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Introduction 

The two quantities which can be observed by annihilation of an individual positron in con-

densed matter are the positron age τ  which is the time interval between implantation and an-

nihilation of the positron, and the momentum p of the annihilating positron-electron pair. Cor-

related measurements of these quantities (Age-Momentum Correlation, AMOC*) are an ex-

tremely powerful tool for the study of reactions involving positrons. It not only provides the 

information obtainable from the two constituent measurements but allows us to follow di-

rectly, in the time domain, changes in the positron-electron momentum distribution of a posi-

tron state (e.g., positronium slowing-down, cf. Sect. 3.3) or transitions between different posi-

tron states (e.g., trapping of positrons, cf. Sect. 3.2, chemical reactions of positrons and posi-

tronium, cf. Sec. 3.1, or self-localization of positronium from a metastable positronium state 

in liquid rare gases, cf. Sect. 3.4). So far AMOC measurements have only been performed at 

MeV positron beams [1,2]. It is highly recommended that the advantage of the beam-based 

AMOC technique should be applied to keV positron beams, too. 

1  AMOC Relief, Lineshape Function, and “Tsukuba Plot” 

Since both 511 keV photons resulting from a 2-gama-annihilation event transmit equiva-

lent information, one photon may be used to determine the age of the annihilation positron 

                                                 
*The name “Age-Momentum Correlation” appears to have been invented by MacKenzie and Mc Kee [4]. The 
acronym AMOC was introduced by Stoll, Wesołowski, Koch, Maier, Major, and Seeger [5] at the suggestion of 
P. Wesołowski. 
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and the other one to deduce information on the momentum of the annihilating positron-

electron pair by measurement of the Doppler shift of the photon energy. As an example, 

Fig. 1 shows the so-called AMOC relief of fused quartz. The number of triple-coincidence 

counts is plotted on a logarithmic scale versus the positron age and the energy of one of the 

annihilation quanta. Sections of constant positron age represent energy spectra at different 

positron ages.  

 

 

 

 

 

 

 

 

 

Fig. 1: AMOC relief of fused quartz at room temperature 

The well-known positron lifetime spectrum or the Doppler broadening spectrum may be 

obtained by summation over all channels with constant energy or constant positron age, re-

spectively. For visualization of the AMOC data a time dependent S-parameter, the so-called 

lineshape function S t(t) (Fig. 2a) has been found to be particularly useful especially to dem-

onstrate changes in the population of different positron states as a function of positron age (cf. 

Sect. 3). Plots of the mean positron lifetime τ  as a function of the photon energy (Fig. 2b) are 

another simple visualization possibility (“Tsukuba Plot”) [3]. 
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Fig. 2: (a) Lineshape function S t(t)  and (b) mean lifetime τ vs. Eγ  (“Tsukuba Plot”) of 

fused quartz derived from the AMOC relief shown in Fig. 1 (for details see text). 

2  Two-Dimensional Data Analysis 

Full use of the two-dimensional AMOC data is made by fitting a two-dimensional model 

function to the AMOC relief directly. The fitting consists in developing models for the proc-

esses under investigation, solving the appropriate system of rate equations with suitable initial 

conditions, calculating the AMOC relief, and convoluting it with the time and energy resolu-

tion function of the set-up [6,7]. In this way fits to the measured AMOC reliefs can be made 

without prior data reduction. Parameters derivable from such two-dimensional data analysis 

are: (i) the annihilation rates and the Doppler broadening linewidths of all positron states in-

volved, (ii) the transition rates between distinct positron states, and  (iii) the fraction of posi-

trons forming positronium.  

3  Selected Experiments 

3.1  Positronium Chemistry 

In the field of positronium chemistry AMOC combines the ortho-positronium (o-Ps) sensi-

tive lifetime measurement with the Doppler broadening measurement which is suitable for the 
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observation of the para-positronium (p-Ps) state with its characteristic narrow momentum dis-

tribution (“intrinsic” annihilation of the positron of positronium with it “own” electron). In 

addition AMOC allows time-domain observations of the occupations and transitions of differ-

ent positron states tagged by their characteristic Doppler broadening. Thus, in contrast to con-

ventional positron lifetime and Doppler measurements AMOC allows us to observe the transi-

tions more directly and to differentiate between distinct reactions. Chemical reactions of posi-

tronium “atoms” such as oxidation, complex formation as well as spin conversion and inhibi-

tion of positronium formation have been studied by beam-based AMOC [8,9]. E.g., spin con-

version of o-Ps to p-Ps in the presence of the free radical HTMPO (4-hydroxy-2,2,6,6-

tetramethylpiperidine-1-oxyl) causes an increase of S t(t) at long positron ages (Fig. 3 right 

side) since long-lived o-Ps is converted to p-Ps showing ist characteristic small Doppler 

broadening (corresponding to a large S-lineshape parameter) of the annihilation radiation. The 

lifetimes of bound states between positrons  and halide ions could also be measured for the 

fist time by beam-based AMOC [9,10]). 

 

Fig. 3: Left side: Lineshape function of methanol. The time-dependent S-parameter is de-

termind by the narrow momentum distribution of short-lived para-positronium, the mo-

menta of the electons annihilating with positrons not forming Ps (free e+), and the “pick-

off” annihilation of long-lived ortho-positronium (annihilation of the positron of o-Ps with 

a “foreign” electron). Right side: The free radical HTMPO dissolved in methanol causes 

a significant increase of S t at old positron ages since long-lived o-Ps is converted to p-Ps 

showing its characteristic small Doppler broadening (corresponding to a high  

S-parameter) of the annihilation radiation. 
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3.2  Trapping of Positrons at Defects 

As an example of AMOC investigations of positron trapping at defects Fig. 4 shows the 

room-temperature lifetime spectrum and lineshape funktion of a natural type IIa diamond 

[11]. Other diamond were investigated, too [11-13]. Young positrons annihilate from a delo-

calized state showing a large Doppler broadening. A narrowing of the annihilation photon line 

is observed at higher positron ages caused by trapping of positrons at defects. Parameters ob-

tained by fitting a simple two state trapping model to the AMOC data are shown in Table 1. 

The trapping rate is almost doubled when the diamond is illuminated by white light. This is 

explained by charging of the defects involved [11]. 

 

 

 

 

 

Table 1: Parameters of a fit to the diamond AMOC data: Positron trapping rate K, life-

time of the free and trapped positrons, τf and τt. 

 

 

 

 

 

 

 

 

Fig. 4: Positron-lifetime spectrum (upper 

diagram) and lineshape lunction S t(t)  

(lower diagram) of a natural type IIa 

diamond. Influence of white light. The 

solid and dasched lines represent fits of a 

two state trapping model. Parameters are 

given in Table 1. 
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3.3  Observation of Positronium Slowing-Down   

Time-dependent observations of positronium slowing-down in condensed matter were al-

lowed by beam-based AMOC for the first time. For all Ps-forming solids and liquids investi-

gated so far [6,7,14,15] a decrease in the S t(t) values at young positron ages has been found 

as shown for poly(isobutylene) (PIB) in Fig. 5. This juvenile broadening has never been ob-

served in materials for which there is no evidence for Ps formation (see, e.g., Al results,  

Fig. 6). When the neutral Ps is formed, the ionization of molecules and the creation of exci-

tons and electron-hole pairs as effective mechanisms for energy loss cease to operate. In mate-

rials with optical phonon branches the dominating slowing-down process for Ps is thought to 

be the transfer of kinetic energy to the lattice via collision with optical phonons [15,16]. 

 

Fig. 5:  Lineshape functions  

S t(t) of poly(isobutylene) (PIB) 

at room temperature 

Fig. 6:  Lineshape function 

of aluminum at room tem-

perature

The analysis of AMOC data showing juvenile broadening was performed in terms of a 

two state model [7]. It approximates the Ps energy loss via interaction with phonons by allow-

ing for transitions between epi-thermal Ps having a kinetic energy E0 and slowed down Ps (cf. 

Sect. 1.2). Room temperature slowing-down times tth between 10 ps and 40 ps and initial ki-

netic energies E0 of Ps between 3 eV and 6 eV are obtained by this procedure for materials 

with optical phonons [17]. The values obtained for tth have a higher reliability than those for 

E0, which appear to be more model-dependent. An improved analysis of AMOC data on Ps 

slowing-down is suggested by Seeger [18]. 
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When Ps is formed in materials where optical phonons are absent, much longer Ps slow-

ing-down times are expected. This was tested by AMOC measurements in solid rare gases. 

These materials crystallize in the face centered cubic (fcc) structure which, being a Bravais 

lattice, does not exhibit optical phonon branches. The lineshape functions S t(t) in Ar and, 

even more pronounced, in Kr and Xe show indeed a clear shift of the juvenile Doppler broad-

ening to higher positron ages (Fig. 7). 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Lineshape functions S t(t) of solid rare gases. Data points with error bars are cal-

culated from the AMOC measuremetns, solid lines from the two-dimensional model func-

tion [7]. 

The annihilation of slowed-down p-Ps resulting in a high S parameter at low positron ages 

as demonstrated for PIB in Fig. 5 has vanished completely showing that most of the p-Ps an-

nihilates from an epi-thermal state. This indicates that Ps slowing-down times tth are of the or-

der of the p-Ps lifetime. The analysis based on the two-state model mentioned above (solid 

lines in Fig. 7) yields slowing down times tth of 125 ps to 250 ps for solid Ar, and of 400 ps to 

600 ps for solid Kr [7,17,19]. They do not differ very much from those for the liquid states. 

The Ps slowing-down times tth in solid and liquid Xe (cf. Fig. 7 and Fig. 8g and l) are  

estimated to be in the range of 300 ps to 600 ps [19]. The rather long Ps slowing-down times 
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observed in Ar, Kr, and Xe are in agreement with the idea that Ps cannot lose energy by gen-

erating electron-hole pairs and, since in the rare gases studied there are no optical phonon 

branches, the Ps energy can only be transferred to acoustic phonons which is significantly less 

effective than the transfer to optical phonons.  

In Ne a maximum in the lineshape function S t(t) is observed (cf. Fig. 7) similar to PIB 

(Fig. 5). The corresponding slowing-down times tth according to the two state model analysis 

are in the range of 20 ps to 40 ps [7,17,19] and thus are similar to tth in materials with optical 

phonons. The process responsible for the shorter slowing-down times in Ne is not yet fully 

understood and requires further study. The observation of delayed Ps slowing-down in all 

positronium forming liquids and solids investigated so far shows unambiguously that for posi-

tronium formation no special sites are required [20,21].  

3.4  Evidence for the Existence of two Kinds of o-Ps in Condensed Rare Gases 

Positron-lifetime and AMOC spectra were measured on Ne, Ar, and Kr in the liquid and in 

the solid states [7,19]. The measured o-Ps lifetimes of 2.4 ns in solid Ar at 16 K and of 2.1 ns 

in solid Kr at 50 K are accounted for pick-off annihilation of o-Ps. The much longer o-Ps life-

times in the liquids (15.7 ns in Ne at 26 K, 7.0 ns in Ar at 87 K and 5.7 ns in Kr at 120 K) are 

explained by o-Ps annihilation in long-lived self-localized states, the so-called “Positronium 

Bubbles” [22].  

The lineshape functions of Ar and Kr in the liquid states surprisingly showed a maximum 

at positron ages of about 3 ns (Figs. 5d and 5f}. The analysis of these AMOC data revealed 

for the first time that the positronium bubbles are formed from an additional delocalized, me-

tastable o-Ps state [7,19]. The lifetime of the metastable o-Ps states in the liquids were found 

to be about the same as the o-Ps lifetimes in the solids in the vicinity of the melting point. The 

transition rate from the metastable o-Ps state to the longer-lived and apparently more stable o-

Ps bubble states in liquid Ar and Kr is about 3·108 s-1 [7]. A lower limit of the height of the 

energy barrier between the two different o-Ps states of about 10-1 eV is estimated by assuming 

that the barrier is overcome by overbarrier jumps with an attempt frequency of 1014 s-1. There 

probably exists also a bump in the lineshape function of liquid Ne (at positron ages of about 

4 ns to 6 ns, cf. Fig. 8b) indicating that a metastable Ps state may be formed in Ne, too. In liq-

uid Xe no significant effect was observed in the lineshape function (cf. Fig. 8h). The  

S parameters of the two o-Ps states in Xe may be very similar. However, an additional posi-
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tron lifetime component found in Xe in the liquid state only [23] indicates that two distinct o-

Ps states are also present in liquid Xe. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8:  Lineshape functions S t(t)  calculated from AMOC data and model functions (solid 

lines) for condensed rare gases: Solid Ne at 15.2 K (a), liquid Ne at 26.0 K (b), solid Ar at 

83.3 K (c), liquid Ar at 86.3 K (d), solid Kr at 50.0 K (e), liquid Kr at 120.0 K (f), solid Xe 

at 150 K (g), and liquid Xe at 163 K (h). 

We can conclude that in all liquid rare gases investigated so far positronium is formed first 

before it is trapped into self-localized “positronium bubble” states. Seeger emphasized that 

AMOC has the potential to solve the important question “where and how positronium is 

formed” also for more complex positronium formers such as polymers [20].  
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