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Abstract

Positrons are antiparticles of electrons that can serve as ultrasensitive 
probes of atomic-level structural detail in materials. When positrons 
annihilate with electrons, characteristic γ-rays are produced. 
Positron annihilation spectroscopy is based on the detection of the 
γ-photons emitted in the positron–electron annihilation process, 
and experimental methods analyse the time, energy and angular 
distributions of these γ-photons. In crystalline solids, the selective 
sensitivity of positrons to vacancy defects allows one to identify 
their structure and to determine their concentrations and physical 
properties in a wide range of materials. This Primer presents techniques 
in positron annihilation spectroscopy, evaluates the typical results 
obtained and highlights recent advances across various fields, ranging 
from point defects and porosity in solids to material surfaces and 
interfaces.
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momentum and hence the annihilation rate is much slower correspond-
ing to a lifetime of ≅τ 142 ns. As a consequence, the dominant o-Ps 
annihilation channel in matter is a pick-off process where the positron 
annihilates with an electron from the surroundings, resulting in life-
times in the nanoseconds to tens of nanoseconds regime. Ps can bind 
an additional electron to form a negative ion Ps–, which annihilates with 
a lifetime τ = 500 ps. The annihilation process of the free electron and 
positron is dependent on the structure of the positron–electron 
many-body system, and the corresponding lifetimes in solids are typi-
cally in the range τ = 100–500 ps. Similarly to the self-annihilation of 
p-Ps, the free positron annihilation results in the emission of two 
γ-photons, each carrying the energy equivalent to the rest mass of one 
of the two particles (that is, 511 keV; Fig. 1b).

Low-energy positron interactions with atoms and molecules are 
characterized by strong correlations, including polarization of the 
molecular electron cloud, screening of the electron–positron Cou-
lomb interaction and virtual-Ps formation (that is, back-and-forth 
tunnelling of an electron between the atomic ion and the positron). 
These interactions lead to binding of positrons to many atoms and 
molecules, enhancement of positron annihilation rates, and modifica-
tion of the scattering properties and energy spectra of the annihilation 
photons. Energetic positrons entering gaseous, liquid or solid matter 
(or a plasma) rapidly lose their kinetic energy and eventually thermalize 
via collisions and electronic excitations, or through phonon emission 

Introduction
The positron is a fundamental particle — the antiparticle of the  
electron — with equal mass and opposite charge (where the charge, q, 
is equal to +1 e, one elementary charge). The discovery of the positron 
coincided with the development of quantum mechanics, with seminal 
papers by P. A. M. Dirac, J. R. Oppenheimer and C. D. Anderson from 
the late 1920s and early 1930s1–6 (Box 1). Although the positron is a 
stable particle, upon interaction with an electron, the two particles 
will annihilate each other and release electromagnetic radiation  
in the form of γ-photons with total energy, E, equivalent to 
E m c2 1.022 MeVe

2≅ ≅  (where me is the electron mass and c the speed 
of light in vacuum). Positron–electron annihilation was eagerly studied 
throughout the 1940s and 1950s, and several experimental methods 
were developed for this purpose7–10.

The positron and electron can annihilate in a state where they are 
not bound to each other (called free positron annihilation) or, depend-
ing on their environment, can form a bound hydrogen-like state called 
positronium (Ps). para-Positronium (p-Ps) is a singlet spin state (1S0) 
with antiparallel electron and positron spins, whereas ortho- 
positronium (o-Ps) is a triplet (3S1) state with parallel electron and 
positron spins (Fig. 1a). p-Ps annihilates predominantly via the emission 
of two γ-photons of equal energy (511 keV each) at a rate of λ = 8 × 10 s9 −1 
corresponding to a lifetime of τ λ= = 125 ps−1 . o-Ps annihilation requires 
the emission of at least three γ-photons to conserve angular 

Box 1 | Historical developments in positron annihilation spectroscopy
 

1928: P. A. M. Dirac publishes The Quantum Theory of the Electron 
noting that the negative energy solutions are challenging to interpret1.

1930: in a follow-up paper, Dirac suggests that the holes in the 
distribution of negative-energy electrons could represent protons2.

1930: J. R. Oppenheimer publishes On the Theory of Electrons and 
Protons and concludes: “There are several grave difficulties which 
arise when one tries to maintain the suggestion that the protons are 
the gaps of negative energy, …”3.

1931: in a subsequent paper, Dirac concludes: “A hole, if there 
were one, would be a new kind of particle, unknown to experimental 
physics, having the same mass and opposite charge to an electron. 
We may call such a particle an anti-electron.”4.

1932: C. D. Anderson publishes his unusual findings in 
cloud-chamber observations of cosmic rays: “For the interpretation 
of these effects it seems necessary to call upon a positively charged 
particle having a mass comparable with that of an electron…”5.

1933: in a follow-up paper, Anderson names the newly found 
particle a positron: “It is concluded, therefore, that the magnitude 
of the charge of the positive electron which we shall henceforth 
contract to positron is very probably equal to that of a free negative 
electron which from symmetry considerations would naturally then 
be called a negatron.”6.

1934: theory suggests the existence of a bound positron–electron 
state260.

1942: the first angular correlation experiments of annihilation 
quanta are published7.

1945: the bound positron–electron state is named positronium261.
1946: the theory of positron–electron bound states is extended to 

polyelectrons, known as Ps− and Ps+ three-particle bound states262.

1949: the theory of positrons leads to the development of 
quantum electrodynamics263.

1949: the first measurement of deviation from collinear angular 
distribution of annihilation quanta is published8.

1949: the first positron lifetime measurement is published9.
1951: experiments prove the existence of positronium through 

three-quantum decay, which leads to the discovery of strong positron 
attachment to certain polyatomic molecules208,264.

1953: positron emission tomography is developed and the first 
clinical positron image of a patient with a recurring brain tumour is 
published220.

1957: the results of the first spin-resolved positron annihilation 
experiment are published10.

1958: S. Berko and J. S. Blaskett give a theoretical description of 
the wavefunction of a delocalized positron in a crystal lattice265.

1967: positron trapping at defects is discovered in experiments90.
1968: the first measurements of Doppler broadening of 

positron–electron annihilation radiation are published266.
1970: C. H. Hodges gives a theoretical description of positron 

trapping and the trapped state in a solid267.
1976: the first coincidence Doppler broadening measurements are 

published268.
1988: the first measurements of positron-induced Auger electrons 

are published29.
1990s and beyond: expansion of the use of positron annihilation 

spectroscopy with widespread foundational developments of 
experimental methods and instrumentation, theoretical models and 
computational approaches.
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in solids. The thermalized positrons easily form Ps with the electrons if 
the surrounding system contains a large concentration of voids, such 
as molecular and porous matter, making p-Ps and o-Ps annihilation 
important in these cases. In the periodic lattice of a perfect crystalline 
solid, the ground state of a thermalized positron is a Bloch-like state 
delocalized in the interstitial space owing to strong Coulombic repul-
sion between the positron and the atomic nuclei. Most experiments are 
set up in a way that at any given time only a single positron interacts 
with matter. Interruptions in the periodicity (such as defects) can lead 
to the localization of the positron, and in particular vacant lattice sites 
are efficient traps with typical binding energy of the order of 1 eV. The 
positron state as well as the atomic and electronic structures determine 
the annihilation rate, the energy and the angular spectra of the annihila-
tion radiation, making them key spectroscopic signals. The annihilation 
process corresponds to the annihilation of a free positron and electron, 
but the characteristics are strongly modified by the environment. At 
the surface of a solid (such as the solid–vacuum interface), the positron 
may be re-emitted to the vacuum, trapped in a surface state or form Ps.

The purpose of this article is to introduce the set of methods collec-
tively called positron annihilation spectroscopy (PAS)11,12, with a focus 
on applications in crystalline solids13–21. The experimental methods are 
based on detecting the γ-photons emitted in the positron–electron 
annihilation process, and analysing their time, energy and angu-
lar distributions. Importantly, the positron state in a solid and the 
positron–electron annihilation characteristics can be also modelled 
with first principles approaches, and the results can be compared 
with experimental data. An accurate theoretical description of the 
positron–matter system is, however, a challenging many-body prob-
lem, and theory has typically lagged behind experiments. The selec-
tive sensitivity of positron-related methods to vacancy defects allows 
for determination of vacancy structure and concentrations within 
a wide range (10 ppb to 100 ppm). As a general rule, positron trap-
ping at vacancy defects leads to a reduced overall annihilation rate 
(increased lifetime) and a narrower energy and angular distribution 
of annihilation radiation. PAS can be applied to bulk samples as well as 
thin films, and there are no restrictions on the physical characteristics 

such as electrical conductivity or optical properties of the studied 
material. In semiconductors, the sensitivity to the charge states of 
the defects allows one to combine functional and structural informa-
tion. Positron annihilation can also be used to monitor atomic-scale 
structures on surfaces, in nanostructured and porous systems, and in 
biomatter22,23. Although polymers and liquids can be studied with PAS23, 
this Primer focuses on its application to solids. In this Primer, we give 
an overview of the various PAS techniques. We start with examples of 
applications in crystalline semiconductors, metals and ceramics, dis-
cussing radiation damage and spin-related phenomena. We continue 
with materials with more complex atomic structures, such as hybrid 
perovskites and metal–organic frameworks. We also discuss positron 
annihilation-based methods applied to surface phenomena (positron 
annihilation-induced Auger-electron spectroscopy; Fig. 1c) and to 
medical imaging (positron emission tomography). Finally, we give a 
brief overview of the anticipated future developments in PAS.

Experimentation
This section provides a brief overview of the experimental set-ups 
using positrons either from isotope sources or produced at large-scale 
facilities. Safety considerations and sample preparation are also dis-
cussed. The main measured quantities include positron lifetime, Dop-
pler broadening and angular correlation of the annihilation radiation, 
and positron annihilation-induced Auger electrons are described.

Facilities
Table top. Positrons can be generated by using radioisotopes that 
undergo β+ decay. In these radioisotopes, the emitted positrons exhibit 
a continuous energy spectrum owing to the distribution of energy 
between the positron and the co-emitted neutrino, typically ranging 
in mean energy up to hundreds of kiloelectronvolts. In some radio-
isotopes, the daughter nucleus is left in an excited state and emits a 
de-excitation γ-ray, known as the ‘start photon’, almost simultane-
ously with the positron. The most commonly used β+ radioisotope 
for positron annihilation experiments is 22Na, which has a half-life of 
2.6 years and decays into 22Ne* that subsequently decays into 22Ne in 
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Fig. 1 | Overview of positron annihilation processes. a, A schematic 
representation of para-positronium (p-Ps) with total spin S = 0, ortho-
positronium (o-Ps) with total spin S = 1, and associated γ-ray emission in the 
annihilation process. b, A schematic of free positron annihilation in a sample 
with associated measurables including positron lifetime, Doppler broadening 

and angular correlation, where E is the total energy. c, A schematic of positron 
annihilation-induced Auger emission where γ is the annihilation γ-photon, 
EAuger is the energy of the Auger electrons, Ex, Ey and Ez are the energy levels of 
the electrons participating in the Auger process, and φ is the electron work 
function. τ, positron lifetime.
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only ≈3.7 ps by emitting a 1,274-keV γ-ray. To create a positron source, a 
small amount of β+ radioisotope (≈1 MBq activity) is sealed between two 
thin (a few micrometres) metal or polymer foils24. This source is placed 
between two sample pieces during measurements, allowing emitted 
positrons to penetrate the sample up to 1 mm depth, with the extent 
of the exponential stopping profile depending on the mass density of 
the material (Fig. 2a). A small fraction of positrons annihilate within the 
source and covering foil, which is known as the ‘source contribution’ 
and must be accounted for in data analysis25.

Isotope-based beams. For studying near-surface phenomena in 
materials, the positrons emitted by a radioisotope can be moderated 
by using solid noble gases (such as neon) or heavy metal elements 
(such as tungsten) that have a negative work function for positrons15,22. 
In these slow positron beams (also known as variable-energy positron 
beams), the mono-energetic positrons emitted by the moderator are 
re-accelerated to energies in a typical range of 0.1–50 keV and electro-
magnetically or electrostatically guided to the studied sample. This 
allows tuning the positron implantation depth from nanometres to 
micrometres (Fig. 2b). As the moderation process has relatively poor 
efficiency, the radioisotope activity required in such beams is typi-
cally of the order of 1 GBq. The time information carried by the ‘start 
photon’ is lost owing to the low moderation efficiency, but timing can 
be re-introduced, for example, through electromagnetic chopping 
and bunching of the otherwise continuous beam.

High-intensity sources. High-intensity positron beams are generated 
by pair production using intense γ sources at large-scale facilities, 

such as linear accelerators (using bremsstrahlung) or nuclear reactors  
(with nuclear γ radiation). Efficient positron–electron pair creation 
requires high γ energy, typically in the range of 1–35 MeV (refs. 26,27) 
as the pair production cross section increases roughly with ln(E) and 
scales as Z2 (square of the atomic number of the target). Therefore, 
dense high-Z materials such as tantalum, tungsten or platinum are pre-
ferred as converters. At the NEutron induced POsitron source MUniCh 
(NEPOMUC), after thermal neutron capture in cadmium, high-energy 
prompt γ rays are converted into positron–electron pairs in platinum, 
which serves to moderate the emitted positrons28. Tungsten is used at 
the ELBE electron linac-based MePS and GiPS high-intensity positron 
beams and at the TU Delft Reactor Institute POSH-beam to convert 
high-energy γ-rays into electron–positron pairs and subsequently 
moderated emitted positrons26,27.

Safety considerations. Dealing with radioisotopes such as 22Na, as well 
as operating high-intensity sources at nuclear reactor or accelerator 
facilities, requires radiation protection measures adapted to each 
situation. For example, in table-top experiments, the source activity 
is typically very close to or even below the exemption limit (1 MBq 
for 22Na) and hence the required radiation protection measures are 
relatively modest. Handling of radioactive sources nevertheless must 
follow the detailed radiation protection regulations of each country 
where the experiments are performed. Isotope-based beams that use 
radioactive sources of 1,000-fold activity require shielding — usually 
a ‘castle’ constructed of lead bricks — at the source end of the beam. 
However, these sources are handled only every 5–10 years when replac-
ing the source. At the sample end, the positron flux and the emission 

Eγ1 = mec2 + ½p||c

Eγ2 = mec2 + ½p||c

2γ ≈ p�/(mec)
pe p�

p||

0 100 200
Depth (µm)

Exponential stopping profile for
fast positions (directly from 22Na)

Si
GaN
Typical polymer

St
op

pi
ng

 p
ro

fil
e 

(a
.u

.)

300 400 500

a

c

b

0

0

0.01

0.02

0.03

0.04
2 keV

5 keV

10 keV

20 keV

Mean implantation depth

500 1,000
Depth (nm)

In
te

ns
ity

 (a
.u

.)

1,500 2,000

Fig. 2 | Positron and electron kinetic energies. a, The exponential stopping 
profile of positrons emitted by a 22Na source in materials with different mass 
densities. b, Implantation profiles of mono-energetic positrons implanted at 
different energies into a material with ~6 g cm−3 mass density. c, A schematic of 
the electron-momentum-dominated Doppler effect and angular deviation in the 

two-γ annihilation process. The momentum (pe) of the centre of mass of the 
annihilating positron–electron pair causes a Doppler shift in the γ-energies  
(Eγ1,2) through its component parallel to the measurement direction (p ). The 
perpendicular component of the momentum (p⊥) is responsible for the angular 
deviation. a.u., arbitrary units; c, speed of light; me, electron mass.
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of annihilation-induced γ rays is low and does not require shielding. 
With high-intensity sources, safety measures depend on the type of 
the host facility.

Sample preparation
A key benefit of positron annihilation methods is that a positron 
injected to a material — solid, liquid or even gaseous — will eventu-
ally annihilate with an electron and produce a measurable signal. For 
solid samples measured with table-top set-ups, typically two sample 
pieces each with a minimum 5–10-mm diameter (exact shape does not 
matter) and a flat surface are required for making the sample–source–
sample ‘sandwich’. The thickness of the sample depends on the mass 
density of the material and needs to be sufficient enough to stop all 
the positrons emitted by the sample. Samples are typically 0.5 mm 
or thicker. Although there is no theoretical maximum to the allowed 
sample thickness, in set-ups with temperature control the size of the 
vacuum chamber surrounding the sample is often minimized, setting 
a practical limit of typically 1–2 mm. The flatness of the surface facing 
the source is important only from a mechanical perspective to avoid 
any air pockets between the source and the sample, hence an optically 
flat surface is usually sufficient. There are no restrictions on the elec-
trical, optical, magnetic, thermal or mechanical characteristics of the 
samples. When using variable-energy beams for studying near-surface 
or surface phenomena in thin films, for example, the quality of the 
surface is more important than in table-top set-ups. A minimum film 
thickness of a few hundred nanometres is often required to avoid 
issues caused by diffusion of thermalized positrons to the surface or 
the film–substrate interface. In specific cases where the positron dif-
fusion length is strongly reduced, much thinner films, down to a few 
nanometres, can be studied.

Measured quantities
Lifetime. The time between the positron implantation into the sample 
and its annihilation determines the lifetime of the individual positron 
(Fig. 2c). This lifetime can be experimentally determined by measuring 
the time difference between the start γ-ray (indicating positron emis-
sion) and one or both of the annihilation γ-rays (indicating positron 
annihilation) with fast scintillation detectors. Positron annihilation is 
a stochastic process. If there is only a single positron state in the sample, 
the probability, n(t), that a positron is still alive at a certain time, t 
(measured from its implantation time), decays exponentially over  
time, as described by the equation n t n e( ) = t τ

0
− / , where τ is the decay 

parameter known as the positron lifetime — the reciprocal of the anni-
hilation rate, λ — and n0 is the probability at t = 0. The measured time 
differences between the start and annihilation signals will follow 

n t n t(1 − ( )) = − ( )t t
d

d
d

d . In cases where positrons can occupy multiple 
states within the samples — such as delocalized positrons and those 
trapped at various defects — there will be multiple exponential com-
ponents, each characterized by a unique decay parameter representing 
the positron lifetime in the corresponding state.

Doppler broadening and angular correlation of annihilation radia-
tion. The non-zero centre-of-mass momentum of the annihilating 
positron–electron pair leads — through momentum conservation —  
to a slight deviation from the 180° angle between the two emitted 
511 keV annihilation γ-rays. This deviation is given by the angle 
θ p m c/( )⊥ 0≃ , where p⊥ is the component of the centre-of-mass momen-
tum perpendicular to the direction set by one of the emitted γ-rays, 
and m0 and c are the electron (positron) mass and speed of light, 

respectively. In practice, these deviations extend up to 100 mrad 
(about 6°) and can be measured with position-sensitive detectors 
(such as a scintillator array) in one or two dimensions through a 
technique known as angular correlation of annihilation radiation 
(ACAR and 2D-ACAR, respectively)13. Similarly, owing to the Doppler 
effect, there is a slight deviation of the annihilation γ-ray energies 
from 511 keV given by E p cΔ = ± /2, where p  is the component of the 
centre-of-mass momentum along the direction of the emitted γ-rays. 
The electron-momentum distribution results in Doppler broadening 
of the 511 keV annihilation line that can be measured by high-purity 
germanium detectors that offer sufficient energy resolution. Measur-
able Doppler broadening extends up to about ±15 keV. The Doppler 
broadening values are typically expressed in momentum units of 10–3 
m0c that corresponds to 1 mrad in ACAR experiments, or in atomic 
units ( m c1 keV ~ 0.54 a.u. ~ 3.9 × 10 ~ 3.9 mrad−3

0 ).

Positron annihilation-induced Auger electrons. Positron 
annihilation-induced Auger electron spectroscopy (PAES) is an 
advanced surface-sensitive technique in which low-energy posi-
trons annihilate with core-level electrons in the outermost atomic 
layer of a material. It produces Auger electrons (Fig. 1c) without 
the high secondary-electron background inherent to conventional 
electron-induced Auger spectroscopy, in which core electrons are 
removed by photo-ionization or electron-impact ionization. This 
results in spectra without secondary electron background at higher 
Auger energies29,30. Furthermore, the Auger-electron emission is decou-
pled from the positron impact position, so the probed atoms remain 
unperturbed by the primary particle. The main limitation of PAES is 
the need of high positron beam intensity to compensate for inherently 
long measurement times31. Data analysis follows the principles of Auger 
electron spectroscopy.

Results
This section gives a brief overview of the data analysis associated with 
positron lifetime and Doppler broadening experiments. The basics of ab 
initio theoretical calculations that are used to predict the annihilation 
parameters associated with various positron states are also described. 
For in-depth treatments, we refer the reader to refs. 17,18.

Data analysis
Lifetime. To gather sufficient statistics of positron annihilation events, 
millions of occurrences are measured. The resulting histogram (Fig. 3a) 
is known as the positron lifetime spectrum (the experimental method 
is sometimes referred to as positron annihilation lifetime spectroscopy, 
or PALS) and consists of a sum of exponential components, I e∑i i

t τ− / i, 
convoluted with the resolution function of the spectrometer that can 
be fitted to the experimental data, and includes a constant background 
from random coincidences. From the lifetimes, τi, and relative intensi-
ties, I ,i  of the resolved components, the trapping rates of positrons at 
the defects in the sample can be estimated using an appropriate trap-
ping model (set of rate equations) that describes the kinetics of posi-
tron trapping in the sample. The defect concentrations (or densities) 
are obtained from these trapping rates through trapping coefficients 
that represent the cross−sections for positron trapping per unit con-
centration of defects. For an in-depth description of positron trapping 
and associated models, we direct the reader to refs. 17,18. The order of 
magnitude of the positron trapping coefficient for various types of 
defects (such as vacancies, dislocations and vacancy clusters) is gener-
ally similar across different materials, allowing to make reasonable 

http://www.nature.com/nrmp


Nature Reviews Methods Primers |             (2026) 6:56 6

0123456789();: 

Primer

concentration estimates even in cases where the positron trapping 
coefficient has not been determined accurately.

An important parameter is the average positron lifetime, 
τ I τ= ∑i i iave , that coincides with the centre of mass of the annihilation 
spectrum, as it can be determined with very high accuracy even when 
resolving the lifetime components is challenging. An elevated τave 
means that positrons annihilate as trapped at open volume defects. 
Positron lifetimes exceeding ~1 ns indicate the formation of Ps and the 
presence of large (0.5–50-nm diameter) free volumes.

Doppler broadening and ACAR. The typical energy resolution of a 
high-purity germanium detector is relatively broad compared with the 
full width of the Doppler-broadened peak (the experimental method 
is sometimes referred to DBS for Doppler broadening spectroscopy), 
and the peak-to-background ratio in a conventional experiment with 
a single detector is rather low, only about 102. Integrated shape param-
eters, S and W, represent fractions of counts in various areas under 
the Doppler broadened peak and are used to characterize the 511-keV 
annihilation line (Fig. 3b). The S parameter is defined as the ratio of the 

a b

c

Channel (1 ch = 3.125 ps)
4,000 5,000 6,000 7,000 8,000

C
ou

nt
s

C
ou

nt
s

101

102

103

104

105

Experiment
Fit
Free positrons
Positrons trapped at 
dislocations
Source contribution

–60 –40 –20 0 20 40 60
101

102

103

104

S

W W

p|| (10–3 m0c)
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positrons, trapped positrons and the source. b, An example of a measured 
Doppler broadening spectrum showing the definition areas of the integrated S 
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the direction of the emitted γ-rays. m0 and c are the electron (positron) mass 
and speed of light, respectively. c, The positron density isosurface (red) of a 
delocalized positron in the crystal lattice of GaN (left) and of a trapped positron 
in a gallium vacancy defect in GaN (right) obtained by ab initio theoretical 
calculations. Blue and pink balls represent gallium and nitrogen atoms, 
respectively. ch, channel. Part a adapted with permission from ref. 19, Elsevier.
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counts in the central region of the annihilation line to the total num-
ber of the counts in the line and represents annihilations of positrons 
with low-momentum electrons. The W parameter is the fraction of the 
counts in the wing regions of the line. Valence electrons mostly contrib-
ute to the S parameter, owing to their diffuse spatial extent and thus a 
correspondingly relatively narrow momentum distribution, whereas 
only core electrons have momentum values high enough to contrib-
ute to the W parameter. S and W are sometimes called the valence and 
core annihilation parameters, respectively. The S parameter can be 
described as carrying information about the (excess) open volume, 
while the W parameter carries information on the chemical identities 
of atoms surrounding the annihilation site. It is important to know that 
the absolute values of the S and W parameters do not have a physical 
meaning, they only describe the shape of the 511-keV peak. Examples of 
analysing S and W parameters are provided in the ‘Applications’ section.

The resolution and peak-to-background ratio of the Doppler 
broadening measurement can be improved by measuring the annihila-
tion radiation with two (collinear) detectors and imposing coincidence 
conditions in an experiment called coincidence Doppler broadening 
(CDB). The shapes of the annihilation lines obtained in this way can be 
analysed in more detail, typically in the form of ‘ratio curves’, in which 
the annihilation line of interest is point-by-point normalized by a ref-
erence spectrum18,32. ACAR experiments exhibit inherently narrower 
resolution than Doppler broadening experiments (including CDB) 
and can be analysed with similar ‘ratio curve’ approaches, including 
comparison to ab initio calculations33. The 2D-ACAR experiments 
provide mapping of the symmetry of the electronic structure with high 
resolution, a property that is particularly useful for studying fermiol-
ogy. When studying defects, Doppler experiments are more common 
owing to their shorter measurement times and simpler instrumenta-
tion. In atomic and molecular gases, time-dependent measurements 
of Doppler broadening, known as age-momentum correlation spectra, 
can probe positron temperature and cooling dynamics34.

Theoretical calculations
Theoretical calculations can be used for experimental interpreta-
tion and design, as well as to understand fundamental processes18. 
For example, measured lifetime components and Doppler lineshapes 
can be connected to the microscopic structures of defects and defect 
complexes that trap positrons. The accurate theoretical descrip-
tion requires proper treatment, or at least approximation, of the 
positron–electron many-body correlations. For solid-state matter 
and defects, the standard affordable method is the two-component 
electron–positron density functional theory (DFT)35, in which the fun-
damental variables include the total energy, E, and the average electron 
and positron densities, n−(r) and n+(r), respectively. Figure 3c shows 
an example of the calculated positron density in a defect-free lattice 
(here, a fully delocalized positron in GaN) and of a positron trapped 
at a vacancy defect (here, a gallium vacancy in GaN). The solutions 
of the positron and electron densities and wavefunctions are used 
to extract the annihilation rates and momentum densities (such as 
Doppler broadening and ACAR) as described below. In addition to 
the electron–electron exchange and correlation energy functional 
of the traditional one-component DFT, one has to parametrize an 
electron–positron correlation energy functional and an enhancement 
factor that describes the increase in the annihilation rate owing to the 
screening of the positron by electrons.

Most practical calculations are done in the limit of zero posi-
tron density, and the electronic structure and density are solved first 

without the effect of the positron18. Standard electronic structure meth-
ods such as plane-wave pseudopotential codes can be used for this. The 
potential of the positron is solved with the Schrödinger-like equation

∫r r
r r

r rrV
n

V V( ) = − d ′
| − ′|

− ( ) + ( ) (1)+
′

ext corr

where r is the position, r′ is the source position and n ( ′)− r  is the average 
electron density. The first term describes the average electrostatic 
potential from electrons, Vext describes the external potential of the 
nuclei, and Vcorr is the electron–positron correlation potential. The 
annihilation rate, λ, is approximated by

r r r r∫λ
τ

πr c d n n γ n=
1

= ( ) _( ) ( _( )), (2)e
2

+

where τ is the positron lifetime, re is the classical radius of the electron, 
c is the speed of light and γ n( ( ))− r  is the parametrized enhancement 
factor. The rγ n( ( ))−  is the most crucial approximation in DFT-based 
lifetime calculations and the choice of the model used for its parametri-
zation essentially determines the lifetime. The momentum density of 
annihilating pairs measured in Doppler broadening spectroscopy can-
not be formulated exactly in DFT. The models include various kinds of 
enhancement factors18 as well as density functionals that may involve 
dependence on position (and hence momentum) or electron states. 
The following probability sums over occupied electron states,  j

ρ πr c
j

d i ψ ψ g( ) =
∑

| exp(− · ) ( ) ( ) ( )| , (3)j je
2

+
2∫p r p r r r r

where p is momentum, ψ+ is the positron wavefunction, ψj
 is the electron 

wavefunction corresponding to state j, and gj is the state-dependent 
enhancement factor. Before comparing the theoretical result with 
experiments, the three-dimensional momentum density of annihilat-
ing pairs, ρ( )p , is projected on the longitudinal direction (pL) of the 
Doppler experiment

∫ ∫ pρ p dp dp ρ( ) = ( ) (4)L x y

and convoluted with the experimental resolution function, which is 
typically a Gaussian function with a full width at half maximum on the 
order of 1 keV. Other many-body theory-based approaches including 
quantum Monte Carlo and diagrammatic many-body theory offer a 
route to fully ab initio calculation of momentum distributions and 
annihilation rates without any reliance on approximations from  
electron gas.

Applications
This section presents applications of PAS using different modalities in a 
variety of materials. Examples in semiconductors, metals and ceramics, 
as well as radiation damage, cover the use of positron lifetime and Dop-
pler broadening approaches in crystalline solids. Spin-polarized beams 
are used to study magnetic phenomena. The hybrid organic–inorganic 
character of solar cell perovskites results in large differences in the 
sizes of vacancy defects as well as in the associated positron lifetimes. 
In materials with larger open volume structures such as metal–organic 
frameworks positronium formation and long lifetimes are important. 
Positron annihilation-induced Auger electron emission can also be 
used to study surface phenomena.
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Semiconductors
Positron trapping at defects in semiconductors is charge-state sensi-
tive owing to the lack of efficient screening of Coulomb attraction and 
repulsion. The trapping coefficient for negatively charged vacancies 
is proportional to T−1/2, where T is the sample temperature. At room 

temperature, the trapping coefficient for negatively charged vacancies is 
approximately twice that for neutral vacancy defects. Positrons can also 
get trapped in Rydberg states of negatively charged defects, even if they 
do not have any open volume, such as acceptor impurities. However, the 
low binding energy (typically, 30–100 meV) of these shallow states leads 
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to efficient escape of the trapped positrons at elevated temperatures. 
Therefore, these negative ion-like defects are efficient positron traps 
below room temperature. As the Bohr radius of such a state is large com-
pared with the inter-atomic distance in the lattice, a positron trapped 
at a negative ion will exhibit identical annihilation characteristics with 
the delocalized state in the lattice. As the defect charge states can be 
manipulated by illumination of the samples36,37, or by applying an elec-
trical bias during experiments, the functional character of the defects 
can be analysed simultaneously with their structural identification.

Positron annihilation has been used with great success to make con-
tributions to the understanding of vacancy defects in a wide variety of 
semiconductors16–18,21. For example, the family of III-nitride binary com-
pound semiconductors GaN, AlN and InN has been studied extensively. 
PAS has identified that the main native acceptor defect in n-type GaN 
and InN is the metal vacancy38,39. However, in AlN, positron experiments 
have shown that it is not the aluminium vacancy40 but might be the 
nitrogen vacancy41. PAS can also be used for the identification and moni-
toring of defects created in ion implantation processing of GaN with 
magnesium as well as the subsequent ultrahigh-pressure-annealing  
for obtaining p-type material37,42–44.

Recently, PAS has been increasingly used to study (In,Ga)N, (In,Al)
N and (Al,Ga)N alloys as well as opto-electronic and power electronic 
devices of these materials45–49. In particular, the compensation of n-type 
doping is an unresolved issue in ultrawide bandgap high-aluminium 
(Al,Ga)N alloys. Figure 4a shows Doppler broadening data measured 
in thin-film Al0.90Ga0.10N samples (labelled H1, H3, H5, L1, L3 and L5) 
doped to various degrees with Si49, where the S parameter is monitored 
as a function of positron implantation energy and the corresponding 
mean implantation depth in selected samples measured at room tem-
perature. In the sample labels, H stands for high carbon content and 
L for low carbon content, corresponding to carbon concentrations of 
2 × 1018 cm−3 and 2 × 1017 cm−3, respectively, with silicon concentration 
ranging from 1 × 1018 cm−3 to 1.2 × 1019 cm−3. The S parameter depth 
profiles can be analysed by comparing with solutions of the stationary 
positron diffusion equation and corresponding best-fit analysis50. The 
S parameter measured in a GaN reference sample where positrons only 
annihilate in the free state in the lattice is marked with a dashed line. 
For the alloy samples, the S parameter decreases from its initial surface 
value at low energies of 0–4 keV with increasing energy to the value 
of the 600–800-nm-thick (Al,Ga)N layers, where it is almost constant 
in the range of 6–15 keV. At energies above 15 keV, the S parameter 
gradually approaches the values characterizing the substrate. The 
inset shows the effect of measurement temperature on the S param-
eter characterizing the (Al,Ga)N layers (6–15-keV implantation energy 
range), demonstrating the effect of ionized carbon acceptor shallow 
traps unintentionally present in the samples.

Figure 4b shows the layer-specific S and W parameters meas-
ured in a large set of Si-doped Al0.90Ga0.10N samples as (S, W) data. The 

parameters are shown as normalized to those measured in the GaN 
reference sample and called relative parameters. The green markers 
connected by the dashed lines denote parameters determined in 
earlier studies for ‘defect-free’ AlN as well as the parameters character-
istic of in-grown VGa defects (VGa–X) in GaN and VAl in AlN. VGa denotes 
vacancy defects on the Ga sublattice of the GaN compound, while 
VGa–X is a complex of VGa and an unknown defect that can be intrinsic 
or extrinsic. For example, VGa–ON would constitute of VGa and an oxygen 
impurity substituting for an adjacent nitrogen atom. The plot indicates 
that in the case of an AlN sample where all positrons would annihilate 
as trapped at VAl, the experimental S and W parameters will be found 
at the ‘VAl in AlN’ point. If the experimental data are found on the line 
connecting the ‘AlN’ and ‘VAl in AlN’ points, the sample contains VAl 
defects at a concentration determined by the position on the line. In 
the absence of other defects, half-way between the two end points 
corresponds to low–1017 cm−3 in vacancy concentration. In the case 
of the Al0.90Ga0.10N samples in question, all the measured (S, W) data 
fall inside the area defined by the above-mentioned four points, as 
expected for an alloy. The data form a straight line, indicating that 
these samples contain two (and only two) distinct states in which the 
positrons annihilate. At the left end, the (S, W) data fall close to the line 
connecting GaN and AlN lattice values and represent the ‘defect-free’ 
AlGaN alloy. At the right end of the line, with increasing silicon con-
centration, the data points converge at the line connecting VGa–X in 
GaN and VAl in AlN. The trend-like shift of the (S, W) parameters shown 
with red markers towards the vacancy-like data in these samples indi-
cates an increase in the cation vacancy concentration with increasing 
silicon doping. Further increase in the silicon content, as shown by 
the behaviour of the (S, W) data with blue markers, results in a very 
different behaviour, with the data shifting strongly to AlN-like values, 
possibly related to Si–DX centre formation49. These data demonstrate 
the sensitivity of the positron annihilation parameters to the atomic 
identities of the surroundings, in particular, the (S, W) parameters of 
the vacancy defects found in these samples are found in regions with 
more gallium in their surroundings than on average in the lattice. On 
the other hand, the Si–DX behaviour exhibits almost purely AlN-like 
values, strongly suggesting that these centres have no Ga atoms in the 
immediate vicinity.

Metals and alloys
Vacancies in metals are always electrically neutral owing to the screen-
ing effect of conductive electrons making positron annihilation studies 
of vacancies in metals simpler as compared with those in semiconduc-
tors. PAS provides an accurate determination of the concentration of 
thermal vacancies in metals51–55. By analysing the thermodynamically 
equilibrium concentration of vacancies as a function of temperature 
using an Arrhenius plot, one can accurately determine the vacancy 
formation enthalpy51,52,55.

Fig. 4 | Examples of positron lifetime and Doppler broadening data in 
semiconductors, metals and ceramics. a, The S parameter for selected 
AlGaN samples (H with high carbon content, L with low carbon content) as a 
function of positron implantation energy. The inset shows the temperature 
dependence of the S parameter measured at around 7 keV. b, A (S, W) plot 
of relative parameters, referenced to GaN, in a large set of Si-doped AlGaN 
samples. V indicates the vacancy type. c, Example positron lifetime spectra for 
iron annealed at 900 °C for 1 h in a vacuum and iron subjected to severe plastic 
deformation using high-pressure torsion (HPT). The curves show the fitted sum 

of exponential decay components convoluted with the resolution function of 
the spectrometer d, The calculated positron lifetimes, τ, for the bulk (shown 
with the dashed line), vacancy complexes (V) with hydrogen (H), oxygen (O) and 
nitrogen (N) impurities in niobium. e, Coincidence Doppler broadening ratio 
curves (normalized to pure aluminium) for SrTiO3 and Sr1−x Lax TiO3 ceramics 
and for pure Ti and Al2O3, where x is the stoichiometric amount. Part a adapted 
with permission from ref. 46, AIP. Part b adapted from ref. 49, CC BY 4.0. Part d 
adapted from ref. 259, CC BY 4.0. Part e adapted with permission from ref. 84, 
Elsevier.
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The concentration of non-equilibrium vacancies, introduced by 
processes such as quenching from high temperatures56,57, irradiation 
with energetic particles58–61 or plastic deformation62,63, can also be 
determined using PAS. The lifetime of a trapped positron increases with 
the open volume of the defect. Therefore, positron lifetime measure-
ments can distinguish between monovacancies and vacancy clusters 
formed by agglomeration of multiple vacancies as can be seen through 
the much longer lifetime in high-pressure torsion deformed Fe com-
pared with annealed Fe (Fig. 4c). The lifetimes of positrons trapped 
in vacancy clusters with various numbers of vacancies can also be 
calculated64,65. By comparing experimental positron lifetimes with the 
calculated curves, the average size of vacancy clusters in the sample can 
be determined63. Furthermore, studying the development of vacancies 
with temperature and their agglomeration into vacancy clusters allows 
one to determine the vacancy migration energy53,59.

Vacancies in metals can form complexes with certain impurities 
when binding to vacancies is energetically favourable. The presence of 
such impurities in metals reduces the vacancy formation enthalpy and 
facilitates the creation of vacancies. A prominent example of this phe-
nomenon is hydrogen absorbed in the metal lattice, which greatly low-
ers the vacancy formation enthalpy and causes a substantial increase in 
the equilibrium concentration of vacancies66,67. The presence of hydro-
gen bound to a vacancy shortens the lifetime of the trapped positron 
owing to the repulsive interaction between the positron and hydrogen, 
which reduces the localization of the positron in the vacancy68. Accu-
rate measurement of the positron lifetime, along with a comparison 
of experimental data with ab initio modelling of vacancy–hydrogen 
complexes, allows one to determine the number of hydrogen atoms 
attached to a vacancy (Fig. 4d). For instance, in niobium, vacancies 
can trap up to four hydrogen atoms60,68.

Impurities or solute atoms bound to vacancies not only influence 
the concentration of vacancies but also suppress the mobility of vacan-
cies. Consequently, diffusion-limited processes, such as solute cluster-
ing and precipitation, can be inhibited by microalloying elements that 
bind to vacancies and suppress their mobility69. This phenomenon 
can be used, for example, to suppress natural ageing in aluminium 
alloys70. The chemical nature of solutes bound to vacancies can be 
determined using coincidence Doppler broadening spectroscopy71, 
which provides information about the local chemical environment of 
positron annihilation sites.

Alloys can contain various types of vacancies, depending on 
which alloying element is missing. Vacancies located in crystallo-
graphically non-equivalent lattice sites are generally characterized 
by different positron lifetimes. However, the differences in posi-
tron lifetimes may be too small to distinguish between different 
types of vacancies, particularly when the alloying elements have 
similar atomic radii. Nevertheless, the local chemical environments 
of various types of vacancies often differ greatly, allowing one to 
distinguish between them combining positron lifetime measure-
ments with coincidence Doppler broadening72. For example, in the 
Fe3Al intermetallic compound, vacancies are almost exclusively 
located in the iron sublattice. The lifetimes of positrons trapped in 
iron and aluminium vacancies are quite similar, but the local chemi-
cal environments of the two types of vacancies are very different. 
Iron vacancies are directly surrounded only by aluminium, whereas 
aluminium vacancies are surrounded exclusively by iron. This differ-
ence in the chemical environment allows both types of vacancies to be 
distinguished by combining lifetime measurements with coincidence 
Doppler broadening73.

In plastically deformed metals, positrons are trapped at disloca-
tions. The trapping of positrons in dislocations occurs in two stages74. 
Initially, the positron is weakly localized at the dislocation line, rep-
resenting a shallow positron trap. The positron then rapidly diffuses 
along the dislocation line (through pipe diffusion) and is eventually 
trapped and annihilated in a vacancy bound to the dislocation. Owing 
to the compressive elastic stress field created by the dislocation, it 
becomes energetically favourable for the vacancy to bind to it. As a 
result, the lifetime of positrons annihilated in dislocations is typically 
slightly shorter compared with that for bare vacancies as the vacancy 
bound to a dislocation is under compressive stress75,76. The positron 
trapping rate at dislocations is governed by dislocation density, as the 
positron is first pre-trapped in the dislocation line, which is a line defect 
with one macroscopic dimension. For these reasons, PAS can be used 
to determine the dislocation density.

PAS can also be used to study solute clustering, precipitation 
effects and phase transitions in alloys. Positrons can be trapped in 
coherent precipitates or solute clusters when the energy of the posi-
trons in these secondary phase particles is lower than in the matrix. This 
phenomenon is described by positron affinity, which is defined as the 
sum of the positron and electron chemical potentials77. Positrons can 
only be trapped in coherent precipitates where the positron affinity is 
more negative than that of the matrix78. In the case of semi-coherent 
and incoherent precipitates, however, positrons are trapped regardless 
of the affinity at misfit defects created at the interfaces between the 
precipitates and the matrix, which arise from atomic mismatches79.

Ceramics
Ceramics are inorganic, non-metallic materials prized for their excep-
tional thermal, electrical and mechanical properties, and are used in a 
broad spectrum of applications from biomedical devices and micro-
electronics to energy storage and production. These polycrystalline 
materials, characterized by diverse grain sizes, typically consist of 
oxides, carbides or nitrides synthesized through processes such as 
pressing, firing and sintering. Owing to their multi-elemental com-
position, ceramics exhibit a complex defect landscape, ranging from 
isolated vacancies to mixed-vacancy clusters. Furthermore, their 
insulating or semiconducting nature implies that these defects can 
be electrically charged. Positron annihilation studies in this field remain 
relatively scarce compared to metals or semiconductors.

PAS serves as a powerful tool to characterize porosity, investigate 
the densification and phase transitions of nanocrystalline phases, and 
ultimately identify or quantify vacancy-type defects within various 
ceramic matrices. For example, in yttria-stabilized zirconia compacted 
nanopowders doped with trivalent chromium oxide, positrons annihi-
late mainly in vacancy-like defects at grain boundaries or in larger open 
volume defects most probably located at triple points80.

Detecting oxygen vacancies (VO) in oxides using PAS is typically 
challenging, as these defects are often positively charged, or act as 
shallow traps that cannot effectively capture positrons. Theoretical 
calculations show that the positron lifetime in oxygen vacancies is only 
a few picoseconds longer than in the bulk lattice, with a negligible 
positron binding energy. However, in KSr2Nb5O15 photochromic ceram-
ics, oxygen vacancies become detectable through PAS because of the 
photochromic reaction, which involves neutralization of these 
vacancies81. In the high-temperature superconductor YBa2Cu3O7−δ 
(YBCO, where ( δ0 ≤ 1≪ )), ab initio calculations revealed a particularly 
high positron affinity for the oxygen-deficient plane with the CuO 
chains that crucially affect the transition temperature, Tc. Using an 
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energy variable positron microbeam (<50 µm) on epitaxial grown 
single crystalline YBCO films revealed the spatially resolved variation 
of the oxygen vacancy concentration in three dimensions, which in 
turn allowed the determination of the local variation of Tc within the 
YBCO films82,83.

Furthermore, by comparing experimental data with ab initio 
calculations of positron lifetimes and momentum distributions in 
SrTiO3, VTi has been identified as the primary intrinsic defect in pure 
SrTiO3 ceramics84. It was also demonstrated that in Sr1−xLaxTiO3, the 
charge compensation mechanism from lanthanum doping is predomi-
nantly governed by the formation of VSr. From the coincidence Doppler 
broadening ratio curve measured in Al2O3 using pure aluminium as a 
reference (Fig. 4e), it was shown that annihilation with oxygen 2p elec-
trons produces a characteristic signature — a peak at approximately 
10 × 10−3 m0c — allowing for the identification of the oxygen chemical 
environment in oxides.

Understanding irradiation damage in UO2 is critical, as this 
ceramic — along with plutonium-doped UO2 (MOX) — serves as the 
primary fuel for fission reactors. To directly detect vacancies in UO2, 
a slow positron beam coupled with Doppler broadening spectros-
copy was used to monitor defect recovery as a function of tempera-
ture in Kr-implanted samples85. Subsequent experimental studies on 
alpha-irradiated UO2 identified a long lifetime component of 307 ± 5 ps 
(ref. 86), which is higher than the reference bulk lifetime of 169 ± 1 ps 
measured after annealing at 1,700°C for 24 h in an ArH2 atmosphere. In 
helium-implanted UO2, the Doppler broadening S and W parameters as a 
function of helium fluence follow a specific line with a slope — also called 
the R ratio — of around 0.576 ± 0.004 in (S, W) values measured in 2.5 MeV 
electron irradiated samples were also aligned on this line87, suggesting 
this line could be attributed to the detection of the vacancy defect 
produced in majority, such as the Schottky vacancy complex VU2VO.

These experimental datasets can be interpreted through a com-
parison with ab initio calculations based on two-component DFT. In 
UO2, the strongly correlated U-5f electrons present a major challenge 
for electronic structure modelling, requiring the inclusion of a Hubbard 
term (DFT + U) in the Hamiltonian to accurately determine positron 
annihilation characteristics86,88,89. In addition, defect relaxation is a 
critical factor in this material where the ionic nature of the oxide lattice 
leads to substantial atomic rearrangements upon defect formation 
or positron trapping. When compared with theoretical annihilation 
characteristics, PAS remains a vital identification tool. However, its 
application to this complex material can be challenging because the 
annihilation signatures — positron lifetimes86 and the momentum 
distribution of annihilated pairs88 — of different vacancy defects can 
be remarkably similar. For example, the positron lifetimes remain in 
the 26 ps range for VU (293 ps), VUVO (301 ps) and Schottky defects 
(304–316 ps), or 2VU (290 ps).

The theoretical momentum distributions are also remarkably simi-
lar for VU and its related complexes such as VUVO, VU2VO, 2VU and 2VU2VO. 
This similarity arises because of the strong localization of positron in the 
VU (or one of the VU), making it only slightly sensitive to the surround-
ing environment or the number of neighbouring oxygen vacancy. By 
contrast, the (2VU2VO)−2 complexes exhibit a distinct total momentum 
distribution and clearly different S and W values compared with its neu-
tral counterpart. This divergence is driven by a shift in positron localiza-
tion. In the charged defect, the positron migrates to a position centred 
between the two uranium vacancies. The similarity in values makes it dif-
ficult to differentiate between specific defect types in experimental data, 
particularly when multiple vacancy species coexist within the material.

Radiation damage
Since the discovery of positron trapping at defects in 1967 (ref. 90), 
the study of radiation damage has been an important application 
area of PAS, starting with neutron-induced radiation damage in bulk 
metals91,92. These early measurements revealed the early stages of 
damage formation, and contributed to the understanding of swelling 
and deterioration of materials from void formation. The sensitivity 
of vacancy concentrations down to 10 ppb, combined with positron 
trapping at single vacancies and small vacancy clusters, make PAS a 
vital tool to understand the mechanisms that govern radiation dam-
age and evolution of defects induced in collision cascades20. Such 
atomic-scale defects cannot be detected by high-resolution transmis-
sion electron microscopy even with recent advancements in electron 
microscopy techniques93. PAS has been extensively used to assess and 
study radiation damage induced by neutron, electron, light and heavy 
ion irradiation covering structural nuclear materials and functional 
materials. The work studying radiation damage in molybdenum91 and 
aluminium92 was followed by several studies on neutron-irradiated iron 
and copper94,95, Fe–Cr alloys96 and steel97. Such studies were carried out 
using positrons from radioactive sources without the need for positron 
beams, as neutrons produce damage throughout the entire thick-
ness of materials. Studying radiation damage induced by electrons, 
protons and heavy ion irradiation is possible using slow positrons and 
variable-energy positron beams22. In nuclear material science, ion 
irradiation is often applied to mimic the impact of neutron irradiation, 
such as in nuclear reactors, and produce similar damage in a shorter 
time. PAS was at the forefront to study helium irradiation98, reveal 
the formation and characteristics of helium bubbles99, and study the 
interactions of helium with irradiation-induced defects using pulsed 
positron beams100. The differences of light-ion and heavy-ion irradia-
tion were also studied101, and it was determined that heavier ions create 
larger vacancy clusters.

In semiconductors, ion implantation is the primary tool for doping 
and tuning electronic transport, which demands detection and char-
acterization of defects induced by implantation and understanding 
how they affect the electrical properties. PAS is specifically applied to 
monitor their annealing102 and identify the optimal temperature and 
procedure to eliminate compensating defects and unwanted donors 
or acceptors103.

Depth-resolved PAS measurements are widely used to investigate 
ion-induced defects by monitoring changes in defect concentration 
and vacancy cluster size as a function of irradiation dose and depth. 
Figure 5a shows the average positron lifetime as a function of implan-
tation depth, illustrating its evolution with increasing displacement 
per atom from 10–4 to 1 displacement per atom revealing the accumu-
lation and growth of vacancy-type clusters within a heterogeneous 
multiphase metal/oxide structure93. PAS can have an important role in 
revealing mechanisms of defect formation and interactions with the 
microstructure and chemical surroundings. Recent work has shown 
how positron methods can be used to reveal the short-range order 
induced by irradiation in high entropy alloys104 and the mechanisms 
of interactions of collision cascades with voids in materials105. Seg-
regation of atomic-scale solutes into defect complexes cannot be 
detected by high-resolution imaging techniques106, or even atom probe 
tomography, but can be easily revealed using coincidence Doppler 
broadening spectroscopy107, with the additional ability of detecting 
radiation-induced ultrafine precipitates108. With ongoing efforts to 
develop in situ PAS during irradiation109, positrons are expected to 
have a greater role in understanding radiation damage in the emerging 
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Fig. 5 | Examples of positron lifetime and Doppler broadening data in metal 
oxides, ordered metal alloys, perovskite thin films and metal–organic 
frameworks. a, Evolution of the average positron lifetime, τavg, and implantation 
depth, z, as a function of positron implantation energy, Ep, for multiphase metal/
oxide samples with various displacement per atom (dpa). b, Magnetic Dopper 
broadening (MDB) spectra in Mn2FeGa with vacancies (V). c, An example positron 
lifetime spectrum, where I is intensity, measured from a (Cs0.15FA0.85)Pb(I0.92Br0.08)3 
thin film, where FA is formamidinium. The decomposition is separated into 

three lifetime components (94 ± 5 ps, blue; 377 ± 1 ps, purple; and 1,160 ± 70 ps, 
yellow). d, Intensity (I) of positronium trapped inside metal–organic framework 
cages and on grains, as a function of CO2 pressure. Lgap is the average gap length. 
e, A comparison of positron annihilation-induced Auger electron spectra (PAES) 
and electron annihilation-induced Auger electron spectra (EAES). a.u., arbitrary 
units. Part a adapted with permission from ref. 93, Elsevier. Part b adapted from 
ref. 121, CC BY 4.0. Part d adapted from ref. 146, CC BY 4.0. Part e adapted with 
permission from ref. 170, Elsevier.
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materials for extreme environments and guiding the design of novel 
material systems.

Magnetism and spin-polarized phenomena
Positrons emitted through β-decay are naturally spin-polarized lon-
gitudinally due to parity violation in the weak interaction regime110. 
This intrinsic property offers a unique opportunity for positron-based 
investigations of magnetism, including various spin-related phe-
nomena. From the dawn of PAS in the 1960s, ferromagnetic band 
structures have been studied using the ACAR method with polarized 
positrons111,112. Whereas research on bulk ferromagnets was progress-
ing along this line, a spin-polarized positron beam for investigating 
top-surface magnetism was demonstrated in the late 1970s113. By using 
energy-tunable positron beams and conventional sources in combina-
tion with established PAS techniques, electron spins can be selectively 
probed at various depths, including the topmost surface layer, buried 
interfaces in thin films and deep bulk regions. Regarding spin detection 
at atomic vacancies, no alternative methods currently offer comparable  
sensitivity or feasibility.

The basic concept of spin-polarized PAS (SP-PAS) relies on 
spin-dependent annihilation, either between a free positron and an 
electron, or from a positronium state114. By observing changes in the 
number of two-γ and three-γ annihilation events (singlet versus triplet), 
as well as variations in the electron–positron momentum distribution 
and annihilation lifetime depending on the spin orientation, the spin 
states of electrons can be detected.

A ferromagnet exhibits two distinct positron annihilation rates 
depending on whether its magnetization is parallel (+) or antiparallel 
(−) to the positron spin polarization

∓
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where λ↑ and λ↓ are the annihilation rates for spin-up and spin-down 
positrons, respectively, and P+ is the positron spin polarization. With λ±,  
the combined annihilation rate, measured by lifetime spectroscopy 
and known P+, one can determine λ↑(↓), which is directly comparable 
to the DFT calculation. Similarly, the electron–positron momentum 
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electrons of ith band, λS = 4πre
2c and the summation is applied to all the 

occupied states. The spin-dependent momentum distributions of both 
perfect crystals and vacancies can be studied by Doppler broadening 
and ACAR spectroscopies.

The difference of Doppler broadening spectra between positive 
and negative magnetization is referred to as the magnetic Doppler 
broadening (MDB) spectrum115,116. The amplitude of an MDB spectrum 
increases in the order of magnetization. For example, 2D-ACAR spec-
troscopy revealed the Fermi surfaces of the majority and minority spin 
bands of the Cu₂MnAl Heusler alloy117. Similar work was also carried out 
for NiMnSb, which is a half-Heusler alloy with structural vacancies118. 
These results provide insights into half-metallicity, which is crucial in 
the fabrication of spin devices.

SP-PAS has also been applied to oxide and nitride materials for 
semiconductor spintronics119,120. In gadolinium-implanted or doped 

GaN, defect complexes involving gallium vacancies and gadolinium 
atoms are considered the primary source of ferromagnetism. How-
ever, against this expectation, vacancy clusters are implied to have an 
important role in the emergence of ferromagnetism than the defect 
complexes. SP-PAS was also used to identify the species of vacancies 
in ferrimagnetic Mn2FeGa. The comparison of experimental and com-
putational MDB spectra show a near-perfect match for a manganese 
vacancy surrounded by manganese and iron atoms121 (labelled VMn#2 
in Fig. 5b). The detection of interface spin polarization has also been 
attempted using variable-energy spin-polarized positron beams. At 
the MgO–FeSi interface, excess spins are confined at the interface121. 
Given the importance of interface spin in various device applications, 
further utilization of the SP-PAS method is anticipated.

Surface spin polarization may be evaluated through the annihi-
lation of positronium emitted into vacuum. A remarkable feature of 
this method is its extremely high sensitivity to the topmost surface, 
because positronium is formed exclusively on the vacuum side of the 
surface. Three-γ annihilation of spin-triplet (ortho) positronium gives 
rise to characteristic long lifetime (142 ns) and the continuous energy 
spectrum below 511 keV. The change in the three-γ intensity upon spin 
reversal is proportional to the spin polarization of electrons (P−) as

I I
I I

ε ε
ε ε
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where IPs
3γ is the three-γ intensity, the sign ± means that the polarization 

vectors of positrons and electrons are parallel or antiparallel, ε(1,0) is 
the detection efficiency depending on the magnetic quantum number 
(ms = 1 or 0) of spin triplet positronium and φ is the angle between the 
polarization vectors of positrons and electrons122.

Spin polarization effects induced at heavy metal surfaces — due 
to the giant spin Hall and Rashba effects123–125 — as well as those aris-
ing from the magnetic proximity effect in graphene or ferromagnet 
systems126,127, have been investigated. For example, as the spin polari-
zation of graphene placed atop a ferromagnet is not accessible via 
angle-resolved photoemission spectroscopy, a widely used technique 
for probing surface electronic states, the role of SP-PAS becomes par-
ticularly notable128. Measurement of spin-dependent positronium 
annihilation provides only an average spin polarization of all electrons 
participating in positronium formation, due to its lack of energy selec-
tivity. This limitation was addressed by developing spin-polarized 
positronium time-of-flight spectroscopy129. In fact, with this method, 
negative spin polarization near the Fermi level was confirmed for the 
Ni surface130.

Organic–inorganic lead halide perovskites
Organic–inorganic lead halide perovskite thin films are promising 
as functional light-conversion layers in solar cells, owing to the rapid 
increase in record solar cell efficiencies in the past 15 years. The ABX3 per-
ovskites contain two types of cations, A and B, and one type of anion X.  
The A-site cations are 12-fold coordinated with anion neighbours in 
a large cuboctahedron, whereas the B-site cations are 6-fold coor-
dinated with anion neighbours at the edges of a octahedron with a 
smaller volume. As the positron lifetime is sensitive to the size of the 
open volume of defect, it has been used for analysing cation vacancy 
defects on the A and B sites both in traditional perovskites such as 
SrTiO3 (refs. 84,131,132) and in organic–inorganic perovskites such as 
MAPbI3

133, with the organic molecule methylammonium (MA). Com-
parison with DFT calculations shows that the A-site vacancy (VSr or VMA)  
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exhibits a longer positron lifetime than that of the B-site vacancy  
(VTi or VPb)131,133, enabling discrimination between these two types of 
monovacancies. Lead vacancies that act as deep level acceptor defects 
were found in MAPbI3 thin films133. The individual concentrations of 
the two cation vacancies can be extracted in the range starting from 
~0.1 ppm and up to ~50 ppm corresponding to the case of saturation 
trapping of positrons in these vacancies, well below the ~1% detection 
limit of transmission electron microscopy.

The combination of positron lifetime with coincidence Doppler 
broadening spectroscopy can be used to gain deeper understand-
ing of the local chemical environment, as shown for MAPbBr3 and 
CsPbBr3 single crystals134. Comparison with DFT calculations of the 
positron lifetimes and of ratio curves (relative to aluminium) of the 
CDB electron–positron momentum distributions indicated annihila-
tion in defect-free bulk perovskite lattice. Other PAS studies did find 
the presence of cation vacancies in MAPbBr3 single crystals135, in which 
the concentration of methylammonium vacancies is suppressed in 
MABr-rich single crystals compared with stoichiometric MAPbBr3, 
leading to the detection of lead vacancies only.

Doppler broadening S-parameter depth profiling can be used to 
examine the stability of the perovskite crystal phase in thin films. Thin 
films of FAPb(I1−xBrx)3 (where x0 ≤ < 1 and FA is formamidinium), exhibit 
enhanced stability compared with FAPbI3 upon substitution of iodine 
by bromine at x ~ 0.05, and a higher solar cell efficiency of 17.1% for 
FAPb(I0.95Br0.05)3 was achieved compared with 13.6% for FAPbBr3 
(ref. 136). The corresponding Doppler depth profiles revealed a 
decrease in the S parameter, caused by a reduction in the concentration 
of vacancies136. S-parameter depth profiling is also capable of monitor-
ing the time-dependent degradation of organic–inorganic lead halide 
perovskite films due to long-term exposure to ambient air and subse-
quent infiltration of moisture, for example137. A large reduction in layer 
thickness of MAPb(I1-xBrx)3 thin films is seen during air exposure for up 
to 22 days, caused by the formation of dense PbI2 and the release of 
volatile reaction products such as HI and I2 from the film. Ultrathin (less 
than 1-nm thick) Al2O3 cap layers slow down and reduce the 
degradation137. Figure 5c shows a representative positron lifetime 
spectrum measured for (Cs0.15FA0.85)Pb(I0.92Br0.08)3 with decomposition 
into three lifetime components (94 ± 5 ps, 377 ± 1 ps and 1,160 ± 70 ps) 
that highlight the high vacancy content.

From the theoretical perspective, DFT calculations of positron 
lifetimes consistently report the trend of τ τ τ> >V V bulkA B

 for various 
organic–inorganic lead halide perovskites131,133–135,138,139. Recent advances 
in ab initio calculations consider the choice of the appropriate 
electron–positron correlation functional and the impact of 
polymorphism139. For example, the use of more advanced approxima-
tions leads to the prediction of a stronger positron binding in lead 
vacancies compared to methylammonium vacancies139.

Metal–organic frameworks
Metal–organic frameworks (MOFs) are porous crystalline coordina-
tion networks composed of metal nodes and organic linkers140. MOFs 
display complex hierarchies of microporosity and mesoporosity. 
Their functionality, such as for gas storage, separations or catalysis, 
for example, is dependent on the pore sizes and architecture, includ-
ing their interconnections and host–guest interactions. Characteris-
tics of materials in this area can be achieved using PAS-based positron 
porosimetry141, which complements conventional porosimetry  
(such as N₂ adsorption). Several advantages in using PAS include 
negligible influence of the probe (typically o-Ps) on the material142, 

particularly important for flexible MOFs, sensitivity to subnano-
metre free volumes and closed pores142–144, the ability to conduct 
tests under almost any external conditions (such as temperature, 
pressure, presence of various gases or vapours)145,146, and the abil-
ity to detect subtle changes due to phenomena affecting o-Ps 
(such as migration or quenching), although this requires careful 
interpretation146,147.

As in most complex porous systems, several o-Ps components are 
observed in MOFs — typically two142,144–149 or three150–153. Underestimat-
ing their number often leads to averaging and obtaining incorrect pore 
sizes. This may be caused by setting the spectrometer time base too 
short (≪1 µs), which truncates components with lifetimes of several 
tens of nanoseconds. However, sometimes this can also be caused by 
too few counts (≪10 million), when components are masked by sta-
tistical noise. Even when both conditions are met, it is worth initially 
estimating the number of components using an algorithm such as 
maximum entropy for lifetime (MELT) analysis that does not require 
a priori assumptions154. However, owing to the limitations of MELT155, 
it is best to adjust the number of components, which can vary with 
temperature or pressure, to obtain continuous trends in lifetimes 
and intensities.

The longest lifetime in MOFs almost always exceeds 20 ns, and the 
conventional Tao–Eldrup model156,157 is insufficient to determine pore 
size. Furthermore, the shape of the free volume differs greatly from the 
sphere assumed in the Tao–Eldrup model. The extended model158,159 
analyses the lifetime in the infinitely long cylindrical free volume as 
an average weighted by Boltzmann distribution over Ps energy levels, 
labelled by n and m, in a potential well of radius, R, approximated by 
the infinite potential well with an extended radius R + Δ
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where Δ depends on the material, gm is the statistical weight of the mth 
state (g0 = 1, gm>0 = 2), h is Planck’s constant, me is the electron mass, k is 
the Boltzmann constant, T is the temperature and Znm is the nth node of 
the Bessel function of first kind Jm(r). The annihilation rate at level nm is
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where λp is pick-off annihilation rate approximated in the model by 2 ns−1 
and λi = 7 μs−1 is the intrinsic o-Ps annihilation rate. The probability, Pnm, 
of finding Ps outside the zero-electron density region (r < R) is
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The extended Tao–Eldrup model is facilitated by calculation 
programs160. It is also recommended to choose the geometry that 
best suits the MOF under study (which will still be a considerable 
approximation given the open structure of these materials). Careful 
selection of the Δ parameter is also important; it should be lower than 
0.18 nm in silicas, and perhaps even lower than the typical 0.166 nm 
determined for molecular crystals161. A shape-free model has also been 
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recently presented, and shows good agreement with a wide range of 
measurements162.

The final challenge is to correctly interpret the origin of the com-
ponents and their changes. It is crucial to recognize that, in addition 
to pick-off annihilation, Ps may be influenced by additional processes. 
A particularly important contribution comes from o-Ps migration 
from smaller to interconnected larger pores163. The migration in MOFs 
depends strongly on the crystallite size152 in powder samples or posi-
tron implantation energy in thin films149. Owing to the regular struc-
ture of MOFs, instead of being trapped in a specific pore, o-Ps can 
remain in delocalized Bloch states extended over large volumes of the 
crystal146,148, as postulated for zeolites164. Some Ps in Bloch states can 
localize beyond grain boundaries146. Migration from both localized and 
delocalized states results in distortion of pore-size estimated obtained 
using extended Tao–Eldrup models, but also provides a unique insight 
into the processes occurring in MOFs, such as during gas adsorption. 
In turn, the presence of metal nodes may result in Ps quenching or 
inhibition, which should be considered, but this process applies only 
to some MOFs147.

Taking the above issues into account enables the effective use 
of positron porosimetry to study the properties of MOFs in various 
applications including network closing effects142, dye adsorption151, 
water adsorption153 with the prospect of desalination150, and especially 
promising CO2 capture — from the first application of PAS for studying 
MOFs145 to in situ studies of almost ready-to-use materials146. Figure 5d 
shows the results from this latter work where the intensity of positro-
nium trapped inside the cages of the MOF and outside its grains varies 
as a function of CO2 pressure. Interpreting PALS measurements, in 
particular the intensities of o-Ps trapped in the MOF cages and outside 
its grains, allowed reconstruction of the localization of CO2 particles 
in the CALF-20(Zn) network at different pressures.

Surfaces and interfaces
The defining characteristic of PAES is that its signal originates almost 
exclusively from the top-most atomic layer, established through 
studies of palladium overlayers on Cu(100). At 173 K, deposition of 
approximately one monolayer of palladium caused the palladium 
PAES signal to saturate, whereas the copper signal attenuated to near 
zero, demonstrating that subsurface atoms do not contribute detect-
ably to the PAES spectrum165. Upon warming to 303 K, changes in the 
PAES intensities provided direct evidence for thermally activated 
intermixing between copper and palladium in the topmost layer. At 
423 K, the formation of a copper overlayer was observed, driven by 
segregation. These experiments established PAES as a direct probe 
of temperature-driven surface diffusion and alloying dynamics. The 
top-layer surface selectivity of PAES has made it useful in multiple stud-
ies of surface diffusion166, identification of adsorption sites on com-
posite surfaces167 and annealing-induced changes in morphology168. 
Time-resolved PAES enables the investigation of the dynamics of sur-
face atoms and the in situ observation of segregation processes. The 
Cu/Pd system was studied using PAES on palladium substrates coated 
with 2.88 and 5.77 monolayers of copper. The time constant for segre-
gation was experimentally determined as 1:38 ( ± 0:21) h and the final 
segregated configuration was found to be consistent with theoretical 
calculations169,170.

The elimination of background in PAES (Fig. 5e) enables several 
important applications, including the first direct measurements of 
extremely low-energy Auger processes. This approach was used to 
observe the carbon–VVV transition in graphene, where V indicates 

a valence band electron171. The resulting low-energy peak near 4 eV 
matched theoretical expectations and showed that most deep valence 
holes (approximately 80–100%) decay via a VVV Auger process that 
only involves valence electrons. This same method was applied to 
identify the oxygen 2s–VV transition (an LVV transition where the 
hole is created on the L-electron level in oxygen, and the rest of the 
process involves electrons in the valence band, denoted as VV) on 
oxygen-covered metals and oxides, a feature never cleanly observed 
by traditional Auger techniques because its low energy, below ~10 eV 
(ref. 172). With the background removed, a distinct low-energy peak 
associated with oxygen 2s hole decay was revealed, and comparison 
with theory showed that the oxygen LVV transition occurs with high 
efficiency, nearly matching that of the oxygen KVV process (a transition 
similar as LVV, but the hole is created on a K-electron level in oxygen). 
Together, these studies illustrate how background-free PAES provides 
a uniquely sensitive window into very low-energy Auger channels that 
are otherwise inaccessible.

Gamma–Auger coincidence spectroscopy is a distinctive applica-
tion of PAES enabled by the fact that each PAES Auger peak arises from 
a single, well-defined core level. As core-hole creation is tied directly 
to the annihilation event, selecting a given PAES peak isolates annihila-
tions involving a specific orbital. Measuring the Doppler-broadened 
annihilation γ spectrum in coincidence with electrons from that peak 
yields the momentum distribution of the electron–positron pair asso-
ciated with that orbital. As Doppler broadening reflects the electron 
momentum, the resulting γ-line shape becomes an orbital-resolved 
momentum signature. Early studies showed that gating on transitions 
such as CuM₂,₃VV, AgN₂,₃VV and AuO₂,₃VV produces Doppler spectra 
in excellent agreement with relativistic calculations, establishing the 
approach as a sensitive probe of many-body and electron–positron cor-
relation effects173,174. Recently, a 2D time-of-flight (ToF) PAES–Doppler 
coincidence spectrometer was used to record a full correlation map 
between electron flight time (and thus energy) and γ-ray Doppler 
shift175. This enabled extraction of annihilation line shapes for both 
outer-core orbitals (such as copper 3p) and deep core states includ-
ing carbon 1s and oxygen 1s, even in heterogeneous systems such as 
graphene/copper. By selecting electrons in ToF ranges correspond-
ing to carbon KVV, oxygen KVV or the 7–25 eV low-energy region, it 
was demonstrated that low-energy Auger electrons originate largely 
from deep-valence or shallow-core holes and are coincident with γ 
rays exhibiting small Doppler shifts, consistent with annihilation with 
low-momentum electrons. Higher-energy Auger peaks (such as M₂,₃VV 
and KVV transitions) correlate with broader γ-ray line shapes charac-
teristic of high-momentum core electrons. Fitting these line shapes 
to ab initio orbital momentum densities allowed identification of the 
orbital composition of the annihilation signal and clarified which initial 
holes produce specific features of the PAES spectrum. Together, these 
results establish γ–Auger coincidence spectroscopy as a powerful 
orbital-selective probe that enables quantitative tests of many-body 
theory and clear identification of the mechanisms underlying both 
high- and low-energy Auger emission.

The surface selectivity of PAES — arising from the trapping 
of positrons at the surface prior to annihilation — suggests that 
Doppler-broadening spectroscopy may likewise yield element-specific 
surface information. Coincidence Doppler-broadening spec-
troscopy can provide chemically specific signatures from the top-
most atomic layer, even when positronium formation and reduced 
core-electron overlap diminish the core-annihilation signal176. By 
simultaneously acquiring PAES data from clean, adsorbate-covered 
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and thin-film-coated copper, silver and gold surfaces, it was shown 
that the high-momentum region of the annihilation line shape remains 
highly sensitive to elemental identity. Ratio-curve analysis — in which 
experimental Doppler spectra are normalized to clean copper and 
fitted with linear combinations of ab initio momentum distributions —  
yields quantitative surface compositions that agree well with PAES 
for simple systems and reliably detect submonolayer adsorbates and 
single-layer overlayers. As 511 keV γ-rays escape readily from buried or 
enclosed regions, the work establishes coincidence Doppler broaden-
ing as a promising complement to PAES for in operando studies of 
otherwise inaccessible internal or porous surfaces.

Reproducibility and data deposition
A properly tuned positron lifetime spectrometer produces lifetime 
spectra where the average positron lifetime can be determined with 
0.2 ps accuracy (as determined by the standard deviation over tens of 
successive experiments)103. Variations between spectrometers and 
source corrections (for different sources) may result in an offset of up 
to 5 ps, making direct comparisons of lifetime values between labora-
tories challenging. This baseline offset is mitigated by utilizing refer-
ence samples where positrons are not trapped at vacancy defects for 
each studied material and therefore annihilate in the free state of the 
lattice (also called the bulk). This is also the basis of comparison with 
theoretical calculations where the variation baseline offset originates 
from the necessary approximations in calculating the electron and 
positron states. The ISO technical specification for evaluation of pore 
size in materials by free volume sizes was recently determined through 
the quenching of the o-Ps pick-off annihilation process177.

In addition, for Dopper broadening and ACAR experiments, the 
momentum parameters depend strongly on the detector geometry, 
resolution, calibration and amplifier properties, therefore necessi-
tating comparative measurements. It is typical to express the S and W  
parameters as normalized to the SB and WB obtained in a reference 
sample. This reduces the dependence of the data on the various aspects 
listed above to some extent, but not completely178. Full analysis and 
interpretation of the results are necessary before comparing results 
from different laboratories. The analysis of ratio curves obtained from 
either CDB or ACAR experiments is most often performed by compari-
son with theoretical calculations, giving the possibility of more detailed 
interpretations of the physical processes.

Limitations and optimizations
Positron annihilation methods are powerful for identifying, quantify-
ing and determining the physical characteristics of point-like vacancy 
defects in elemental metals and semiconductors, as well as in simple 
binary compounds and dilute alloys. Most detailed information can be 
obtained for mono-vacancy and di-vacancy defects, with the sensitivity 
to the exact size and detailed atomic surroundings gradually decreasing 
with the increase of the size of the open volume. o-Ps annihilation-based 
methods have the highest sensitivity for free volume structures of 
about 2 nm in diameter. However, detailed defect identification with 
positron annihilation methods becomes particularly challenging when 
the complexity of the studied material increases. In two-component 
compounds, where the crystal structure contains non-identical lattices 
sites for one type of atom, such as β-Ga2O3 that has two non-equivalent 
Ga sites and three non-equivalent O sites, the identification becomes 
difficult owing to the multitude of similar, but not identical, possible 
defects. When the number of elements in the compound or alloy is 
increased, the number of different point defects and their combinations 

increase rapidly. In elemental materials and simple (nearly) covalently 
bonded binary compounds, typically one type of defect is clearly domi-
nant, whereas in complex materials there is a tendency for coexistence 
of many types of point defects with concentrations high enough to 
be detected in experiments. Finally, the more complex the materials, the 
more difficult it seems to make a suitable reference sample in which the 
overall defect concentrations would be low enough for the material to 
considered defect-free from the perspective of the positron experiment.

Outlook
PAS is a comparative technique where the detailed identification of 
defects relies on comparison with a well-defined reference sample of 
the same material that does not exhibit positron trapping at vacancies. 
For many novel and complex materials, such samples do not exist, 
making the defect identification challenging179,180. Synthesis condi-
tions of the material in question, such as stoichiometry, temperature 
or doping level, affect the final defect distribution in the samples via 
thermodynamic and kinetic processes. Using different temperature, 
illumination, electric and magnetic fields for selective defect excitation 
is important. Transient experiments where sub-bandgap illumination 
and biasing have been used in pump–probe mode40,181 can be used to 
elucidate the dynamics of charge trapping and emission processes in 
semiconductors, but these types of experiments have not become more 
common182. Reducing the need of having two thick enough samples for 
the sample–source–sample sandwich type experiments by using anti-
coincidence techniques may allow easier experiments in thin films183,184. 
For identifying defects in materials with ever more complex lattice 
structures, the experimental sophistication needs to be maximized. 
Improving the selectivity of the positron annihilation signals would 
strongly benefit studies of alloyed systems as well as complex lattice 
structures with several inequivalent lattice sites. One possibility could 
be using characteristic X-rays emitted after positron annihilation with 
core electrons for direct specification of the origin of the annihilation 
signal in near-surface experiments. Measurements of γ-rays and X-rays 
in coincidence should not be an obstacle.

Using spin-polarized positron beams merits further development. 
Spin-polarized positrons are a unique tool for investigating spin-related 
phenomena in spintronic and quantum materials and may have an 
important role in exploring homochirality in biological systems121,185. 
However, several technological challenges must be acknowledged. Dif-
ferences in the annihilation lifetimes and ACAR or Doppler broadening 
spectra upon magnetic field reversal are generally subtle, requiring 
highly precise and stable measurements129. Further improvements in 
both time and energy resolution are essential, particularly for positron 
spin-relaxation spectroscopy186, which currently remains impractical for 
directly observing time-dependent spin precession due to its stringent 
requirement of sub-10-ps time resolution. For surface spin polarization, 
positronium spectroscopy187 is especially valuable owing to its excep-
tional sensitivity to the outermost atomic layer, potentially compensat-
ing for limitations inherent in photoemission spectroscopy. Although 
energy-resolved surface positronium spectroscopy130 has demonstrated 
the ability to probe spin-polarized surface density of states, further 
development towards an angle-resolved variant is awaited to enable 
direct observation of spin-polarized band dispersions. The develop-
ment of efficient positron spin filters remains a compelling research 
direction, and the establishment of facility-based, highly spin-polarized 
and intense positron sources/beams is strongly desired to support 
future advanced investigations188. Integration with positron-induced 
Auger electron spectroscopy could allow correlated photon–electron 
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measurements, and quantum materials research promises to further 
expand the impact of positron annihilation methods.

Although (two-component) DFT has been the workhorse for cal-
culations of positron interactions in condensed matter, it relies on 
input in the form of the correlation energy and enhancement factors 
to attempt to account for short-range correlations for the positron in 
electron gas (rather than the real material environment), which can lead 
to spurious effects in the spectra and show deficiencies. An important 
recent advance was the development and application of quantum 
Monte Carlo to positrons annihilation in bulk189,190, demonstrating that 
parameter-free many-body theory descriptions are feasible. These cal-
culations, based on variational and diffusion quantum Monte Carlo, are 
computationally very expensive and have been applied so far for posi-
trons in solids within the pseudopotential approximation, in which only 
valence electrons are treated explicitly. A clear benefit of this approach 
is the inherent linear scaling of the Monte Carlo method in which the 
positron lifetime189 (for silicon, diamond carbon, AlN and lithium) and 
Doppler broadening of annihilation radiation for semiconductors and 
insulators (such as silicon and AlN) are both considered190. Apart from 
the overestimated positron lifetime in the silicon lattice, the results are 
in very good agreement with experiments, and free of parametrized 
input, unlike DFT results that are essentially determined by the choice 
of the enhancement factor.

Another powerful framework for describing positron interac-
tions with many-electron atoms or molecules — and allows for the 
inclusion and study of correlations in a natural, transparent and sys-
tematic way — is diagrammatic many-body theory191. In this Green’s 
function-based approach, rather than solving the full wavefunction 
of the N-electron and positron wavefunction, amplitudes for pro-
cesses of interest, such as positron annihilation with a bound elec-
tron, are described via diagrammatic series. The dominant diagrams 
that describe polarization, screening and virtual-Ps formation can be 
calculated non-perturbatively via resummation191. The annihilation 
amplitude and momentum density also admits a diagrammatic expan-
sion that includes corrections to the annihilation vertex that describe 
the short-range electron–positron interactions. The many-body theory 
thus allows for ab initio account of these interactions and exact calcula-
tion of enhancement factors192. The approach has provided a complete 
understanding of positron scattering, annihilation and cooling in noble 
gas atoms34,192–194, accurate ab initio description of positron binding 
and direct annihilation in molecules191,195, and also been extended 
to Ps annihilation in atoms196,197. The method and its computational 
implementation in the EXCITON+ code191 is, in principle, applicable to 
positron interactions in clusters and condensed matter. In particular, 
so-called GW calculations, which describe the positron propagating in 
the screened interaction with the crystal, should be feasible, allowing 
ab initio calculation of band structure, positron localization, annihi-
lation rates and γ-spectra. The methodology can also be extended to 
enable theoretical description of Ps scattering and annihilation, and 
with molecules, relevant to Ps imaging.

Embedding strategies are also emerging as a promising route to bal-
ance accuracy and computational feasibility198. By treating the positron 
and its local electronic environment with high-level many-body meth-
ods while embedding this region within a lower-cost electronic structure 
description, embedding approaches could enable accurate modelling 
of positron trapping and annihilation without sacrificing scalability.

The calculation of material and defect-specific positron trapping 
rates in insulators and semiconductors as a function of the defects’ 
charge states and temperature should be further developed to a 

predictive ab initio level. This would allow an improved understand-
ing of how different defects and charge states compete in positron 
trapping in realistic experimental conditions. The existing models199 
are limited to model potentials and a simplified band model of silicon. 
The positron trapping channels are similar to charge carrier trap-
ping and recombination processes occurring in semiconductors. For 
example, trap-assisted Auger–Meitner recombination (an electronic 
process) and non-radiative carrier capture via multiphonon emission 
can both be described using DFT-based methods200,201. Similar models 
should be developed for corresponding electronic/positronic and 
phonon-mediated positron trapping channels. Recent developments 
in the ab initio description of the coupling of electronic and phononic 
degrees of freedom202,203 give promise that the many-body approach 
can be extended to include the coupling between positron and phonons 
and reveal any effects of this on positron localization in defects.

Advancements to atomic and molecular physics
Traditionally, PAS is used to study condensed-phase systems. How-
ever, over the past 25 years, a new approach has emerged, in which 
positron annihilation is used to probe the structure and vibrations of 
polyatomic molecules. This adaptation makes use of high-resolution 
(40 meV and better) trap-based positron beams whose energy can be 
tuned in the range from a few tens of meV to eV energies204,205. This 
enables energy-resolved measurements of positron annihilation rates 
in gas-phase molecules206. Experiments revealed a complex structure 
of vibrational Feshbach resonances, which are characteristic of the pro-
cess of positron attachment accompanied by vibrational excitations207. 
These resonances are responsible for orders-of-magnitude enhance-
ments of positron annihilation rates in polyatomic molecules, a phe-
nomenon that was known from pioneering experiments on Ps208, but 
took nearly half a century to understand properly209–211.

The energy-resolved annihilation rate with resonant peaks and 
other features covering the range of molecular vibrational modes 
represents a molecule-specific annihilation spectrum212. Energy shifts 
of the resonances provide information on positron-binding energies, 
which have now been measured for over 100 molecules213. These data 
reveal a strong dependence of the binding energy on global molecular 
properties, such as the dipole polarisability and dipole moment (for 
polar species), but also on the number of π bonds. Experimental data 
stimulates developments of new theoretical approaches for describ-
ing strongly correlated positron interaction with molecular electrons. 
In particular, the new many-body theory method191 holds promise for 
being the most accurate approach in this problem, while also provid-
ing quantitative understanding on the role of correlations, molecular 
properties and symmetry, and predictive capability195.

The strongest vibrational Feshbach resonances in the annihila-
tion spectra are often linked with infrared-active vibrational modes 
for which there is a clear coupling mechanism214. However, positrons 
can also attach by exciting non-dipole vibrational modes215. In addi-
tion, there is clear evidence of positrons being capable of exciting 
a very dense quasicontinuous spectrum of multimode vibrational 
resonances216 and other effects of mode coupling217 due to anharmonic 
vibrational interactions. Enhanced positron annihilation is strongly 
linked with the ubiquitous phenomenon of intramolecular vibrational 
energy redistribution. Intramolecular vibrational energy redistri-
bution is at the heart of all fundamental chemical transformations 
including the making and breaking of bonds, and positron annihilation 
provides a unique probe of this complex phenomenon. Combined 
efforts of theory and experiment also reveal that positron binding is 
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sensitive to molecular geometry, used, for example, to distinguishing 
isomers in halogenated species218 or to probe molecular conformation 
of long-chain alkanes219. The latter system demonstrates that positron 
binding and annihilation resonances can serve as a probe of the internal 
molecular vibrational temperature.

Positronium imaging in PET
The first clinical application of positrons in medical diagnostics was 
demonstrated in 1953 (ref. 220), only 21 years after the discovery of 
positron. In that study, the patient with an intracranial recurrence of 
the meningiomatous tumour was injected with the 74As radionuclide 
that emits positrons. The 511-keV photons from positron–electron 
annihilation in the patient’s brain were registered in coincidence by 
two sodium iodide crystal scintillators positioned collinearly on the 
movable platform at the two sides of the patient’s head. Determining 
the lines of flight of the back-to-back propagating photons enabled 
reconstruction of the image of 74As concentration in the brain, thus 
revealing the location of the tumour. This pioneering positron imag-
ing led to the development of positron emission tomography (PET)221, 
which is now routinely used in clinical practice, enabling the recogni-
tion of tissue abnormalities at the molecular level, before they lead 
to morphological changes222. The effective radiation dose from a PET 
scan is modest and actually lower than from the more frequently used 
computed tomography scans.

PET diagnostics has experienced continuous improvements in 
radiation detection and radiopharmacy, leading to the possibility of 

dynamic and simultaneous imaging of all patient tissues. This was dem-
onstrated with the total-body PET system constructed from 564,480 
crystal scintillators223. However, the main principles of PET scanners 
(recording electron–positron annihilation into two photons), based 
on localizing the accumulation of pharmaceuticals, have remained 
unchanged for over 70 years. The recent invention of positronium 
imaging224 brought a qualitative breakthrough, enabling the imaging 
of parameters characterizing the mechanism of positron–electron 
annihilation in living organisms225. These parameters include the mean 
ortho-positronium lifetime (τoPs) and its formation probability (PoPs), as 
well as the mean lifetime of positrons undergoing direct annihilation 
(τd), the mean positron lifetime in the tissue (τe+), the 3γ to 2γ positron 
annihilation rate ratio (R3/2)226 and the degree of quantum entangle-
ment of annihilation photons (RQE)227,228. These parameters are sensi-
tive to the molecular environment in which positronium annihilation 
occurs. In particular, the rate of the pick-off processes depends on the 
intramolecular arrangement, and the rate of the conversion processes 
depends on the presence of paramagnetic molecules such as oxygen 
(o-Ps + O2 → p-Ps + O2 → 2γ + O2)229,230. Consequently, generating images 
of positronium properties within a living organism, specifically by 
using τoPs, τe+, τd, R3/2, PoPs and RQE, could reveal early-stage tissue pathol-
ogy related to molecular changes. These changes precede functional 
and morphological symptoms231,232, and their monitoring could be used 
for non-invasive assessment of the degree of hypoxia233,234, which is an 
indicator characterizing the oxygen deficit used to guide the choice of 
personalized treatment235.
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Fig. 6 | Positronium imaging with positron emission tomography. 
A photograph of the patient in the first multiphoton tomograph ( J-PET,  
panel a) used to generate positronium images (panel b). The patient 
diagnosed with brain glioma was administered with pharmaceuticals 
labelled with the 68Ga radionuclide, which emits positrons and prompt γ-rays 
(68Ga → 68Zn* + e+ + ν → 68Zn + γ + e+ + ν, where e+ is a positron and ν is neutrino). 
The dashed blue arrows on the J-PET represent photons from electron–positron 

annihilation and the solid red arrow the prompt γ-ray from the de-excitation 
of the 68Zn* radionuclide. Their detection locations are highlighted in yellow242. 
The first clinical positronium images of the head of a patient with recurrent 
secondary glioblastoma (panel b) were obtained in the year 2024. The top 
images show the standard PET image and the bottom images show τoPs, the 
mean ortho-positronium lifetime. Adapted from ref. 242, CC BY 4.0.
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Positronium imaging is rapidly developing226. In 2021, the first 
3γ-image236 and τoPs-image237 were demonstrated with the dedicated 
mutiphoton J-PET scanner (where J stands for Jagiellonian Univer-
sity)238,239 that enables simultaneous registration of two and three 
annihilation photons as well as prompt γ-rays emitted by radionuclides 
such as 44Sc (Fig. 6a). 44Sc emits a prompt γ-ray after each positron 
emission (so that the decay chain is 44Sc → 44Ca* + e+ + ν → 44Ca + γ + 
e+ + ν, where ν is a neutrino) with a mean de-excitation time of only 
2.6 ps and is therefore the most promising radionuclide for efficient 
positronium imaging240,241. The annihilation and prompt photons are 
distinguished based on the energy deposited in scintillators242. The 
registration of prompt γ is used to determine the time when positron 
is emitted to the body and the registration of annihilation photons is 
used to reconstruct the time and place of the positron annihilation243,244.

Positronium imaging research has primarily concentrated on 
imaging the mean ortho-positronium lifetime234,237,242,245–247, and the 
development of the reconstruction algorithms that would enable 
positronium imaging with a few millimetre spatial resolution248–253. In 
2024, a major step towards translating positronium lifetime imaging 
into clinical practice was reached with the successful demonstration 
of the first clinical positronium lifetime images of the human brain242. 
These first in vivo images of the τoPs values in the brain are shown in 
Fig. 6. The determined values of τoPs and τe+ in a glioma tumour are 
smaller than those in salivary glands, which in turn are smaller than 
those in healthy brain tissues242. In vivo observation of differences in 
positron and positronium lifetimes between healthy and cancer tissues 
opens promising perspectives for application of positronium imaging 
in medical practice. At the time of this publication, there are six PET 
systems that are capable of measuring the lifetime of positronium: the 
J-PET scanner in Poland242, the Prism-PET252, the PennPET Explorer246, 
the NeuroEXPLORER (NX) brain PET in the USA254, the Biograph Vision 
Quadra in Switzerland245 and the brain-dedicated ToF-PET scanner 
VRAIN in Japan234. So far these scanners were used to demonstrate the 
possibilities of positronium imaging using radionuclides including  
124I, 82Rb, 68Ga, 55Co, 52Mn and 44Sc (refs. 242,245,247,255–258).

The future of PAS
PAS is a set of methods that excel in identifying and quantifying material 
structures with excess open volume, from vacancy defects in crystalline 
solids such as semiconductors to porosity in disordered media. The most 
promising advances of the methods allow extending the analysis to mate-
rials systems with complex atomic structures, to surfaces and to inter-
faces. The development of theoretical tools alongside novel experiments 
offers exciting opportunities for detailed interpretation of the physical 
processes, while the emergence of positronium imaging in biological  
systems widens the application horizons of positron annihilation.

Published online: xx xx xxxx
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Glossary

β+ decay
A form of radioactivity where an 
unstable isotope decays through the 
emission of a positron and a neutrino.

Bloch-like state
In a perfect crystalline lattice, the 
thermalized positron is in a delocalized 
state dictated by the periodicity of 
the lattice, described by Bloch wave 
function.

Coincidence Doppler 
broadening
(CDB). Doppler broadening measured 
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to a negligible level.

Doppler broadening
Broadening of the 511 keV 
positron–electron annihilation line 
in the energy spectrum, caused by 
the distribution of momenta of the 
annihilated electrons.

Fast scintillation detectors
A material that emits visible (or 
ultraviolet/infrared) photons upon 
irradiation with high-energy photons, 
typically connected to a photomultiplier 
tube for electronic signal generation.

High-purity germanium 
detectors
Semiconductor detectors for 
high-energy photon detection with 
high-energy resolution, based on 
ultrapure germanium, and require 
cooling to liquid nitrogen temperature.

Implantation depth
The depth at which positrons are 
implanted in a slow positron beam 
experiment, often is reported as the 
mean implantation depth as the 
implantation profile is very wide at 
higher energies.

Implantation energy
Kinetic energy of the positrons in a slow 
positron beam experiment. The probing 
depth of positrons can be controlled by 
tuning the implantation energy.

Lifetime
The inverse of the annihilation rate that 
characterizes the exponential decay 
process of a positron.

Open volume defects
Atomic-scale defects with excess 
empty volume. For example, one or 
several missing atoms in a crystal lattice 
known as vacant lattice sites or vacancy 
defects.

Pair production
Spontaneous formation of 
positron–electron pairs from 
high-energy γ-radiation.

Positronium
Hydrogen-like bound state of a positron 
and an electron.

Slow positron beam
A set-up where the positron kinetic 
energy can be controlled, typically in 
the range 0–50 keV. Also known as a 
variable-energy positron beam.
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