not consider the processes induced by photons, the interaction of particles is caused by their 
interaction with ZPFs. The ZPFs energy density dWZPF(ω) in the frequency range dω is given by 
the formula (see, for example, [3])

3
2
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where c is the light speed, ħ is Planck's constant divided by 2π. For the convenience of further 
analysis, a real function θ(ω) is introduced into formula (1), in the free space θ(ω) = 1.

The matrix element S ph (t) of spontaneous emission of a photon of energy ħω0 at moment t is 
proportional to the following integral (see, for example, [4])
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where t0 is the moment of formation of the excited state, J1(ω) is the space integral of the particle 
transition current. The average photon emission time is of the order of the half-life of the excited 
state T1/2 and t – t0 >> 1/ω0. Then the integral over time gives the δ-function and the emission 
probability is proportional to the dWZPF(ω0). In a cavity with a diameter of D with ideally reflect-
ing walls (in a resonator), ZPFs do not contain low frequencies ω < c/D. If an emitter is placed in 
the resonator of D < c/ω0, then the emission of a photon of energy ħω0 will be suppressed, which 
was observed for excited atoms (see references in [2]).

Dependence of the probability of a nuclear conversion transition on the ZPFs spectrum

It is interesting to study the stimulation of spontaneous EM transitions by ZPFs in a quantum 
system located inside a medium with photon absorption, for example, inside a metal. For this, 
however, the emission of photons by atoms is inconvenient, since photons of low energy do not 
emerge from the metal, and the lifetimes of the atom’s excited states are short. For research, it 
is more convenient to isomeric nuclear states that decay by a low-energy conversion transition, 
when nuclear excitation is transferred to the electron shell of an atom with electron emission due 
to inelastic scattering of an atomic electron by an excited nucleus [4]. It was shown in [2] that 
ZPFs stimulate the nuclear conversion transition in the same resonant manner as the transition 
with photon emission. Indeed, the matrix element Se(t) of the conversion transition of energy 
ΔEN = ħω0 is obtained in the second order of the perturbation theory and has the form
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where J2(ω) is the spatial integral of the product of the transition currents of the nucleus and the 
conversion electron, ħωe is the change in the electron energy, the limits of integration over time 
t and t0 are the same as in formula (2). The interaction duration t1 – t0 is of the order of T1/2 of 
the isomeric state and always ΔEN (t1 – t0) >> ħ. Then, in formula (3), the integral over time t2 
gives the δ-function, which provides the resonance in the stimulation of the conversion transition 
by ZPFs. In the case of inelastic scattering of free particles, the condition ΔE (t1 – t0) >> ħ is not 
satisfied and there is no resonance in the transfer of energy ΔE.

Zero-point fluctuations of the EM field (ZPFs) inside the medium

For nuclei in the resonator, where θ(ω0) = 0, according to formula (3), the probability of con-
version transitions of energy ħω0 is equal to zero. For nuclei in a metal, such an effect is possible 
at ħω0 less than ~1 keV, when reflection from the metal is still significant for EM waves with a 
frequency ω0. Metal is the limiting case of a small collapsing resonator and due to the Doppler 
effect upon reflection of ZPFs from the approaching walls of the initial resonator, the frequency 
of ZPFs increases and the energy density dWZPF(ω) of low frequency ZPFs inside the metal 
decreases [5].

For a transparent medium, dWZPF(ω) is given by formula (1) at θ(ω) = nω
3/2 [3], the optical 

refractive index nω < 1 [6]. In a medium with absorption of EM radiation, θ(ω) < 1 as well [3, 5]. 
Metals seem to play a special role, since ZPFs cannot be absorbed by the medium due to transi-
tions between stationary states of atoms (see, e.g., [7]). But dWZPF(ω) can decrease upon interac-
tion with electrons in a continuous energy spectrum, in particular, with conduction electrons in a 
metal. The absorption of ZPFs in a metal is weaker than the absorption of real photons, and edge 
effects for ZPFs can affect deeper layers of the metal than for real photons. 

Another way to reduce dWZPF(ω) inside a medium is possible by increasing the energy of inter-
action between ZPFs and the electrons of the atoms of the medium, if the region of free states 
in the continuous electron energy spectrum expands during phase transitions in the medium [8]. 
Thus, when a crystal is formed from free atoms, the number of allowed electronic states increases 
when continuous energy bands appear for electrons instead of discrete levels of low energy for 
free atoms. After the phase transition, the ZPFs spectrum changes with time due to the diffusion 
of ZPFs into the medium from the free space.

In all considered cases, in the metal θ(ω) < 1 and θ(ω) → 1 with increasing ω. Then, accord-
ing to formula (3), one can expect suppression of conversion transitions of energy up to ~ 1 keV 
for nuclei in a metal. This effect was studied at the Khlopin Radium Institute on several 
nuclear isomers.

Isomeric transition 76 eV of 235mU nuclei in silver

The 235mU isomer is formed in the α-decay of 239Pu and decays into the 235U ground state by a 
conversion transition of energy 76 eV. This transition was studied by many authors; the 235mU recoil 
nuclei emitted from the 239Pu layer were collected in an Ar-atmosphere or in a vacuum onto back-
ings of different metals. It was shown that T1/2 ≈ 26 min and varies within 5% due to deformation 
of the electron shells of isomer atoms or due to scattering of conversion electrons on backings 
atoms. The decay of 235mU in a metal at a depth of d > 100 Å was studied only in [9, 10] using 
the following method. 1) The 1000 Å thick Ag-layer was deposited on the W-backing, then 
235mU recoil nuclei were deposited on this Ag-layer in vacuum or in an Ar-atmosphere, then the 
preparation was again covered with the 1000 Å Ag-layer. To improve the structure of the U – Ag 
system, the preparation was annealed and then divided it into several identical samples. 2) Silver 
was removed from Sample 1 by heating it in vacuum so that the uranium atoms remained on the 
surface of the W-backing, and the decay curve of Sample 1 was measured by detecting 235mU con-
version electrons with a channel electron multiplier. At this time, 235mU in other samples remained 
“buried” in the Ag-layers. 3) Then the silver was removed from Sample 2 and the decay curve 
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Fig. 1. Example of 235mU decay curves in Samples 1 and 2. N is the electron count per 60 s, 
t is the time after the end of 235mU deposition. Asterisks indicate the moments of silver removal 

from the samples. Step ΔN between curves gives T1/2 > 230 min for 235mU inside silver. The normalization 
error for N in Sample 2 (dashed lines) is caused by the 237U activity measurement in the samples. 

Here and below, the errors are at the level of one standard deviation

was also measured for it with the same detector. If the isomeric transition is suppressed inside the 
Ag-layer, then a “step” ΔN is formed between the decay curves of the samples, caused by differ-
ent residence times of 235mU in silver for the samples. The course of the experiments was checked 
by examining the structure of the deposited Ag-layers and the integral spectrum of conversion 
electrons from the samples. Together with 235mU, in the same way 237U nuclei from the 241Pu layer 
were applied to the preparations as an isotopic tag; its activity in the samples was determined by 
237U γ-quanta.

Dozens of experiments were carried out according to the scheme described above. All of 
them showed an excess activity of 235mU for the compared samples, in which 235mU was in silver 
longer. But with the same difference in Δt in the exposure time of Samples 1 and 2 in silver, the 
magnitude of this excess varied, apparently due to insufficient reproducibility of the structure of 
the U–Ag system. The greatest effects were obtained when 235mU nuclei were deposited on the 
preparations in an Ar-atmosphere (Fig. 1), which was possibly caused by a change in the ZPFs 
spectrum during phase transitions in the Ag–U oxide layers at the boundary of the Ag-layers 
upon annealing of the preparations, as was noted in Section 3. When four samples were prepared 
at the same time, for them the accumulation of the “step” effect was observed with time, how-
ever, this accumulation gradually ceased over a time of about 100 min. Whether this saturation 
was due to the diffusion of 235mU nuclei onto the surface of the Ag-layers, or, as discussed in 
Section 3, it was due to the diffusion of ZPFs into the interior of the Ag-layer with 235mU nuclei 
after the phase transition upon annealing of the Ag-layer, this question remained unclear and 
needs further research.

Isomeric transition 2173 eV of 99mTc nuclei in metals

The 99mTc isomer with a period T1/2 ≈ 6.02 h decays via a conversion transition of an energy of 
2173 eV to the underlying state and then to the ground state of the nucleus, emitting a 140 keV 
γ-quantum. T1/2 can be measured with an accuracy of 0.01%, T1/2 variations within 0.1% were 
observed due to deformation of the electron shell of 99mTc atoms. In Ref. [11], an increase in 
T1/2 of the 99mTc isomer was found as it deepens into the matrix of Cu, Ag, Sn, Au, and Pb met-
als. In [11], matrices with 99mTc uniformly distributed over them were used. The 99mTc matrices 
of different sizes were compared in terms of the change in the intensity of 140 keV γ-quanta 
counting with time, using a setup that made it possible to alternately measure γ-spectra from 
four sources. There always has been 99mTc pertechnetate as the reference source. In all cases, 
the observed T1/2 for 99mTc increased with an increase in the matrix size and, accordingly, with 
an increase in the depth of 99mTc in the matrix. The decay curves of 99mTc in Pb-matrices are 
shown in Fig. 2.
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Transition 910 eV of 154mEu nuclei in tin

The 910 eV transition raising from the decay of the 154mEu isomer (T1/2 = 46 min) obtained 
from Sm in the (p, n) reaction at the cyclotron is promising for studying the matrix effect [12]. 
This transition is at the beginning of one of the competing cascades of ~100 keV γ-transitions, 
via which the 154mEu isomer decays. By measuring the relative yield of these γ-quanta, one can 
measure 910 eV transition probability for 154mEu nuclei directly inside the matrix. Another advan-
tage of this transition is that its energy is less than the energy of the 99mTc isomeric transition, and 
the matrix effect for 910 eV transition should be greater than for 99mTc transition. In experiment 
[12], it actually turned out that when thin flat pieces of an Sm-metal containing 154mEu isomers 
are dissolved in Sn-metal, the probability of 910 eV transition decreases by approximately 20% 
compared to the probability for 154mEu chloride.

Study of other nuclear isomers in metals

At the Khlopin Radium Institute the 229mTh, 234mPa, and 244mNp isomers were also studied, 
but they turned out to be inconvenient for experiments. The isomeric transition in the 229mTh 
nucleus has a very low energy ΔE ≈ 8 eV, and the transition probability strongly depends on the 
chemical environment of the isomer; against this background, it is difficult to distinguish the 
ZPFs effects. For 234mPa (T1/2 = 1.17 min), it turned out that the isomeric transition has a very 
high energy ΔE ≈ 2.5 keV, and the matrix effects are too small to observe. For the 240mNp isomer 
(ΔE < 18 keV, T1/2 = 7.22 min), an excess of T1/2 for nuclei in the Ag-metal was observed com-
pared to the Np-chloride, but the complexity of the experiment prevented systematic studies.

Conclusion

The results of the experiments indicate the suppression of conversion transitions of nuclei in 
metals, which cannot be explained only by the deformation of the electron shells of atoms or by 
the scattering of conversion electrons in metals. Qualitatively, the effect corresponds to the sup-
pression of these transitions with a decrease in the ZPFs energy density in metals at the transition 
frequency. Further studies are needed to more accurately elucidate the nature of this effect.
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Fig. 2. Decay curves of 99mТс in Pb-matrices. Y = ln[N(t)·exp(ln 2·t/to)], t is the time, to = 6.02 h, 
N(t) is the count of 140 keV γ-quanta from sources per 3000 s. d is the average depth 
from which 99mTc decay γ-quanta are visible. For the smaller matrix (d = 0.19 mm), 
T1/2 = 6.028 ± 0.002 h,  for the larger matrix (d = 0.23 mm) T1/2 = 6.043 ± 0.004 h



307

Nuclear Physics

© Peter the Great St. Petersburg Polytechnic University, 2023

REFERENCES

1. Weisskopf V.F., Wigner E., Calculation of the natural line breadth on the basis of Dirac's light 
theory, Zs. Phys. Bd. 63 (1930) 54 – 73.

2. Koltsov V.V., On the resonant character of a nuclear conversion transition and the possibility 
of its resonant stimulation, Bull. Russ. Acad. Sci.: Phys. 83 (2019) 1144–1148.

3. Lifshitz E.M., Pitaevskii L.P., Statistical Physics, Part 2, Butterworth-Heinemann, Oxford, 1981.
4. Akhiezer A.I., Berestecky V.B., Quantum Electrodynamics, John Wiley and Sons, 

New-York, 1965.
5. Koltsov V.V., Method for describing the influence of the dielectric properties of the medium 

on the probability of the isomeric transition Е = 3.5 eV in the 229mTh nucleus, Bull. Russ. Acad. Sci.: 
Phys. 64 (2000) 447–451.

6. Henke B.L., Gullikson E.M., Davis J.C., X-ray interactions: photoabsorption, scattering, 
transmission, and reflection at E = 50-30000 eV, Z = 1-92, ADNDT 54 (1993) 181–342.

7. Schiff L.I., Quantum Mechanics, McGraw-Hill Inc, New York, 1955.
8. Koltsov V.V., On resonant influence of matrix with isomeric nuclei on isomeric transition 

probability. Proc. Int. Conf. “Nucleus-2018”. Dubna, Russia, July 1-5, (2019) 176.
9. Koltsov V.V., Rimskii-Korsakov А.А., Influence of the electro conducting environment on the 

decay of the 235mU isomer, Bull. Acad. Sci. USSR. Phys. Ser. (USA) 53 (1989) 21–24.
10. Vorjhalov O.V., Zaitzev E.A., Koltsov V.V., Rimskii-Korsakov А.А., The study of the decay of the 

235mU isomer inside a conducting medium, Bull. Acad. Sci. USSR. Phys. Ser. (USA) 56 (1992) 30–38.
11. Koltsov V.V., Suglobov D.N., Masherov L.G. et al., New data on the decay constant of the 

99mTc isomer in tin and lead matrices, Bull. Russ. Acad. Sci.: Phys. 64 (2000) 451–455.
12. Koltsov V.V., Rimskii-Korsakov А.А., Karasev V.V., Influence of a metallic matrix on the 

probability of the transition at 910 eV in 154Eu nuclei, Bull. Russ. Acad. Sci.: Phys. 80 (2016) 884–887.

THE AUTHOR

KOLTSOV Vladimir V. 
vladimir-koltsov@yandex.ru
ORCID: 0000-0003-1412-2757

Received 24.10.2022. Approved after reviewing 22.11.2022. Accepted 23.11.2022.


