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We present preliminary results that were collected using a new positron beam system at the University of
Texas at Arlington. The beam allows for the coincident measurement of the energy of positron annihilation
gamma photon and time-coincident positron-induced electrons. This system enables the parallel collection of a 2-
dimensional array of coincident pairs of gamma and electron energies over the full energy range of relevance. Here,
we present gamma spectra constructed from the correlation of secondary electrons with the delayed annihilation
of positronium, and the observation of pick-off annihilations that results from this analysis. These measurements
will play an important role in determining the contributions due to pick-off annihilations to the Doppler-broadened
gamma spectra from the internal or external exposed surfaces of materials. Subtracting the background properly
is crucial for the measurement of the Doppler broadened spectrum of annihilation gamma photons originating from
the annihilation of positrons with electrons of specific electronic core levels.
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1. Introduction

Ortho-positronium (o-Ps) pick-off annihilations can
occur when long-lived o-Ps encounters another surface
and results when the positron within an o-Ps atom an-
nihilates with an electron of the opposite spin through a
variety of processes [1]. In the present apparatus [2], it
is possible for a positron incident on a sample to induce
secondary electron emission through impact ionization.
This positron may then diffuse to the surface and pick
up another electron before being re-emitted as o-Ps [3];
the gamma photon resulting from the annihilation of the
re-emitted o-Ps may then be detected in coincidence with
the detection of the positron impact-induced secondary
electron. In the normal scenario (i.e. the gamma pho-
ton is a result of the annihilation of a positron with a
bound electron in the material), the time difference be-
tween the detection of the annihilation gamma photon
and the detection of the secondary electron is then taken
as the time-of-flight of the electron and is representa-
tive of the electron energy. Although, there is an addi-
tional effect due to the relatively long lifetime of o-Ps:
the decay time may be significant with respect to the
flight time of the secondary electrons. This effect can
thus result in a modification of the electron time-of-flight
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(ToF) spectrum in the form of an exponentially decaying
tail [4]. Additionally, the longer-lived o-Ps atoms have
some probability of reaching a surface within the sample
chamber. These long-lived o-Ps atoms can then annihi-
late via pick-off, resulting in a background contribution
to the gamma spectrum with an annihilation peak line
shape that is independent of the sample material.

2. Experimental apparatus

The apparatus used to collect the data presented
within this proceeding consists of a variable energy
positron beam, a sample chamber, an electron time-of-
flight energy analyzer with an electron flight path of
≈ 3 m, and a high-purity Ge detector (HPGe) (Fig. 1) [2].
Low energy positrons (≈ 5 eV) are obtained from the
moderation of fast positrons produced by the beta de-
cay of a 22Na source [5] and are guided to the sample —
consisting of bilayer graphene on a substrate of polycrys-
talline Cu biased to −50 V — with an axial magnetic
field of ≈ 0.005 T. The resulting positron-induced elec-
trons are then guided to the micro-channel plate electron
detector via a field-free region colloquially known as a
ToF tube; the corresponding annihilation gamma ray is
collected by the HPGe detector and the resulting detector
pulse is used for both timing and energy measurements.
Timing with the HPGe detector was enabled by an im-
plementation of the extrapolated leading edge timing al-
gorithm in the analysis software (a detailed description
of which is provided in Ref. [6]), resulting in a timing
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Fig. 1. Diagram illustrating the electron time-of-flight
spectrometer and the flow of the detector signals. The
ExB plates are used to drift the positrons beneath the
MCP and back onto the axis of the beamline, as well
as to drift the resulting positron-induced electrons into
the MCP. The “ToF tube” serves as a field-free region,
within which the electrons spend the majority of their
flight time and travel without external influence from
stray electric fields.

resolution of 16.3 ns for the HPGe and microchannel
plate combination. The gamma energy of each individ-
ual positron-electron annihilation is thus correlated with
the apparent time-of-flight (∆t) of the positron impact-
induced secondary electron. We measure this ∆t as the
time difference between the detection of an HPGe de-
tector pulse and a micro-channel plate (MCP) electron
detector pulse via custom software that additionally con-
structs a two-dimensional array representing the coinci-
dent measurement of the electron ToF and the annihila-
tion gamma energy [6].

3. Data analysis

Figure 2a is an electron ToF spectrum resulting from
the application of the aforementioned settings. The
longer decay time of o-Ps (≈ 142 ns), with respect to p-Ps
(≈ 0.125 ns), will be reflected in the ToF spectrum as an
exponentially decaying tail that extends beyond the flight
times of secondary electrons ejected with the maximum
possible energy (≈ 105 eV). This effect can be used to
produce the gamma spectrum due entirely to o-Ps forma-
tion by taking only the gamma counts that are associated
with an electron arrival time of less than ≈ 560 ns (corre-
sponding to an electron energy of ≈ 105 eV). By selecting
time ranges in the secondary electron spectrum (Fig. 2a)
— and integrating the counts in the two-dimensional
gamma-electron coincidence array along these regions [2]
— multiple gamma spectra will result representing a vari-
ety of annihilation processes (Fig. 3). These integrations,

Fig. 2. (a) Secondary electron ToF spectrum for a 50 V
sample bias illustrating the regions along which the cuts
are made: “prompt” annihilations at 769–800 ns (red);
“delayed” annihilations at 360–513 ns (grey hatch); and
“extra delayed” annihilations at (−250)–350 ns (dark
cyan). The “extra delayed” region represents the time
at which the onset of pick-off annihilations appears to
occur. The vertical axis is in natural log scale and the
horizontal axis is the reverse time-of-flight of the elec-
trons. (b) The full gamma energy spectrum collected in
true coincidence with the secondary electrons.

or “cuts”, were made along regions in the secondary spec-
trum of Fig. 2a that represent the “prompt” (red) and
“delayed” (grey) annihilations of the positrons. Figure 3b
is the full gamma spectrum collected in coincidence with
the secondary electron ToF spectrum and is presented
for comparison.

4. Results

4.1. Prompt annihilations

The prompt region of Fig. 2a corresponds primarily
to either the annihilation of a positron with a bound
electron in the sample or to the annihilation of p-Ps —
in addition to some contribution due to o-Ps annihila-
tions. As p-Ps annihilation overwhelmingly results in 2-γ
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Fig. 3. (a) HPGe gamma spectra of prompt and de-
layed regions normalized to the intensity in the region
between 509 keV and 513 keV. (b) HPGe gamma spec-
tra of delayed and extra delayed regions, illustrating the
process of o-Ps pick-off on a surface within the sample
chamber.

emission, collecting the gamma photons corresponding to
this prompt region should result in a gamma spectrum
with an enhanced 511 keV annihilation peak and reduced
intensity in the low energy region (corresponding to a
reduction in o-Ps contributions). The red spectrum in
Fig. 3a illustrates this case with a peak-to-total ratio —
defined here as the ratio of the integrated intensity be-
tween 511 keV and 517 keV and the integrated intensity
of the entire spectrum — of ≈ 5.66%. In comparison
with the full gamma spectrum provided in Fig. 3b, which
provides a peak-to-total ratio of ≈ 3.99%, the cut along
the prompt region results in an increase of ≈ 42% in the
relative peak-to-total ratios.

4.2. Delayed annihilations

In contrast to the prompt annihilations, a cut along
the delayed region of the secondary spectrum, which cor-
responds to the longer lifetime of o-Ps, should result in

a gamma spectrum that exhibits a suppression of the
511 keV annihilation peak and a corresponding enhance-
ment of the low energy region intensity. This effect is
due to the continuous energy distribution of o-Ps annihi-
lation [7] and can be seen in the grey spectrum of Fig. 3a
and b — the analysis of which yields a peak-to-total ra-
tio of ≈ 0.89%. Additionally, by cutting along the “extra
delayed” region of the secondary spectrum (cyan box in
Fig. 2a), the pick-off annihilations can be observed as a
slight increase in the intensity of the 511 keV annihila-
tion peak, as shown as the cyan spectrum in Fig. 3b.
The peak-to-total ratio of this “extra delayed” spectrum
increases slightly to ≈ 1.55%, indicating an increase in
2-γ annihilations. This enhancement in the 511 keV peak
can be attributed to an increase in the number of o-Ps
atoms reaching a surface within the apparatus and anni-
hilating via pick-off.

5. Discussion

A similar technique can be applied to ToF spectra re-
sulting from the correlation of annihilation gamma pho-
tons with positron annihilation-induced Auger electrons
(“gamma-Auger coincidence”). This application produces
Doppler-broadened annihilation peaks corresponding to
individual electronic core levels [2], but (due to the en-
ergy of the incident positron beam of ≈ 5 eV) low-energy
secondary electrons that are correlated with o-Ps emis-
sion may also be produced and the pick-off annihilations
of these o-Ps atoms will modify the shape of the result-
ing annihilation peak. We can see this effect in Fig. 2a:
the Ps tail of the secondary electron spectrum extends
beyond the maximum energy of the secondary electrons
and even into “negative” time; and, as shown in Fig. 3b,
longer Ps lifetimes correspond to an increase in the prob-
ability of pick-off annihilations. This contribution must
therefore be measured and subtracted from the Doppler-
broadened annihilation spectra that result from corre-
lating the annihilation gamma with individual core level
annihilations.

6. Conclusions

The results of the peak-to-total measurements for the
prompt region (5.66% for the prompt spectrum and
3.99% for the original spectrum) indicate that the gamma
spectrum due to prompt annihilations is primarily the re-
sult of 2-γ emission. Taking the spectra in Fig. 3a, the
contribution of pick-off annihilations may be estimated
by normalizing the 511 keV annihilation peaks of the
prompt spectrum and the sum (not shown) of the delayed
and extra delayed spectra of Fig. 3b. The resulting ratio
of the total integrated intensity of the prompt spectrum
and the sum of the delayed and extra delayed spectra
is ≈ 20.4%. Pick-off annihilations should therefore com-
prise ≈ 20.4% of the Ps tail beyond the maximum en-
ergy of the electrons in the secondary electron spectrum.
It should be noted again that this result is specific for
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a sample of bilayer graphene on Cu in our particular ap-
paratus. These results suggest that a similar estimation
procedure may be applied to gamma-Auger coincidence
spectra in order to produce an accurate measurement
of the Doppler broadening due to the annihilations of
positrons with electrons of specific electronic core levels
with minimal o-Ps contributions.
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