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Momentum distribution of positronium and its interactions with oxygen molecules studied by
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The coincidence Doppler broadening (CDB) technique was applied to study the momentum distribution of
positronium (Ps) and its interactions with oxygen molecules in free spaces of silica aerogels filled with nitrogen
and oxygen mixtures of various ratios. The deconvoluted CDB spectra become narrower and narrower with
increasing oxygen partial pressure, which is due to electron exchange collision of ortho-Ps (o-Ps) with oxygen
molecules. The momentum distribution of para-Ps (p-Ps) was successfully derived from deconvoluted CDB
spectra by a two-Gaussian-function fitting. The bimodal distribution of Ps momentum reveals that o-Ps atoms
(with enough kinetic energy) can be moderated effectively by exciting oxygen molecules from the ground state
to the excited state (a′�g or b′�g

+) through inelastic collisions. It is interesting to find that the energy difference
�E between two components of p-Ps momentum distributions decreases gradually because more and more o-Ps
atoms lose energy through elastic collisions prior to inelastic collisions as oxygen partial pressure increases.
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I. INTRODUCTION

After being injected into condensed matter, an energetic
positron e+ slows down to thermal energy through collisions
with atoms [1–4]. At the end of its track, e+ either annihilates
directly with an electron or forms an intermediate state,
positronium (Ps) [5], a bound state of an electron and a
positron. Ps is a unique atom that exists in two states: The
antiparallel spin state with total spin S = 0 is called para-Ps
(p-Ps) and the parallel spin state with total spin S = 1 is called
ortho-Ps (o-Ps). In vacuum, p-Ps annihilates into 2γ rays with
a mean lifetime of 1.25 × 10−10 s [6], while o-Ps annihilates
into 3γ rays with a mean lifetime of 1.42 × 10−7 s [7]. Being
only composed of leptons, Ps is a good atom to test quantum
electrodynamics [8–11]. Recently, Cassidy and Mills reported
that when intense positron bursts are implanted into a film of
porous silica, Ps2 is created on the internal pore surfaces [12].
Simultaneously, the interactions between Ps atoms in porous
silica films were presented by using subnanosecond positron
pulses and an improved detection system [13]. Nagashima
et al. [14] have reported the thermalization process of positro-
nium in silica-powder grains, aerogel grains, and gases studied
by angular correlation of annihilation radiation (ACAR) and
the momentum-transfer cross sections between Ps and gas
molecules were estimated. Porous silica is an ideal medium
for obtaining Ps atoms [15] for the investigation of the Ps
quantum effect and the thermalization process of Ps in porous
silica still is an interesting fundamental research topic.

In porous silica materials Ps atoms are efficiently formed
(more than 50% of implanted positrons) [16] and they are
emitted into the pores with kinetic energy [14,17]. Ps is
formed in the pore wall (grains) where it generally has a short
lifetime [15,18], but the Ps atoms that diffuse into internal
pores have longer lifetime and may lose energy via collisions
with the internal pore surfaces and/or gas molecules therein.

It is well known that o-Ps is quenched or converted into p-Ps
and annihilates quickly in oxygen gas [19–22]. In general,
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such a process occurs through electron exchange collisions
provided one or more electrons are unpaired in the oxygen
molecule [21]. The ground state of the O2 molecule is the triplet
X 3�−

g , where two of the outer electrons are unpaired and have
parallel spins. The lowest and second lowest excited states are
the singlets a′�g and b′�g

+, which correspond to 0.977 eV
(Ea) and 1.62 eV (Eb) above the ground state, respectively. The
possible mechanisms of the interactions between positronium
and oxygen molecules are summarized in Table I [21,23].
Kakimoto et al. have reported the interactions between Ps
and oxygen molecules by using an ACAR apparatus [22,23].
In the study of interactions between Ps and molecular gases,
the ACAR measurements can be carried out with reasonable
efficiency [14,24]. This method has been widely applied in
studies of Ps formation, thermalization, and annihilation in
gases [14,20,22–25].

The coincidence Doppler broadening (CDB) spectroscopy
is a much simpler experimental setup with the advantages of
a much faster data collection rate and a much weaker source
requirement. As a positron and an electron annihilation, 2γ

rays are emitted, the relative angle between the two photons is
slightly less than π , and the energies of 2γ rays are Doppler
shifted. From the measurement of either the distribution in
a relative angle or the Doppler shift, information about the
momentum distribution of the electrons can be obtained [26].
Lynn et al. have shown the advantage of using a two-
detector setup in a study of thermal generation of vacancies
in aluminum [26,27]. Recently, the CDB spectroscopy was
successfully applied to study precipitates in alloys [28,29]
and positron interaction with polar groups in polymers [30].
With a coincidence technique, the energy resolution of a
CDB setup can be improved by a factor of

√
2 and the

ratio of the positron annihilation peak to the background of
a CDB spectrum can be increased up to ∼105 [31]. The
smearing effect of energy resolution of a Ge detector on
the Doppler broadening spectrum can be further reduced
by a deconvolution process [32–34] by using the ACARFIT

program [35]. Details of the deconvolution process of CDB
spectra can be found in the literature [36–38]. A proper data
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TABLE I. Possible mechanisms of the interactions between positronium and oxygen molecules. Here D is an amplitude of nonexchange
electron of positronium interaction with oxygen molecules, E is an amplitude of exchange an electron of positronium interaction with oxygen
molecules, a′�g is the first excitation state of oxygen molecules, b′�g

+ is the second excitation state of oxygen molecules, E′ is an amplitude
that excites the ground electron of oxygen molecules to a′�g , and E′′ is an amplitude that excites the ground electron of oxygen molecules to
b′�g

+ [21,23]. Obviously, these inelastic channels involving the excited states a′�g and b′�g
+ are open only when the kinetic energies of Ps

are higher than Ea and Eb, respectively.

Positronium interactions with oxygen molecules Cross section Annihilation

Elastic (nonconversion) scattering D2 + 2DE + 7
3 E2 3γ

Elastic conversion 2
3 E2 2γ

o-Ps
Inelastic (nonconversion) scattering 4

3 E′2 (a′�g), 2
3 E′′2 (b′�g

+) 3γ

Inelastic conversion 2
3 E′2 (a′�g), 1

3 E′′2 (b′�g
+) 2γ

Elastic (nonconversion) scattering (D + E)2 2γ

Elastic conversion 2E2 3γ
p-Ps

Inelastic (nonconversion) scattering forbidden 2γ

Inelastic conversion 2E′2 (a′�g), E′′2 (b′�g
+) 3γ

analysis method enables one to use CDB to obtain the Ps
momentum distribution. In the present work, for simplicity
we have used CDB spectroscopy to investigate the momentum
distribution of p-Ps and interactions between Ps atoms and
oxygen molecules in N2 and O2 mixtures.

II. EXPERIMENT

Silica aerogels with a density of 0.11 g/cm3 (YI-30, with
hydrophobic chemical groups on the grain surface, supplied
by Panasonic Electric Works Co., Ltd.) were used as a
medium for Ps atom formation. The Ps atoms, formed in
porous silica aerogels, are emitted into free spaces of silica
aerogels [39]. Ps with a few eV may also be created at the
grain surface [14,17,40,41]. The experimental setup is shown
schematically in Fig. 1. It consists of two parts: One is the
gas mixing system used to adjust the flow ratio of N2 and
O2 gases and the other is CDB spectroscopy. A 30 μCi 22Na
radioisotope, used as the positron source, was sandwiched by
two blocks of silica aerogels and then sealed by aluminum foil.
Experiments were operated at room temperature, the sample
chamber was full of a mixture of O2 and N2 with a total pressure
of 1 atm, and the oxygen partial pressure was adjusted from
0 to 1 atm. Each spectrum with at least 107 events was collected
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FIG. 1. Schematic diagram of the experimental setup, which is
similar to that in our previous work [49].

under various oxygen partial pressures. All the samples were
stored in a desiccator before being used in the experiment.

Two high-purity germanium (HPGe) detectors were used
for the CDB spectrum measurements and the energy resolution
of each HPGe detector was 1.3 keV [full width at half
maximum (FWHM)] at 511 keV. The energies of annihilating
γ -ray pairs (denoted by E1γ and E2γ ) were simultaneously
recorded by the two detectors located at an angle of 180◦
relative to each other. The energy difference between 2γ rays,
�Eγ = E1γ − E2γ , is expressed as cP L and the sum of the
energy Et = E1γ + E2γ is equal to the total energy of the
electron-positron pair prior to annihilation, i.e., 2m0c

2 − EB

(neglecting the thermal energies and chemical potentials),
where PL is the longitudinal component of the positron-
electron momentum along the direction of the γ -ray emission,
c is the speed of light, m0 is the electron rest mass, and
EB is the Ps binding energy [31]. Selection of coincidence
events that fulfill the condition 2m0c

2 − 2.4 keV < Et <

2m0c
2 + 2.4 keV results in a significant improvement in the

peak to background ratio (by three order of magnitude) over
conventional one-detector measurement and as a result the
variations of positron annihilation with different core electrons
can be mapped. Figure 2 shows an original two-dimensional
spectrum with at least 107 events recorded for two pieces of
silica aerogel at 1.0 atm oxygen partial pressure. A detailed
description of CDB spectroscopy can be found elsewhere [31].
Since the self-annihilation of p-Ps contributes a narrow peak
to the CDB spectrum because of its almost zero momentum,
it might be possible to derive the p-Ps momentum distribution
by utilizing a multi-Gaussian-function fitting [42–44] of
Doppler broadening spectrum using the ACARFIT program [35].
An enhanced energy resolution of ∼0.92 keV at 511 keV,
corresponding to 3.59 × 10−3m0c for momentum resolution,
was applied for the deconvolution process.

III. RESULTS AND DISCUSSION

Figure 3 shows the deconvoluted CDB spectrum of YI-30
in various oxygen partial pressures. All CDB spectra are nor-
malized to the same total counts and could be well described
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FIG. 2. Original two-dimensional display of the coincident events
collected with at least 107 counts at 1.0 atm oxygen partial pressure.

by a wide component and a narrow one. It can be seen that the
narrow component shows a remarkable increment as oxygen
partial pressure increases, while the broad one declines along
with the increase of oxygen partial pressure, which represents
the free positron annihilation and pickoff annihilation of o-Ps
atoms [23,45]. The narrow component seems to contain a lower
momentum component with shoulders. The narrow component
may correspond to the p-Ps annihilation [46]. Narrowing of
the peak width can be attributed to the contribution from
the conversion of o-Ps into p-Ps through electron exchange
collisions with oxygen molecules. Thus, the tendency of the
curves indicates that the oxygen molecule plays a significant
role in the Ps atom quenching process. As the oxygen partial
pressure increases, the p-Ps signal is enhanced and the o-Ps
signal is on the wane, i.e., o-Ps + O2 → p-Ps + O2 → 2γ +
O2 (spin conversion) [19,20].

FIG. 3. Deconvoluted CDB spectra in YI-30 (top to bottom)
corresponding to oxygen partial pressures of 0.8, 0.4, 0.1, and 0
atm, respectively.

FIG. 4. The FWHM of the narrow component in YI-30 as a
function of oxygen partial pressure.

In order to further understand the role of the oxygen
molecule in the collision process, the FWHM of the narrowest
component of the CDB spectrum of YI-30 with various
oxygen partial pressures has been obtained using the ACARFIT

program [35], as shown in Fig. 4. The energy axis (y axis)
is expressed in momentum in units of 10−3m0c. As oxygen
is introduced, the collision between o-Ps and O2 molecules
leads to the thermalization of o-Ps. In addition, o-Ps turns
into p-Ps through spin exchange conversion [19,20], which
results in a sharp decrement of the FWHM of the narrow
component, while the FWHM remains unchanged with oxygen
partial pressure increasing from 0.4 atm to 1.0 atm in YI-30.
These results indicate that the major energy loss of p-Ps
is dominated by inelastic collisions between Ps atoms with
oxygen molecules, which is associated with the excitation
energy of the O2 molecule, and as oxygen partial pressure
further increases, the Ps atoms with limited energy can only
interact with oxygen molecules through elastic collision and
then annihilate into 2γ rays.

As mentioned above, the interaction between Ps and oxygen
molecules includes inelastic and elastic collisions. The narrow
momentum distribution of p-Ps in oxygen can be obtained
from a CDB spectrum with a total count of 107, based on the
equation [23]

F (p) = −2p
d

dp
[N (p) − B(p)], (1)

where N (p) denotes the corresponding whole CDB spec-
troscopy and B(p) denotes the Gaussian broad component.
The momentum distribution of F (p) at 0 atm can be ap-
proximated as the original p-Ps atoms at the instant of their
annihilation, because the Ps energy loss in N2 is negligible due
to the elastic collision between Ps and N2 molecules [47,48].
The p-Ps kinetic energy loss per collision with the grain
surface is approximately 10−4 of the energy of p-Ps at the
time of collision (depending on the effective mass of silica
surfaces) [14,40] and there are several hundred collisions in the
present aerogels during the short lifetime of p-Ps. Therefore,
the part of the energy loss in N2 before p-Ps annihilation is only
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FIG. 5. Momentum distribution of positronium in YI-30 at
various oxygen partial pressures. All the spectra are normalized to
the same total count. The solid arrows indicate the Ps momenta
corresponding to kinetic energies equal to Ea (0.977 eV) and Eb

(1.62 eV), respectively. The dashed arrows indicate the peak positions
at different oxygen partial pressures.

a few percent of its initial energy. The effects on the short-lived
p-Ps in N2 and in vacuum are comparable to each other [23].
Hence, within acceptable error, F (p) in N2 can be regarded as
the initial momentum distribution of the p-Ps atoms emitted
from the silica aerogel.

In the presence of O2, based on Eq. (1), the momentum
distribution of p-Ps in YI-30 is obtained at various oxygen
partial pressures as shown in Fig. 5. The first and second
excitation energies of the O2 molecule, Ea and Eb, are
indicated in the figure by arrows. The curve of the momentum
distribution of p-Ps in nitrogen gas is symmetric. However,
as oxygen gas is introduced, the curves are shifted in the
low-energy direction, while they become more asymmetric
and show a small peak in the high-energy direction. Hence, the
momentum distribution of p-Ps in oxygen is decomposed into
two components based on the two-Gaussian-function fitting.
The intensities of both components increase as oxygen partial
pressure increases; in particular, the intensity of component II
is enhanced significantly. This result indicates that the amount

FIG. 6. Variations of the energy difference �E between two
components at various oxygen partial pressures. Here EI and EII

represent the energy of peak position of components I and II,
respectively. Open circles and closed triangles refer to measurements
in this work and [23], respectively.

of p-Ps annihilation increases as oxygen partial pressure
increases due to o-Ps conversion. A slight change is found
in the peak position of component I with increasing oxygen
partial pressure, whereas the peak position of component
II shifts to low energy significantly and both distributions
become much narrower. The energy difference �E between
two components obtained at various oxygen partial pressures
is shown in Fig. 6. It is worth noting that the energy difference
�E between two components at a low oxygen partial pressure
of 0.1 atm is approximately equal to the energy gaps Eb and
Ea within acceptable error, i.e., �E ≈ Eb − Ea . Interestingly,
�E becomes smaller and smaller as oxygen partial pressure
increases; a similar result could be found in the literature [23].

In a previous paper [45] Zhang et al. obtained the cross
section for the o-Ps inelastic collision with oxygen molecules
through different processes. The cross sections of o-Ps con-
version σo−p are dependent on the inelastic collision process
as

σo−p(Eb) ∼ 2.1 × 10−17 cm2

(2)
σo−p(Ea) ∼ 6.6 × 10−18 cm2.

where σo−p(Eb) and σo−p(Ea) represent the conversion cross
sections of o-Ps by exciting the O2 molecule from the ground
state to the b′�g

+ and a′�g states at 0.2 atm oxygen partial
pressure, respectively. In our previous work [49], the elastic
cross section of o-Ps quenching obtained is ∼(1.37 ± 0.05) ×
10−19 cm2 at 1.0 atm oxygen partial pressure, which is much
smaller than the cross section of the inelastic collision.
Therefore, the o-Ps atoms lose most of their energy through
inelastic collision, especially at low oxygen partial pressure.
It is observed that the intensity of component I is higher than
that of component II. Taking into account the cross section
of different collision processes, this result indicates that the
components I and II of the p-Ps momentum distribution might
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be due to o-Ps slowing down by exciting O2 molecules from the
ground state to the excited states b′�g

+ and a′�g , respectively.
As shown in Fig. 6, the energy difference �E between

two components decreases as a function of oxygen partial
pressure. This could be due to the o-Ps atom energy loss
through elastic collision, during which the o-Ps atoms with
enough energy [14,17,40] would interact with O2 molecules by
exciting them from the ground state to the excited state (a′�g

or b′�g
+). The probability of the inelastic collision depends

on the cross section of the collision process. Indeed, the energy
difference �E between two components at a low oxygen
partial pressure of 0.1 atm is essentially equal to energy gaps of
Eb and Ea , i.e., �E ≈ Eb − Ea . Considering such a fact and
the collision cross-section dependence of the Ps momentum
distribution shown above, it is likely that components I and II
result from the conversion of o-Ps to p-Ps by exciting the O2

molecule from the ground state to the excited states b′�g
+ and

a′�g , respectively. The present result also indicates that the
initial energy of o-Ps emitted from such a hydrophobic silica
aerogel could be ∼2 eV, which agrees well with the emission
energy of Ps from the hydrophobic porous silica measured
by the Ps time of flight [40]. Thus, the emission energy of
Ps from the silica surface depends on local physicochemical
environments of silica, for instance, the pore and/or grain
surface chemistry [17,40]. Prior to inelastic collision, o-Ps
atoms might have experienced numerous elastic collisions. As
the oxygen partial pressure further increases, the o-Ps atoms
have higher probability to interact with oxygen molecules
through elastic collision, which results in the peak positions
of two components gradually shifting to the low-energy
direction, especially the peak position of component II, as
mentioned above. Thus, the energy difference �E between
two components becomes smaller and smaller as the oxygen
partial pressure increases. Further, because of the o-Ps slowing
down by elastic collision, more and more o-Ps atoms with
limited energy can only excite O2 molecules to the a′�g state.
This could explain the distinct increment in the intensity of
component II as the oxygen partial pressure increases. Hence,
the o-Ps atoms lose energy through inelastic collision at low
oxygen partial pressure, because of the larger cross section
of the inelastic collision, while as the oxygen partial pressure
further increases, the o-Ps atoms have higher probability to
lose energy through elastic collision with oxygen molecules.
One should keep in mind that although the conversion of
p-Ps into o-Ps might occur, the conversion rate is very low

because of the high annihilation rate of p-Ps. Although the
energy difference �E in this work is slightly higher than
those derived from the study by ACAR [23], considering
the much lower energy resolution of CDB spectroscopy, the
present results are quite acceptable and clearly demonstrate
that both inelastic and elastic collisions play an important
role in the interaction process between Ps atoms and oxygen
molecules.

IV. CONCLUSION

In summery, instead of using angular correlation of annihi-
lation radiation, coincidence Doppler broadening spectroscopy
has been used as a quite simple measurement to obtain the
momentum distribution of p-Ps and to study the interaction
process between o-Ps atoms and oxygen molecules. The
deconvoluted CDB spectra become narrower and narrower
as oxygen partial pressure increases, which results from
the conversion of o-Ps to p-Ps through electron exchange
collisions with oxygen molecules. As oxygen is introduced, the
FWHM decreases significantly and then the FWHM remains
unchanged as oxygen partial pressure further increases. These
results indicate that p-Ps atoms lose energy through inelastic
collision as well as elastic collision. The momentum distri-
butions of p-Ps were successfully derived from deconvoluted
CDB spectra by two-Gaussian-function fitting. Component I
mainly results from o-Ps atoms losing energy through exciting
the oxygen molecule from the ground state to the second
excited state b′�g

+ and being converted to p-Ps atoms; then
it does not lose much energy because of its short lifetime
(∼125 ps). In contrast, because of the small collision cross
section, component II results from o-Ps atoms losing energy
by exciting the oxygen molecule from the ground state to the
first excited state a′�g . The energy difference �E between two
components decrease gradually as the oxygen partial pressure
increases; this indicated that before the inelastic collision
process o-Ps atoms were thermalized through elastic collision
with oxygen molecules.
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