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Abstract: The excess energy emitted during the positronium (Ps) formation in condensed matter may be released as
light. Spectroscopic analysis of this light can be a new method of studying the electronic properties of materials. We
report the first experimental attempt, according to our knowledge, to verify the existence of this emission process. As
a result, the possibility of the emission of photons during Ps formation is within the experimental uncertainty in two
different solids: an n-alkane and porous silica. However, it seems that the Ps formation on the alkane surface is not
accompanied by the emission of photons with energy in the detection range of 1.6 – 3.9 eV. Various processes that
can influence the energy of the photon emitted during the Ps formation are discussed to elucidate this issue. To aid
future experiments, equations were developed to estimate the expected ratio of light emission events to annihilation
events with the presence or absence of a photon during the Ps formation.
Introduction: Production of exotic atoms is a task undertaken as part of basic research, e.g. to verify physical
theories [1–4]. These atoms are also used as tools of contemporary applied physics. One of the exotic atoms is the
Ps, whose properties in vacuum are quite well known [5, 6]. However, its complex behavior inside matter is still dis-
cussed since it is used as a non-destructive probe for studying the size of free volumes (e.g. inter-molecular spaces or
pores) [7]. Furthermore, the positron annihilation phenomenon allows functioning of Positron Emission Tomography
which is one of the most influential techniques in medical diagnostics [8].
In this paper, we present the results of the experimental verification of the generation of photonic luminescence during
the Ps formation in condensed matter. This phenomenon is closely associated with studies of the controlled emission
of single photons used in optoelectronics [9]. The experiment is supported by previous theoretical calculations of the
energy range of light quanta expected to be emitted in this process in alkanes [10,11].
In many investigations, the Ps in a solid is regarded to be an atom identical to that in vacuum. It is formed from a
quasi-free e+ – e− pair that localizes in a free volume [12]. However, the time evolution of the Ps state in a solid is
a complex issue where estimation of the energy thereof should be done with care. Especially, the interaction of the
e+ – e− pair near the free volume should be discussed as a many-body problem. Due to the interaction screening
(caused by permanent dipole moments or by polarizability), the constituents of this pair are loosely bound when
they diffuse through the bulk toward the free volume. In turn, their interaction with the surrounding molecules may
be described as a trapping process [10]. Furthermore, the similarity of the Ps in a free volume to the vacuum Ps
depends on coupling strength with surroundings. In fact, the Ps bond energy is modified due to the interaction of its
constituents with the wall of a free volume with a sufficiently small size [11,13]. The interaction with the wall should
not be neglected for radii of free volumes smaller than about 5rPs (rPs – the effective Ps Bohr radius).
The formation of the Ps state is a spontaneous (energetically profitable) process for most substances. When the e+

– e− pair enters the free volume the Ps starts to exist as a bound system in the potential well and an excess energy
is released [11]. This energy can be released as light (UV and Vis region, e.g.: about 3.5 eV for typical alkane [10]).
Obviously, the energy of the emitted quanta is in relation to the binding energy of electrons in the sample.
In general, the photonic deexcitations compete with the phononic ones [14,15] but the probabilities of these processes
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depend on the sample properties. The possibility of phononic deexcitations is not obvious in the molecular crystals
of alkanes due to the low value of the melting transition enthalpy which is about 40kJ/mol for a typical alkane [16].
This implies that the estimated energy can cause local melting when it dissipates into the surrounding of a free
volume (imparting it with a few molecules forming the wall of a free volume). However, there is no experimental
confirmation of such a phenomenon at this time.
In practice, the presumed emission of light quanta related to the Ps formation is always accompanied by the emis-
sion of near-UV light due to the sample irradiation by positrons [17, 18]. Positrons are usually available from a β+

radioisotope or from positrons generated via pair production, especially delivered in a positron beam. In both cases
they lose the kinetic energy (of the order from a few to hundreds of keV) producing ion-electron pairs and orbital
electronic excitations. Light is emitted as a consequence of deexcitations of these species. Additionally, Cherenkov
radiation is emitted by positrons or electrons with kinetic energy greater than about 0.2 MeV [19] for substances with
a refractive index characteristic for alkanes and silica. Furthermore, recently, intensified luminescence (compared to
that stimulated by electrons with the same energy) of β+ irradiated samples has been observed [20]. Additional light
is emitted due to the Auger process, which is related to the positron annihilation with a core electron.
Our attempt to observe the emission of light during the Ps formation gives new insight into the physical processes
accompanying positronium formation in condensed matter. Additionally, the spectroscopy of light emitted during Ps
formation should be able to provide information about the electronic properties of condensed matter. In this way,
the method would extend the capabilities of the classical positron annihilation spectroscopy.

Experimental setup: Prior to the beam experiment, positron annihilation lifetime spectroscopic (PALS) mea-
surements were performed using a 22Na radioisotope source (0.2 MBq). Two scintillation detectors equipped with
BaF2 scintillators and Hamamatsu H3378-50 assemblies were coupled with a two channel Agilent U1065A digitizer
with a sampling rate of 4 GS/s and 10-bit resolution. The digitizer was triggered by a custom-made fast coincidence
unit. The digitized impulses were analysed [21] in-flight providing positron lifetime spectra. The samples were placed
in the sandwich geometry in the vacuum chamber (pressure below 10−4 Pa) at room temperature. Over 20M counts
were collected.
Subsequently, to avoid a high light background produced by energetic positrons, the MePS positron beam at ELBE
was used as a source of slow positrons [22]. The energy of the electron beam was 33.2 MeV, its intensity – 98 pA,
and the repetition rate – 1.625 MHz with a 615 ns bunch spacing. It produced a 2 keV positron beam.
The annihilation radiation was detected using a CeBr3 scintillator coupled with a photomultiplier. The UV-Vis
photons were detected using a 6x6 mm2 Hamamatsu S13360-6075PE silicon photomultiplier (SiPM) with photon
detection efficiency above 20% in the wavelength range of 330–800 nm (1.6–3.8 eV) and a peak sensitivity at 450 nm.
It was mounted on a fluid cooled preamplifier board fitted on a stainless steel flange.
Cooling of the flange with a light detector and the sample was supplied by a Fryka DLK 632 cooling unit with HKF
15.1 fluid operated at -12◦C, which resulted in a temperature of the sample of about -2◦C.
Signals from the detectors were collected by an Agilent U1065A 4 channel digitizer with 10-bit resolution. Three
channels were used for registration – the logical signal for electron beam pluse time reference (referred as RF), the
analog signal for annihilation events (CeBr3), and the analog signal for photon events (SiPM). Triggering with the
SiPM signal resulted in about 640k waveforms (for each of all 3 channels) per hour. All three signals were digitized
with the sampling frequency of 2 GS/s (0.5 ns sample interval) and a waveform time length of 800 ns. 1.5M events
were recorded for each sample. The Dynamic Range (DR) was 40 for the signal in the CeBr3 channel and 105 for
RF. Thanks to the cooling system, the DR value for the photon detector channel was 20. The collected data were
analyzed by a custom-made software written in C++.
The samples had a form of 0.5–1 mm plates fixed with carbon tape on their edges to the active area of the light
detector. Two different samples were used. The first one was n-octacosane which forms a polycrystalline molecular
structure and is semi-translucent in the Vis region. In this sample, the cavities where the Ps is formed, are mainly
inter-lamellar gaps with a thickness less than 0.2 nm [7] and volumes formed by the bent parts of molecules forming
non-planar conformations (kink and gauche conformers). The second sample was porous silica with a typical pore
diameter of about 4 nm [23]. The silica sample is almost fully translucent in the Vis region. The samples differ in
both physical and chemical properties. The advantage of using the alkane and silica samples is that the probability
of the Ps formation is relatively high in both.

Data analysis: The amplitudes of CeBr3 signals (fig. 1) are related to the energy deposited in the detector by
a single annihilation quantum. Differently, detection of each light photon in the SiPM detector is followed by for-
mation of a signal with nearly the same amplitude and a shape and, consequently, the same area. Many of the
multi-photon SiPM signals are separated in time by tenths of ns and easily distinguished. However, there are often
several signals arriving almost simultaneously. Their summed amplitude gives information about the number of light
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Sample/(positron source) I1 (%) τ1 (ns) I2 (%) τ2 (ns) I3 (%) τ3 (ns) I4 (%) τ4 (ns) I5 (%) τ5 (ns)

n-octacosane (beam) 35.1(2) 0.1(1) 41.4(2) 0.4(1) 18.2(1) 1.4(2) 1.9(4) 7.2(6) 3.3(4) 57.9(9)
n-octacosane (22Na) 31.0(4) 0.2(1) 42.0(4) 0.35(5) 27.0(4) 1.4(1) - - - -
silica (beam) 51.2(7) 0.3(1) 17.3(7) 1.1(2) 2.4(4) 5.4(9) 1.6(6) 27(3) 27.5(7) 80(1)
silica (22Na) 52.4(3) 0.17(5) 22.5(2) 0.55(5) 2.2(2) 3.6(1) 1.7(7) 24.4(3) 21.2(6) 51.0(2)

TABLE I: Lifetimes and intensities for n-octacosane and silica samples obtained with the slow positron beam and
the 22Na radioisotope.

as the ortho-Ps annihilation in the interlamellar gaps. However, the respective intensity I3 is much smaller in the
experiment with the positron beam. Additionally, some additional long-lived components which are unobserved with
the 22Na radioisotope, appear in the spectrum obtained with the beam. This discrepancy can be explained assuming
that, due to the small energy of incident positrons from the beam, some fraction of the Ps is formed on the surface of
the sample or very close to it. Then, the Ps can migrate outside the sample and annihilate in vacuum with a lifetime
of 142 ns, which is underestimated in the experiment due to the Ps movement away from the detector. Additionally,
some small fraction of positrons can be scattered from the sample surface and annihilate outside in the chamber
housing. They contribute to the spectra depending on their time of flight.
In the case of the silica, the discrepancies between the results of the measurements with the radioisotope and the
beam positron source are also caused by the small implantation range of slow positrons. The dominant Ps fraction is
formed in mesopores of the silica. If the radioisotope source is used this fraction also annihilates in mesopores with a
characteristic lifetime τ5 of about 51 ns. However, if the positrons come from the low-energy beam the lifetime of this
component becomes 80 ns which suggests that it is related to Ps or e+ annihilating outside the sample. Assuming
this [26], the larger lifetime for the silica than for the alkane suggests that the velocity of the migrating Ps is smaller
in the former case. This is reasonable, because Ps leaving pores can lose part of its energy while scattered on pore
walls. Alternatively, from the quantum-mechanical point of view, Ps has zero-point energy, which is converted into
kinetic energy, which is lower in larger cavities (i.e. mesopores).
The components with lifetimes τ3 and τ4 are related to the annihilation in micropores. Their parameters are difficult
to distinguish precisely from of the long-lived fifth component with high intensity even in the case of the radioisotope
experiment due to their low intensity and the statistical dispersion.
To select events related to the Ps formation only, the information from the positron annihilation lifetime spectra was
used (insets in fig. 3). The free positron lifetimes are about 0.3 ns in the n-octacosane and 0.5 ns in the silica, thus
only the Ps can survive longer than several nanoseconds. Therefore, the choice of events with annihilation events
occurring above some time threshold assures that they are related only to the Ps formation and annihilation. This
time range, i.e. from t1=2 ns to t2=200 ns, was chosen arbitrarily from the possibly smallest value that assures
negligible contribution from free positrons and to minimize statistical dispersion of the results.
The photon time-of-emission spectra for photons accompanying any positron (both unbound and bound in the Ps)
and these associated with the long-lived Ps fraction only are shown for the n-octacosane and the silica in fig. 3. The
presented spectra are limited to events with a single peak in the SiPM channel, which allowed us to find the time
with good accuracy. For both samples, the photon time-of-emission spectra have a peak whose position correlates
with the time of positron implantation. Furthermore, the wide region of approximately homogeneously distributed
uncorrelated events (preceding and following the positron implantation time) forms a plateau visible in the figure on
the left and on the right from the peak.
To determine if there are additional light photons related to the Ps formation, two count ratios are defined,
L = LPs/Le+ , where: LPs and Le+ are numbers of light photons related to the selected long-lived Ps fraction
and to all positrons, respectively, and A = APs/Ae+ , where: APs and Ae+ are numbers of annihilation quanta re-
lated to the same long-lived Ps fraction and to all positrons, respectively.
The Ae+ and APs can be obtained from the positron annihilation lifetime spectra by summing all counts and the
counts in the time region 2–200 ns, respectively. The Le+ and LPs are calculated as proportional to the area under
photonic signals in all events and events accounted in APs, respectively. The amplitude range of the CeBr3 signals
that were taken into account included the 511 keV peak and the Compton scattered γ events whereas the amplitude
range of the SiPM signals spreads from the single-photon to the four-photon events (see fig. 1). Applying the data
from our experiment, the L and A ratios are A=0.09479(5), L=0.0942(3) for the n-octacosane and A=0.3227(5),
L=0.3225(5) for the porous silica which give the L/A ratio of 0.994±0.001 for the n-octacosane and 0.999±0.001
for the porous silica. The result does not change substantially when the range of the CeBr3 amplitudes is restricted
(e.g. taking annihilations from the region of 511 keV peak only), which proves that the different detection efficiency
of two and three photon annihilation does not influence the result. Also, changing the SiPM amplitude (e.g. taking
one-photon events) or the accepted photonic emission time range does not influence the results significantly.

4



FIG. 3: Light time of emission spectra for photons accompanying all positrons (gray) and the long-lived Ps fraction
(black) for n-octacosane (left) and silica (right). The time histograms of annihilation quanta (positron annihilation
lifetime spectra) are shown in respective colors the insets.

Discussion: The coefficients A and L can be estimated parametrically using obtained annihilation intensities and
lifetimes (tab. I) in the equation

A =

∑5
i=1 Ii(e

−t1/τi − e−t2/τi)
∑
i Ii

(3)

which gives A=0.10(1) for the n-octacosane and 0.31(1) for the silica.
To estimate the value of L, it was assumed that ηi are mean values of photons produced by the i-th fraction of
energetic positrons during their thermalization whereas δi is the number of extra photons produced per single Ps
formation. Then

L =

∑5
i=1 Ii(ηi + δi)(e

−t1/τi − e−t2/τi)
∑
i(ηi + δi)Ii

. (4)

It can be assumed that, for any fraction of the free e+, ηi has the same value of η. However, in the case of the Ps, one
of the quasi-free electrons is taken for the Ps formation and does not produce a photon. The value of this expression
vary with changes in η and δ.
The simplest case is when no additional photons are produced during the Ps formation. With reference to the con-
stituents shown in tab. I and additionally assuming a lack of additional photon production during the Ps formation,
we set δi = 0 for all i-constituents and η2=η and ηi = η− 1 otherwise. The η parameter may vary from tens to a few
hundreds. In particular, L=0.09(1) for the octacosane and 0.31(1) for the silica if η=20. In general, L/A is a function
of η shown in fig. 4. The comparison of the experimental results presented in the ”Results” section with the L/A(η)
curve allows us to conclude that there is no emission of photons during the formation of the Ps only if the emission
of approx. 60 de-excitation photons for the n-octacosane and over 100 for the porous silica occurs. Since a rather
lower number of de-excitation photons is expected, it appears that the formation of at least some Ps is accompanied
by photon emission.
To obtain more detailed information about the L/A value for various fractions of annihilating positrons, L/A(t)
was calculated as a function of the positron annihilation time, i.e. tCeBr3 (fig. 5). Linear functions fitted to the
experimental data allow estimation of the average L/A value as a function of time, despite the quite large scatter of
individual experimental points. It is equal to 1 within the experimental uncertainty over the entire time range for the
silica (fig. 4). Remembering that one of the electrons from the ionization track is involved in the Ps formation and
does not produce a deexcitation photon, the absence of photon deficiency suggests that an additional light photon
with energy in the detection range is emitted during the Ps formation.
The positron implantation profiles for porous silica and polymers, which are representative for our samples, are well
known [27–29]. The median implantation depth is tenths of nm for a 2 keV positron. Consequently, most positrons
form Ps in the bulk well below the surface. Nevertheless, in silica, the energetic conditions for the Ps formation on
the surface of pores are similar to these on the outer surface of the sample. The equilibrium energy of the formed Ps
is slightly higher than in vacuum (i.e. about 0.06 eV more, averaged over occupied energy levels in a 4nm pore) but
much lower than in n-octacosane (i.e. even 1.26 eV more for a spherical geometry) [30].
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FIG. 4: Expected value of L/A for n-octacosane (left) and silica (right) as a function of the number of background
photons η (solid line), assuming that the probability of producing an extra photon given by the formulas (4) is δ=0.
The bold dashed line and the shaded area indicate the value obtained in our experiment, including the uncertainty
range.

FIG. 5: L/A for n-octacosane and silica, respectively, as a function of time tCeBr3 of the corellated annihilation γ
emission. The solid line is a least square approximation of this function whereas the dashed lines denote a range of
the approximation including standard deviation. The error for each point is indicated by vertical bars.
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The scenario of the Ps formation and annihilation in the same cavity is correct for alkanes where the free volumes
are well separated and the transition from one free volume to the other is hardly possible. In porous silica, the free
volumes are interconnected, which means that Ps can migrate easily from one cavity to another. During the Ps
formation, a part of the excess energy is converted into kinetic energy and allows Ps to migrate through the pores.
Since the entrances to the pores are located on the silica surface the Ps is able to migrate toward the surface and
escape from the sample before its annihilation [27,31]. This process occurs for all Ps formed in mesopores from 2 keV
positrons, which confirms the absence of a component with a lifetime specific for pores in the positron annihilation
lifetime spectrum for silica. In addition, there is high probability of the Ps formation from the surface state (21%
of implanted positrons) because the internal surface of the pores in silica is very large [23]. The similar history of
nearly all positrons that annihilate after a long time explains the lack of L/A dependence on time.
The systematic decrease in the L/A(t) with the positron annihilation time for the n-octacosane suggests a light
photon deficiency for long-lived positrons. The comparison of L/A(t) with the positron annihilation lifetime spec-
trum (inset in fig. 3) indicates that the photon deficiency concerns mostly low-intensity components with lifetimes
of 7.2 ns and 57.9 ns, which are ascribed to positronia formed on the sample surface or close to it. In the time
range of 14-200 ns, in which only these components make a significant contribution to the spectrum, the L/A is
only 0.988±0.001. Although the positronium cannot migrate in the n-octacosane, a fraction of implanted positrons
(about 5%) can migrate to the surface during thermalization in a diffusive way without forming a bound state with
an electron [32]. These positrons can form Ps in the molecule-thick surface layer, in which both the positron and
electron are less screened by induced dipoles. The initial state for these particles is more strongly bound and the
final state can be a vacuum level, which is over 1 eV lower than the ground level of the Ps in the bulk alkane. Thus,
the transition of the e+ – e− pair to the Ps state gives less excess energy, which may be outside the detection range.
Another process influencing the number of emitted photons is the formation of a bound state of a non-thermalized
positron and a molecule, which may be more probable on the sample surface. Consequently, some energy is not
transferred to ionizations and excitations, causing photon deficiency. Then, the excess energy of both excitation and
Ps formation can be released as a light photon, but the summed energy would be comparable to the energy of the
Ps formation in a vacuum (6.8 eV), which is outside the detection energy range.
The L/A ratio is much closer to 1 (0.996±0.001) in the time range of 2-14ns, where the contribution from the compo-
nent related to Ps annihilation in bulk n-octacosane dominates. The difference between the value of L/A and 1 agrees
very well with the 30% contribution in this time range of the two longest-lived components for which L/A=0.988
was calculated previously. Therefore, it can be assumed that L/A is nearly 1 for the Ps formed in bulk n-octacosane
suggesting the emission of an additional photon with energy in the detection range during the Ps formation.

Conclusions: Our experiment did not confirm unquestionably an additional light emission related to the Ps in
the wide wave length range (about 330-800 nm). However, assuming that one of the electrons from the ionization
track is used in the Ps formation, the same number of photons for unbound positrons and positronium suggests
that the missing photon from de-excitation is compensated for by the photon emitted during the Ps formation. The
formulas (3) and (4) presented above allow estimation of the expected ratio of light emission events to annihilation
events (L/A) with the presence and absence of a photon during Ps formation for different positron annihilation
lifetimes. This allows choosing a sample with the best possible L/A dependency on the number of deexcitation
photons and designing an experiment whose results will have uncertainties small enough to determine indisputably
if light emission accompanies the Ps formation. In addition, some theoretical considerations should be discussed to
help verify the current result in the future.
The energy difference between the initial and the final state during the Ps formation may be out of the measured
range of 1.6 – 3.9 eV. The most difficult to calculate and verify is the initial state energy. It was assumed here that
the e+ and e− particles are screened by the dipole field of traps whose structure cannot be changed permanently due
to the stable position of molecules in the molecular structure. If this assumption is inaccurate, the increase in the
potential energy in the time scale of the e+ – e− pair transition into a free volume would be a continuous process
and, possibly, the energy emission would not proceed in a stepwise mannner. In this case, a more probable way of
the release of the excess energy would be molecular vibrations. Perhaps, the temperature decrease can reduce the
dipole relaxation capability and make the stepwise transition more likely.
The second issue is related to the final state of the pair. The size of the cavities in the silica is large enough to allow
formation inside the vacuum-like Ps. However, for the n-octacosane, the pair should be considered as a confined one
and its binding energy would not be as large as in the vacuum atom. In this case, a lesser energy excess is expected.
To verify this, changing the detection range of the photon energy towards the infrared region could give a positive
result.
Furthermore, before entering the free volume, both the e+ and e− should be regarded as particles in the potential
well made by particular molecules. The particles are localized in the local minima of the potential and their escape
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from one molecule to the other requires positive work. Especially, in the case of alkanes, molecules interact by weak
van der Waals interactions. The transition of e− and e+ toward the free volume from the vicinity of one molecule
to the other one becomes difficult and requires work against the field of valence electrons. Therefore, the transition
toward the free volume may, in general, require additional energy for transitions through a set of potential steps. In
this regard, there is a process of changes in molecule conformations (kink and gauche conformers [33]) stimulated
by the thermal energy (meV) in alkanes. Additional structural changes of these molecules are possible due to the
e+ – e− excess energy during Ps formation. These processes diminish the difference between the initial and final
state energy during Ps formation and thus the energy of the hypothetical photons. Possibly, a less energy-expensive
transition process may be found for other compounds.
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[21] F. Bečvář, J. Čižek, and I. Procházka, “High-resolution positron lifetime measurement using ultra fast digitizers
acqiris dc211,” Appl. Surf. Sci., vol. 255, 2008.

[22] A. Wagner, M. Butterling, M. Liedke, K. Potzger, and R. Krause-Rehberg, “Positron annihilation lifetime and
doppler broadening spectroscopy at the elbe facility,” AIP Conf. Proc., vol. 1970, p. 040003, 2018.

[23] A. Sienkiewicz, A. Kierys, M. Gorgol, and R. Zaleski, “Porosity of silica monoliths with tailored mesopores of
ink-bottle shape determined by nitrogen adsorption and positron annihilation lifetime spectroscopy,” Acta Phys.
Polon. A, vol. 132, pp. 1568–1571, 2017.

[24] W. Press, S. Teukolsky, W. Vetterling, and B. Flannery, Numerical recipes in C++ : the art of scientific com-
puting. Cambridge University Press, 2nd ed., 2002.

[25] J. Kansy, “Microcomputer program for analysis of positron annihilation lifetime spectra,” Nucl. Instrum. Meth-
ods. Phys. Res. A, vol. 374, 1996.

[26] D. W. Gidley, H.-G. Peng, and R. S. Vallery, “Positron annihilation as a method to characterize porous mate-
rials,” Annual Review of Materials Research, vol. 36, no. 1, pp. 49–79, 2006.

[27] A. van Veen, R. Escobar Galindo, H. Schut, S. Eijt, C. Falub, A. Balkenende, and F. de Theije, “Positron beam
analysis of structurally ordered porosity in mesoporous silica thin films,” Mater. Sci. Eng. B, vol. 102, pp. 2–7,
2003.
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