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Absolute fraction of emitted Ps determined by GEANT4-supported analysis of gamma spectra

B. Riendcker®,-2-" T. Gigl,2 G. Nebbia,? F. Pino®,* and C. Hugenschmidt 2
lPhysics Department, CERN, 1211 Geneva 23, Switzerland
2Heinz Maier-Leibnitz Zentrum (MLZ), Technische Universitiit Miinchen, Lichtenbergstrasse 1, 85748 Garching, Germany
3INFN Padova, Via Marzolo 8, I-35131 Padova, Italy
*Department of Physics and Astronomy “Galileo Galilei”, University of Padova, Via Marzolo 8, I-35131 Padova, Italy

® (Received 6 October 2020; accepted 2 December 2020; published 18 December 2020)

The fraction of positronium (Ps) emitted from a surface of a germanium single crystal at high temperature
is usually assumed to approach unity at zero positron implantation energy. In the experiment, however, the
determination of the absolute Ps fraction is not straightforward since recording a reference spectrum with
100% Ps formation remains demanding. We use GEANT4-simulated detector responses to 2y and 3y radiation
sources mimicking positron and Ps annihilation inside the (coincidence) Doppler-broadening spectrometer at
NEPOMUC, FRM 11, in order to derive a reliable value for the Ps fraction reemitted from a Ge(100) target
heated close to its melting point. Analysis of the measured spectra by fitting the simulated spectra shows an
absolute value of 72 &+ 4% maximum Ps formation, contradicting the 100% assumption.
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I. INTRODUCTION

Positronium (Ps) is a unique matter-antimatter hydrogen-
like bound state of a positron and an electron. Positronium
exists in two spin configurations: The singlet state, called
para-Ps (p-Ps) with a total spin of S = 0 and a vacuum lifetime
of 125 ps, annihilates predominantly into two y quanta with
an energy of 511keV each [1]; the triplet state, called ortho-
Ps (0-Ps) with § = 1 and a ground-state lifetime in vacuum
of 142 ns [2], annihilates predominantly into three y quanta
of photon energy < 511keV each, all three summing up to
1022 keV.

Since its discovery in a nitrogen atmosphere by Deutsch
in 1951 [3], Ps has flourished in a large variety of studies in
fundamental research and applied sciences. In solid-state and
polymer physics, the free volume of amorphous matter can be
characterized by the measurement of the o-Ps lifetime, which
is considerably reduced due to annihilation via the interaction
of the surrounding electrons (so-called pick-off process). Such
investigations comprise, for example, the determination of the
mean void size in polymers (see [4] and references therein), as
well as the characterization of systems with open porosity [5]
and biopolymers [6,7]. In fundamental research, Ps allows
high-precision tests on bound-state quantum electrodynamics
(QED) [8-11]. A limitation with respect to such experiments
originates from higher-order effects that may introduce con-
tributions from strong and weak interactions [12]. After the
first observation of the Ps negative ion Ps™ [13], this leptonic
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three-particle system has served for high-precision QED tests
as well [14]. Recently, first experiments demonstrated the
route to generate a mono-energetic Ps beam via the production
of Ps™ and subsequent photo detachment of an electron [15].
Experiments on antihydrogen currently underway at CERN,
AEZIS [16], and GBAR [17] make use of Ps and its ability to
enhance the antihydrogen production via charge exchange. In-
deed, AEgZIS recently succeeded in producing the first pulsed
antihydrogen source using Rydberg-excited Ps and cold an-
tiprotons [18].

Research with Ps clearly benefits from intense cold Ps
sources (around one-hundred meV) based on the efficient
conversion of positrons into positronium. Positrons are usu-
ally provided by radioactive sources such as *Na or via
pair production as exploited at the Neutron-induced Positron
Source Munich (NEPOMUC). Formation of Ps can occur
at surfaces where its emission is mainly thermally activated
involving positrons trapped in surface states. At surfaces of
metals and semiconductors, high values of Ps formation at
high temperature and ~0 eV positron implantation energy
have been measured [19-24]. In bulk, however, Ps formation
is suppressed due to the effective shielding of conduction
electrons. Insulators, on the other hand, and in particular
porous ones, allow positron-electron binding inside the bulk
and subsequent emission into vacuum with efficiencies in the
range 45-84% of the amount of implanted positrons [25-28].
Therefore, efficient Ps converters are often nanoporous targets
where positrons are implanted, thermalize, and diffuse back
to the surface. Either during the diffusion inside the bulk or
directly at the surface, positrons can bind to an electron and
be emitted as Ps.

In general, there are two methods by which the amount
of free Ps is estimated. The first technique exploits the char-
acteristic long lifetime of o-Ps by recording time-resolved
spectra after an initial pulsed production with a narrow time
spread. The delayed annihilation signal of ground-state o-
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Ps in flight thus enables an estimation of the amount of Ps
produced [29,30]. This method, however, can only serve as
a rough estimate for the emitted Ps fraction due to several
systematic uncertainties such as limited flight space, nonlinear
detector responses, and saturation effects at short times, where
the signal is dominated by the initial peak of the positron
annihilation.

The second approach is the detection of annihilation radia-
tion with high-energy resolution of Ps either self-annihilating
in flight or annihilating upon interaction with an obstacle. This
technique ultimately aims to separate the amount of 2y and
3y annihilation events serving as fingerprints of positron and
p-Ps, and o-Ps annihilations, respectively. In principle, the
relative change of Ps emission from different samples or by
variation of external parameters such as positron implanta-
tion energy or temperature can easily be estimated from the
recorded energy spectra, whereas the determination of the
absolute Ps fraction is not straightforward. A commonly used
approach is the comparison of the measured y spectrum with
a reference spectrum recorded for 100% Ps formation. By
referring to an experiment performed by Mills [19], it is often
assumed that positron implantation with various energies and
extrapolating to zero energy yields 100% Ps formation in ger-
manium at high temperature, while other loss channels such
as positron annihilation from a surface state can be neglected.
Such a spectrum showing 100% Ps formation, however, is
demanding to be obtained experimentally and cannot easily
be verified. On the contrary, a theoretical calculation [31] even
finds a saturating upper limit of 90% for the Ps emission from
Ge(110) at high temperatures.

In the present paper, we discuss the various drawbacks of
the commonly applied analysis method. Annihilation spectra
that are dependent on positron implantation energy have been
recorded for a Ge(100) target close to its melting point. By
including the relevant parts of the spectrometer, we simulated
the y spectra for 2y and 3y annihilation in order to reliably
estimate the absolute fraction of thermal and nonthermal Ps
emitted from a Ge(100) surface.

II. PS EMISSION FROM SURFACES
A. Positrons and Ps at surfaces

The one-dimensional distribution of positrons thermalized
in the bulk of a solid as a function of the incident positron en-
ergy can be described by the Makhovian implantation profile.
The fraction of thermalized positrons at depth z with respect to
the surface for a positron energy E is then given by material-
dependent parameters n, m, B, and zo = BE" [see Eq. (1)],
which can be found, for example, by means of Monte Carlo
simulations [32]. After thermalization, the positrons obey
the laws of diffusion. Multiplying the term for Makhovian
positron implantation with the exponential term for subse-
quent positron diffusion and integrating the result from zero
to infinity returns the amount of positrons diffusing back to
the surface J(E) [33]:

o0 B m 7&
J(E):Jof M on1,-(5) T g, (1)
o zo"

The surface coefficient Jy denotes the maximum fraction of
thermalized positrons that is able to diffuse back to the surface

and finally escape from the target. This escape can either occur
by Ps production without trapping, by reemission due to a
negative positron work function, or by trapping into a surface
state. Internal reflection at the surface and subsequent reim-
plantation into the bulk, on the other hand, is a loss channel
for positrons causing Jy to be smaller than one. In order to
obtain the highest Ps yield, the coefficient Jy has to approach
unity, which is only given at high sample temperatures [21].

The relation between the amount of emitted Ps and ther-
malized positrons is then given by

Jes(E) = fol (E), )

where fj is the fraction of Ps that can be emitted from the
surface with respect to all thermalized positrons arriving at
the surface. By accounting for the different positron escape
rates v; at the surface that involve thermal positrons, fy can
therefore be expressed by the ratio

Vs, Ps + Vo,Ps
Vs, Ps + Vo, Ps + Vo, e+ + Vs,Zy

Jo=

3)

Here, v, p; denotes the rate of positrons getting trapped in a
surface state and being thermally desorbed as Ps, and vy ps
denotes the rate of positrons that bind to a surface electron
without trapping. The other two escape channels, v, 5, and
Vo.e+, are the rate of positrons getting trapped in a surface
state and annihilating with electrons into 2y quanta, and the
reemission of positrons into vacuum, respectively [21]. The
latter case is only possible if the material has a negative
positron work function.

From the two Ps emitting channels, only the thermal des-
orption leads to thermal Ps. The other, vy py;, depends on
the value of a negative Ps work function, which, if occur-
ring, generally lies around a few eV [34]. However, not fully
thermalized (epithermal) positrons can also contribute to the
nonthermal Ps emission, but these are not correctly described
by the diffusion model and therefore have to be treated inde-
pendently. As a remark, epithermal positrons may also escape
directly from the surface if their energy is exceeding the
(positive) positron work function.

In an experiment aiming to obtain 100% Ps formation, one
has to enable only those positron escape routes that produce
Ps, while the others (vg ¢+, Vs 2, , and epithermal positron emis-
sion) have to become negligible.

B. Analysis of energy-resolved positron annihilation spectra

The analysis of energy-resolved y spectra, as, for exam-
ple, obtained with high-purity germanium (HPGe) detectors,
will be briefly reviewed using a spectrum recorded for a Ge
target with the (coincidence) Doppler-broadening spectrome-
ter (CDBS) in Munich [35] at 15keV positron implantation
energy. In Fig. 1, the abscissa denotes the photon energy
recorded by a multichannel analyzer, whose channels have
been converted into energies via calibration with an '"*Eu
source. For such a spectrum, a so-called valley region can be
defined as marked in the figure, which is the most sensitive
region to o-Ps annihilation due to the low background. Other
contributions in this region are the environmental background,
pile-up events (coincident detection of two photons with lower
energy), and annihilation gammas experiencing small-angle
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FIG. 1. Exemplary gamma spectrum resulting from positrons
implanted at 15keV detected by a high-purity germanium detector.
The important features of this spectrum are the main positron anni-
hilation photo peak at 511 keV, the pile-up peak at the right edge due
to simultaneous detection of two such gamma quanta (1022 keV), the
Compton edge at 340keV, and the valley region V, which is the most
sensitive to 3y annihilation of o-Ps.

Compton scattering inside the sample or other materials in the
field of view of the detector.

By switching off the positron source, the environmental
background can simply be measured and subtracted from any
spectrum of interest. The pile-up and small-angle Compton
scattering events can roughly be approximated, e.g., by a sig-
moidal function, and also be subtracted—or sometimes they
are simply considered negligible.

In order to estimate the produced amount of Ps, one starts
by defining the so-called valley-to-peak ratio R = %, where V
is the integral of the valley region and P is the integral of a
small window around the photo peak at 511keV after back-
ground subtraction, respectively. Sometimes R is also defined
as R = TT;P, with T being the total integrated spectrum. In
both cases, the term fps (also called the F-parameter) can be
derived from a spectrum using the value R [19,36]:

ﬁ:<1fﬂ&—m)l

TR IR=R]

The subscripts 0 and 1 indicate that the corresponding values
have to be obtained from two reference measurements with
0% and 100% Ps formation, respectively. One has to make
sure that the values of Py | are obtained with the same amount
of implanted positrons since there is no automatic normaliza-
tion included in this ratio (unlike the R values). However, this
approach has to deal with a number of other possible error
sources, which are summarized in the following.

A first uncertainty originates from the experimental setup,
which influences the efficiency and the amount of detected
gamma quanta. Naturally, only a fraction <1 of total Ps emis-
sion can be detected, for example, due to gamma absorption in
the surrounding material. For this reason, one cannot simply
verify the absolute amount of produced Ps.

The velocity distribution of Ps leaving the target leads to
a slow fraction annihilating in flight close to the origin and
a faster one rather far from it [37,38]. Hence, in an experi-

“)

ment, the geometric acceptance of the detector will weight the
occurring radiation differently depending on the location of an
annihilation event. Limiting the flight path of o-Ps, e.g., with
an obstacle, will lead to pick-off annihilation which produces
2y’s and the event is wrongly sorted into the peak region.
The same holds for fast o-Ps actually hitting the chamber
walls.

A generally trusted method for obtaining a 100% reference
is to implant positrons into a pure germanium single crystal
heated close to its melting point (1210K) and extrapolate
the recorded data to zero kinetic energy [19]. Although an
upper limit for Ps conversion efficiency of 97% has been
achieved with a Ge target using positron-annihilation induced
Auger-electron spectroscopy (PAES) as an independent ver-
ification [22], one usually just assumes that the obtained Ps
amount following from the Ge measurement is close to 100%),
without further validation. However, surface contamination
and the difficulty to prepare a positron beam with very low
kinetic energy are important factors that directly challenge this
assumption. Additional factors are backscattered or reemitted
positrons and unwanted annihilations in the bulk due to impu-
rities and other defects.

But the assumption of 0% Ps formation is also not with-
out risk—even for high implantation energies—due to the
energy- and material-dependent backscattering probability of
positrons, which ranges between 12% to 25% for germa-
nium [39]. This renders a considerable fraction of positrons
to end up in an unpredictable state. In addition, large vacancy
clusters and pores can lead to unwanted Ps formation in the
bulk of the sample.

III. EXPERIMENT

We fixed a piece of an undoped Ge(100) wafer onto a
molybdenum plate, which was attached to a controllable
heater and a temperature sensor, all in an ultrahigh vac-
uum of 5x107% mbar. The sample was heated to 870K
for about 2h in order to clean the Ge surface of remain-
ing contaminants and to anneal it. Then, the temperature
was increased to 1100 K, similar to the procedure described
in [40]. For our experiments, we used the 20 eV positron
beam with an intensity of 5x 107 remoderated positrons per
second from the positron source NEPOMUC. Inside the coin-
cidence Doppler-broadening spectrometer, the positron beam
was accelerated and implanted into the sample with adjustable
energies ranging from 0.4 keV to 28 keV [35,41]. An environ-
mental background in the absence of positrons was acquired
for 600 s; the Ge spectra were acquired for 300 s. The latter re-
sulted in 7 x 10° detected counts, on average, when integrating
over the whole spectrum. The Ge spectra were evaluated for
all energies using Eq. (4), still assuming that at 0.4 keV close
to 100% of free Ps is produced and 0% at 28 keV. Although it
is obvious that the highest yield of free Ps can be expected
at the lowest positron implantation energy, the assumption
of 100% free Ps is—as reasoned above—not justified a pri-
ori. Therefore, the experimental data in Fig. 2 are shown
in arbitrary units, i.e., the relative change of Ps formation
with respect to the value at 0.4keV is correctly given. The
absolute surface value of fps, however, has to be verified by a
simulation as presented in Sec. IV.
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FIG. 2. Ps yield from pure Ge(100) heated to 1100K as a
function of positron implantation energy using the traditional F-
parameter formalism as specified in the text. Measured values
(symbols) were used for fitting the models describing the amount
of implanted positrons diffusing back to the surface and forming Ps.
The term L, is the positron diffusion length and f; is the maximum
fraction of Ps formation following from thermal positron diffusion
towards the surface. Note that f can contain components of thermal
and nonthermal Ps. Statistical error bars on the data are smaller than
the symbols.

Using the diffusion model presented in Eqgs. (1) and (2)
for Ge with the parameters n=1.6, m=1.68, B=
7.48 nmkeV™" from [32] and using fy = Jy = 1 (assuming
that only thermal positrons contribute to 100% Ps production),
one can numerically fit this model to the experimental data
via the least-squares method with diffusion length L, as the
free parameter. The result is shown in Fig. 2 as the dashed
black line.The term J(E) can additionally be evaluated at
E = 0.4keV with the obtained diffusion length of 90 nm,
which results in 99% of thermal positrons returning to the
surface. This confirms the initial assumption of Jy = 1, but it
does not tell anything about fj, which denotes the final escape
route of the positrons. Furthermore, this fitted curve does not
resemble well the measured data at all energies. Indeed, the
extracted diffusion parameter E; (connecting the diffusion
length with the Makhovian material constants by the relation
L, = BEy") amounts to 4.8(1) keV, which does not corre-
spond to earlier results obtained, for example, in Ref. [40]
where E for Ge at 1100 K was around 6 keV. Changing the fit
procedure in a way that fj is a fit parameter too, while keeping
Jo =1 and using only energies >2 keV in order to avoid
contributions from not fully thermalized positrons that are
not obeying the diffusion law [42], one obtains an improved
fit (solid line) with f; = 0.87(1) and L, = 121.8(2) nm
[i.e., Ep = 5.8(1) keV]. This indicates that the contribution
of nonthermal Ps to the total amount of emitted Ps is at
least 13%.

In the next paragraph, we introduce a GEANT4-supported
model allowing us to estimate the Ps emission. GEANT4 is a
well-established toolkit for simulating the passage of particles
through matter (see Ref. [43] for more details). We simulated
detector responses to 3y and 2y annihilation sources as if
they were located inside our experimental setup at the target

position, including the relevant photon interactions (Rayleigh
scattering, Compton scattering, photoelectric effect, and pho-
ton absorption within surrounding materials). A superposition
of the simulated detector responses for 3y and 2y annihila-
tion events is then fitted to the measured spectra in order to
determine the absolute Ps yield.

IV. SIMULATION

A pure Ps-annihilation spectrum consists of N3, photons
from 3y annihilations (continuous spectrum up to 511 keV as
derived by Ore and Powell [44]), and of N,, photons from
2y annihilations (discrete energy of 511 keV per photon).
The formation ratio of ortho-Ps to para-Ps is 3:1 according to
the spin multiplicity of the triplet state. Hence, the respective
number of photons of a pure Ps spectrum has to obey the
ratio N3, :N,, = 9:2. Consequently, knowing the amount of
3y events in a measurement is equivalent to the knowledge of
the number of ortho-Ps atoms. This, in turn, reveals the total
fraction of produced Ps, i.e., p-Ps and o-Ps, with respect to the
total number of implanted positrons,

amount of Ps %N3y

s =—— ®)

~ total number of e* " Ny, + 3N,

As the detector exhibits a unique energy-dependent re-
sponse to gamma radiation, it is not trivial to count the number
of respective quanta from a measured spectrum like in Fig. 1.
One approximate solution was presented in Ref. [45], where
the integrated valley region V as defined above (most sensitive
to 3y photons) was scaled according to the full theoretical 3y
spectrum derived by Ore and Powell [44] and was put into
ratio to the total integrated signal, yielding an estimation for
f Ps-

In order to take into account the unique detector response
to different energies as well, we introduced the geometry of
the experimental setup including the HPGe detector into a
GEANT4 simulation (Fig. 3). By this, major physical effects
such as the Compton effect or gamma absorption by solids are
appropriately taken into account. In the Ps-formation region,
the CDB spectrometer consists of a cylindrical sample cham-
ber made of stainless steel with 2-mm-thick walls and 150 mm
inner diameter, and two 2-mm-thick aluminum rings (working
as electrostatic lenses set to high potential) with an outer
radius of 65 mm. A molybdenum disk as part of the target
heater was placed in the center of the upper aluminum ring. At
the top, roughly 60 mm away from the upper aluminum disk,
is the last steel electrode of the positron beam guiding system,
allowing one to steer the positrons directly onto the target
placed below. Outside the sample chamber, four HPGe detec-
tors are located facing towards the center of the molybdenum
disk, where the Ge(100) target was located. Finally, only the
shown upper one was actually used to simulate the detector
response. The detector itself was modeled as a cylinder of
solid germanium with radius 28 mm and a length of 54 mm,
encapsulated inside an aluminum shell with 1 mm thin walls.
The detector front face was 140 mm away from the center
between the two disks. Exact details of the geometrical and
functional setup can be found in Ref. [35].
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FIG. 3. GEANT4-applicable sketch of the (coincidence) Doppler-
broadening spectrometer at NEPOMUC as it was set up during the
measurements on Ge(100) targets. In the center of the upper molyb-
denum disk, where the sample was located during the experiment, a
point source of annihilation radiation is assumed, mimicking a pure
2y spectrum and a continuous 3y spectrum, respectively. Spectra as
usually recorded by the surrounding upper detector were therefore
simulated.

In the simulation, we assumed a point source in the center
of the heater from where annihilation radiation is emitted
isotropically. First, we used the raw 3y spectrum correspond-
ing to pure o-Ps annihilation. Then, we introduced a 2y source
which generated two photons with 511 keV energy emitted in
opposing directions. The energy-dependent energy resolution
of the HPGe detectors has been found experimentally via the
aforementioned '32Eu calibration measurements. This infor-
mation is required for the convolution of the simulated spectra
with the finite-energy resolution of the detectors.

The two spectra following from the simulation with 1x 10°
initial photons are very distinct as can be seen in Fig. 4. Both
spectra were normalized to the same number of photons. For
the 2y spectrum C,,, we find the main peak at 511 keV, the
Compton edge at 340 keV, and an edge at 170 keV originating
from photons that are Compton scattered in the surrounding
material (e.g., the steel chamber walls, where a full backscat-
tering event would allow one to reach the detector in the
opposite direction, while the photon has lost % of its original
energy). The 3y spectrum Cj3,, is rather flat, lacking, as ex-
pected, a clear peak structure. Finally, one can find the values
for N3, and N,, by fitting a linear combination of both spectra
to any measured data with our detector system,

Crneas(E) = N3yC3y + NZyCZV + Csg, (6)
where Cpg is a positron-induced background that might be

present in the measured spectrum, as detailed in the following
section.

t 1
2y-spectrum :
—— 3y-spectrum 1
c -3 4 1 1
. 10 ' H
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FIG. 4. Simulated Ps annihilation spectra for the upper HPGe
detector in the CDB spectrometer. Light blue (gray): Pure 2y spec-
trum as from para-Ps or direct positron annihilations. Red (black): 3y
spectrum as from ortho-Ps annihilations. The dashed lines mark the
energies 170 keV and 340 keV, and hence % and % from the photo
peak energy.

V. RESULTS AND DISCUSSION

In order to evaluate the total fraction of produced Ps, fps,
from the same experimental data shown in Fig. 2, we ap-
plied the procedure described above utilizing the simulated
spectra. First, each measured spectrum is normalized to the
same measurement time, resulting in a constant integrated
positron signal since positrons were implanted at a constant
positron rate. Second, the environmental background obtained
with the positron beam switched off is subtracted from all
spectra. The positron-induced background Cgg [see Eq. (6)]
is found by taking the difference between the simulated 2y
spectrum and a measured spectrum where essentially no Ps
formation occurs, i.e., with only 2y annihilations and subse-
quent scattering processes. For this, a spectrum on Ge(100) at
high implantation energy (28 keV) and low target temperature
(300K) was recorded. As before, the expected fraction of
back-diffusing positrons to the surface at this high energy can
be estimated via Eq. (1) using the positron diffusion length
found in the experimental section. This fraction shows to be
negligible, allowing one to use the corresponding spectrum as
a 0% Ps reference.

We scaled the simulated 2y spectrum C,, by taking the
integral within an energy interval of 20 of the photo peak to
be equal to the one of the measured spectrum. Consequently,
the difference between a measured and scaled simulated spec-
trum yields the background spectrum Cpg, as shown in Fig. 5.
Artifacts due to the subtraction were smoothed via moving
window averaging.

The background spectrum Cpg is subtracted from all other
measured spectra in order to obtain the “true” annihilation
spectrum, which can be described by a superposition of a pure
2y spectrum and a pure 3y spectrum. First, the weighting
factor of the 2y spectrum has been extracted by scaling the
simulated C,,, in such a way that its peak integral within 20
around the peak center matches that of the measured one.
After subtracting this scaled C,, spectrum, the simulated Cs,
spectrum was scaled up such that its integral between 100 keV
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FIG. 5. Measured spectra (light blue/gray) fitted with a super-
position of simulated 2y and 3y spectra (red/black) for a positron
implantation energy of 0.4 keV (top) and 28 keV (bottom). The
positron-induced background Cps (dotted line) is the baseline on
top of which the superimposed simulated spectra are derived. The
amount of emitted Ps, fp,, is derived from the ratio N3, /N, , yielding
0.63 and 0.02, respectively.

and 500 keV photon energy matched the one calculated for the
remainder. The two determined scaling factors correspond to
Ny, and N3, in Eq. (6), respectively, from which fps can be
calculated. An example for the measurement with positrons
implanted in Ge(100) at 1100 K with 0.4 keV and 28 keV is
shown in Fig. 5. The ratio of N3, /N,,, is found to be 1.33 and
0.02, respectively. This can be translated via Eq. (5) to the
total fraction of Ps production, fp; = 0.63 and fps = 0.02.

It is noteworthy that without subtracting the background
Cpg, we find up to 77% Ps formation at our lowest im-
plantation energy, while fps asymptotically approaches 25%
for increasing energies. This behavior cannot be explained
through Ps formation since this escape route is strongly sup-
pressed in the high-energy regime. However, the detected
counts at energies higher than 511 keV indicate signifi-
cant contributions due to pile-ups. Mainly dependent on the
detection system, such pile-ups are falsely counted as 3y-
annihilation events when occurring on the left-hand side of
the photo peak. In addition, the positron-induced background
comprises effects which the simulation does not account for,
such as backscattered positrons. This is actually the reason

1.04 Ge(100) at 1100 K
with Cgg subtraction

— L4=108.2(4)nm, fp=0.55(1)

0.8 1 o  TOF-corrected fps(0.4) = 0.72(4)
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positron energy (keV)

FIG. 6. Ps yields resulting from superposition of simulated 2y
and 3y spectra, as demonstrated in Fig. 5, for all measured positron
implantation energies (black squares). Fitting the data by a diffusion
model of thermal positrons reproduces the expected positron diffu-
sion lengths L, (solid black line). Applying a correction due to the
limited flight path for o-Ps and consecutive pick-off annihilation, the
absolute fractions of the emitted Ps are found (red circles and a thin
line as a guide for the eye).

for including the term Ry in the traditional F-parameter cal-
culation, as denoted in Eq. (4), which consists of all the
background events that cannot reasonably be ascribed to Ps
formation. This is of particular importance since one would
falsely obtain more than 50% Ps formation by setting Ry =
0 using, for example, the results reported in Ref. [42]. In
conclusion, it is reasonable to use the described background
subtraction in order to find a trustworthy lower limit for the
amount of produced Ps.

The new fps(E) values for the energy-dependent Ps for-
mation in Ge(100) at high temperatures are given in Fig. 6
as the black squares. Applying the same diffusion model as
before with fy and L, as free parameters and only consider-
ing implantation energies greater than 2 keV, where thermal
positrons validate the diffusion model, one finds diffusion
parameters comparable to the ones of Fig. 2, but f is reduced
by about 30%. We obtain 63% Ps formation at our lowest
implantation energy, which can be interpreted as a lower limit.
About 12% of the formed Ps leaves the surface as nonthermal
Ps.

The final, absolute value of fps close to zero implantation
energy has to be estimated taking into account the free flight
time of 0-Ps after emission. We consider this contribution by
performing a time-of-flight analysis in the given geometry
above the target and plug in the expected o-Ps velocities for
the thermal (1100K) and the nonthermal (up to a few eV
[21,24]) components. However, this step requires one to split
the obtained maximum value for fp, into its thermal and non-
thermal components, which is demonstrated in the Appendix.
After this procedure, the absolute amount of produced Ps
is found to be fps(0.4) = 0.72(4), clearly contradicting the
commonly accepted assumption of 100% Ps formation under
the presented experimental conditions. The given error is sys-
tematic since here all statistical errors are usually negligibly
small. The dominant systematic error source on the absolute
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Ps fraction has been identified to be the Ps velocity and con-
secutive pick-off annihilation on nearby obstacles, which we
treated in a conservative way. A major effect leading to less
than 100% Ps emission from heated germanium is the vacuum
conditions; in our experiment, the pressure was 5 x 108 mbar.
While oxides are efficiently removed at elevated tempera-
tures [46], this may not be the case for carbon contaminants,
which could be absorbed by the surface from the residual
atmosphere. Surface contaminants, however, are considered
to be responsible for a not optimal Ps emission into vacuum,
emphasizing the importance of a verification of the absolute
fraction of emitted Ps.

VI. CONCLUSIONS

We investigated a commonly used method for the es-
timation of Ps production which relies on two reference
measurements with 0% and 100% Ps formation for scaling
any other Ps measurement performed with a given detector
system. In particular, the 100% reference is usually just as-
sumed to be valid despite the experimental challenges and
systematic effects this measurement might suffer from. In this
work, we presented a method without relying on this usually
not justified assumption. A GEANT4 simulation was intro-
duced in order to generate spectra of annihilation radiation
as seen by a high-purity Ge detector in our geometry. These
spectra were obtained for a pure 2y source as results from
direct positron or para-positronium annihilation, and for a 3y
source as would be produced by ortho-positronium annihila-
tions only. The simulated detector responses were scaled up
and superimposed in order to match the measured spectra re-
sulting from positrons implanted into a Ge(100) target heated
to 1100 K with varying implantation energies. In contrast to
the common method, i.e., assuming 100% as the maximum,
our simulation method delivers an absolute value of 72 + 4%
formed Ps. Despite this considerable difference between both
approaches, at the same time the diffusion parameters for
undoped germanium are reestablished.

APPENDIX

The measured amount of Ps consists of a thermal and a
nonthermal component,

Ses = fin + fun-

The thermal fraction of Ps emitted from a target of tem-
perature T is described by a Maxwell-Boltzmann velocity
distribution,

_ mps \3/2 —mpgv?
p(”)_4”(2nkBT) v exP( 2T )

(AL)

(A2)

where mp; is the rest mass of positronium, i.e., two times the
rest mass of the electron.

This velocity distribution is then converted into a time
distribution, using the Jacobian determinant %, where d =
64 &= 1 mm is the mean distance to the nearest obstacles in
the upper half-sphere above the target in our setup,

3/2 _ 2
mpg ) (d/t)zexp[ mps(d /1) ]d

—. (A3
2mkgT 2kgT 12 (A3)

p(t) = 471(
The time distribution is subject to the o-Ps ground-state
lifetime (7,_ps = 142 ns), which allows the calculation of the
fraction Ry, of o-Ps that will annihilate into three gammas be-
fore hitting an obstacle. Since the pick-off probability for such
slow o-Ps at metal surfaces is not well known, we assumed
it to be 100%, while using at the same time a much bigger
positive-only systematic uncertainty of +6 mm on the flight
path, compensating for possible reflected o-Ps atoms. Hence,
integrating overall the decaying time distribution leads to

o t
Ry =1 —/ p(t) exp (— )dt
0 To—Ps

0.013
= 0.943%; 405-

(A4)

Consequently, our detector can only detect circa 95% of
all thermal o-Ps atoms annihilating into three y quanta be-
fore it annihilates at an obstacle. We estimated that the mean
acceptance of our detector for isotropically emitted gamma
radiation along the expected flight paths of o-Ps is 1.07(1)%.
The obtained variance of the acceptance due to different flight
paths is considered negligible compared to the other uncer-
tainty contributions.

For nonthermal o-Ps, the calculation is similar but simpli-
fied due to the assumption of mono-energetic Ps, i.e., constant
velocity. The calculated Ps work function of Ge(100) lies
around iO eV [47,48]. This allows one to conclude that fi, =
fo- Nonthermal Ps is therefore originating from epithermal
positrons only [21]. Assuming a rather wide range for non-
thermal Ps energies around 3 eV, only a fraction of R,y =
0.46(16) can be detected by our detector before pick-off anni-
hilation occurs at an obstacle. Due to the large uncertainty on
the kinetic energy, the variance due to the unknown pick-off
probability is negligible. The measured Ps amount fps and
the fitted value f; can then be translated to an absolute value

fPs,abs:

0.75 0.75
fPs,abs =f0 — +025 +(fPs _f()) +025 .
Rin Run

(A5)

The outcome is summarized in Table I for a measurement at
1100 K.

TABLE I. Summary of Ps components. Fractions f; and fp, obtained from measurement can be divided by the correction factors Ry, and

R, respectively, in order to get the absolute fraction of emitted Ps.

Ge(100) o R

(fPs - f()) Rnlh sz

f Ps,abs

1100 K 0.55(1) 0.943+0013

0.076(10)

0.46(16) 0.626(3) 0.72(4)
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