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Figure 1.1: Properties of Ps in various internal states. Decay modes, lifetimes, and details of
the Lyman-! transition are noted. L represents the azimuthal quantum number for the orbital
angular momentum.

1.1.1 Internal states and decay modes

Ps has various decay rates and modes into annihilation "-rays depending on its internal structures.
Main decay modes are 2" decay into mono energetic 511 keV "-rays in back-to-back directions,
and 3" decay in which "-rays with continuous energy spectra are resulted. Decay modes are
determined by C and P symmetry, and the decay rates depend on scattering amplitudes to each
mode and overlaps of the eigen wave functions of the positron and the electron. Figure 1.1
summarizes the decay modes and lifetimes for the principal quantum number n = 1 and 2 [15–
18]. Features of o-Ps in the 1S (n = 1, L = 0) and the 2P (n = 2, L = 1) states are important for
the present work. Ps represents o-Ps hereafter if not specified. Observations of the long lifetime
and the continuous energy spectrum of annihilation "-rays can be evidences of productions
of o-Ps in the 1S state. 2P-Ps have very long lifetimes for self annihilations, but the short
lifetime (3.2 ns) of the spontaneous decay into the 1S state. The Lyman-! transition of Ps can
be induced by 243 nm UV light, and is the best transition for laser cooling because of the short
lifetime and availability of a laser system at the wavelength.
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Ps in its excited state exhibits
another face

09/03/2021 3

So far
mainly used



En
er

gy
 (e

V,
 n

ot
 in

 s
ca

le
)

!"#$% 	'()*	0
p-Ps

!"#$% 	'()*	1
o-Ps

−6.8

−1.7

125 ps
23 decay

142 ns
33 decay

5 = 0

5 = 1
5 = 1 (P-state)

5 = 0 (S-state)

1 ns
23 decay

3 ms
33 decay

> 100	8s for any fine structures
23 decay

1	8s
33 decay

Lyman-@
ΔB = 5.1	eV
F = 243	nm
H = 3.2	ns

* = 2

* = 1

Figure 1.1: Properties of Ps in various internal states. Decay modes, lifetimes, and details of
the Lyman-! transition are noted. L represents the azimuthal quantum number for the orbital
angular momentum.

1.1.1 Internal states and decay modes

Ps has various decay rates and modes into annihilation "-rays depending on its internal structures.
Main decay modes are 2" decay into mono energetic 511 keV "-rays in back-to-back directions,
and 3" decay in which "-rays with continuous energy spectra are resulted. Decay modes are
determined by C and P symmetry, and the decay rates depend on scattering amplitudes to each
mode and overlaps of the eigen wave functions of the positron and the electron. Figure 1.1
summarizes the decay modes and lifetimes for the principal quantum number n = 1 and 2 [15–
18]. Features of o-Ps in the 1S (n = 1, L = 0) and the 2P (n = 2, L = 1) states are important for
the present work. Ps represents o-Ps hereafter if not specified. Observations of the long lifetime
and the continuous energy spectrum of annihilation "-rays can be evidences of productions
of o-Ps in the 1S state. 2P-Ps have very long lifetimes for self annihilations, but the short
lifetime (3.2 ns) of the spontaneous decay into the 1S state. The Lyman-! transition of Ps can
be induced by 243 nm UV light, and is the best transition for laser cooling because of the short
lifetime and availability of a laser system at the wavelength.
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Positron manipulation and 
laser technologies
Can excite Ps efficiently 



Unexplained rapid decay and line 
broadening have been discovered 
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Porous
silica

1S

Rapid decay after excitation

UV laser for excitation

2P

Decay into g-ray immediately
after the excitation

Cooper et al., Phys. Rev. B 97, 205302 (2018) reported unexplained results 
in excitation into the 2P state

Line broadeningB. S. COOPER et al. PHYSICAL REVIEW B 97, 205302 (2018)
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FIG. 7. Normalized 1 3S1 ! 2 3P J line shapes measured using
sample B for Ps in vacuum (target angle of 0") and for Ps confined in
isolated pores (target angle of 45"). These data were recorded using
a LYSO detector.

#243 nm. This proves that the annihilation mechanism is not
caused by nonresonant laser-induced processes that can quench
ground-state atoms, such as the production of paramagnetic
centers [26,58,59].

The vacuum Ps data in Fig. 7 were recorded with a positron
beam energy of 0.5 keV. This produces Ps directly from the
SiO2 surface that is emitted with no significant collisional
cooling and has an energy on the order of a few eV [60].
The vacuum line shape is therefore maximally broad with
respect to Doppler effects, and the extreme broadening of the
transitions observed for confined Ps must be caused by some
other mechanism.

In Fig. 8 we compare the IFF and DLE lifetime measure-
ments reported in Table I with the ETE prediction as given by
Wada and Hyodo [25] (which are essentially indistinguishable
from the models of Gidley and coworkers [22] and others [23]).
This curve describes thermalized Ps at 300 K and can therefore

FIG. 8. Ps lifetimes in all samples as derived from DLE (circles)
and IFF (triangles). Also shown is the ETE model prediction derived
using the approximation of Wada and Hyodo [25]. The dashed
horizontal line indicates the Ps vacuum lifetime.

give only an approximate prediction for our data; in sample
A, Ps will thermalize in less than 10 ns, whereas in the other
samples thermalization will take much longer (50–100 ns) [61].
Hotter Ps will exhibit a shorter lifetime [22], but this effect
is much smaller in the “classical” regime of large pores. For
nonthermal Ps we would expect ETE predictions somewhat
lower than shown in Fig. 8, with lifetimes in larger-pore
samples reduced to (at most) 100 ns. The lifetimes would still
depend on the pore size.

It is evident from Fig. 8 that the IFF and DLE methods give
consistent results for the large-pore samples (B–D) but that
there is a large disagreement for the small-pore sample (A).
This occurs because the IFF method is sensitive to all Ps decays
and thus detects both confined and vacuum Ps, while DLE
detects only confined Ps. In the large-pore measurements there
is only confined Ps, and thus, the two methods agree. Most of
the Ps atoms created in sample A are emitted into vacuum; IFF
is dominated by this signal and therefore gives a value close to
the vacuum lifetime.

There are several aspects of our measurements that are
presently not explained. These are the nature of the quench-
ing/dissociation mechanism that causes annihilation upon ex-
citation and the extreme broadening of the transition linewidth,
the lifetime disagreement with ETE predictions, and the fact
that the observed #90 ns lifetimes in the larger-pore samples
do not depend on the pore sizes. Nevertheless, some of the
properties of the underlying physical mechanism(s) can be
deduced from our measurements:

(1) An almost identical DLE signal from confined Ps is
generated if an IR laser is used along with the UV light
to photoionize excited states; the observed signal does not
increase significantly when both lasers are used, indicating
that the quenching process is roughly as efficient as pho-
toionization. The IR radiation fluence used was sufficient to
approach saturation of the ionization process [56], and we
therefore conclude that most confined atoms that are excited
do subsequently annihilate.

(2) Ps atoms that are not confined have been probed inside
porous silica films similar to sample A in previous experiments
[62]. In this work excited atoms did not annihilate unless an
ionization laser was used, and line broadening was not ob-
served. Conversely, in all present cases involving permanently
confined Ps, we do observe these effects. This implies that
the quenching mechanism is connected to the isolated pore
structures, either due to the presence of contaminants or via a
physical mechanism that occurs exclusively therein.

(3) Since excitation of 2 3P J levels will not ordinarily result
in an increased annihilation rate [56], the extreme width of the
observed 1 3S1 ! 2 3P J line shapes coupled with the fact that
excitation leads directly to annihilation indicates that the Ps
is strongly interacting with a surface during the excitation.
The existence of the annihilation signal indicates that excited
surface states are able to dissociate or engage in some other
decay process.

(4) The observed Ps lifetimes in samples B, C, and D are
all shorter than ETE predictions [25] and are all essentially
the same (#90 ns), with no dependence on the pore size. This
implies that the quenching mechanism is not mediated by direct
surface interactions at a rate determined by the Ps-surface
scattering. Instead, this observation suggests that Ps exists in
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To be a new way as material probe
and Ps cooling for fundamental study
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By understanding interactions between 2P-Ps and materials :

1. Use 2P-Ps as a new probe of material structure

2. Enable rapid Ps cooling combining with laser cooling

In some materials, the unexplained
result was not observed

Another porous silica
Cassidy et al., 
Phys. Rev. Lett. 106, 023401 (2011)

2P-Ps should respond some structures in material. Probe it!

l Laser cooling on Ps in porous silica will be effective
Shu et al., J. Phys. B: At. Mol. Opt. Phys. 49, 104001 (2016)

l Breakthrough to Ps-BEC, precise spectroscopy 
l Please refer talks by A. Ishida, R. Uozumi, Y. Tajima on August 31
l Suppressing the unexplained results is necessary

GURUNG, COOPER, HOGAN, AND CASSIDY PHYSICAL REVIEW A 101, 012701 (2020)

schemes [32,33]. For cold confined atoms, an optical mea-
surement of the Ps density could be achieved by monitoring
the 1 3S1 ! 2 3S1 cold-collision frequency shift [34], which
is particularly large in Ps at relevant densities [35]; a direct
diagnostic of the Ps density that could be time resolved would
be invaluable for target design and optimization.

We show here that optical probes or cooling schemes
applied to Ps atoms confined in insulator cavities may be
strongly affected by interactions between the atoms and the
internal confining surfaces; measurements were performed in
which Ps atoms created in large open internal volumes in MgO
smoke powder were optically excited, with 1 3S1 ! 2 3PJ

and 2 3PJ ! n 3D/n 3S transitions driven using a two-color
two-photon scheme [36,37]. Large shifts in the transition
frequencies, on the order of terahertz, were observed when
Ps atoms were probed while inside the internal spaces of an
MgO powder target. We attribute these shifts to resonant inter-
actions between Ps atoms and the broad (230–255 nm) pho-
toluminescence (PL) absorption bands in MgO [38], which
overlap with the 243-nm 1 3S1 ! 2 3PJ transition.

II. EXPERIMENTAL METHODS

The experiments were performed using a positron beam
and measurement techniques described elsewhere [39,40].
The general methodology is as follows: a pulsed positron
beam was implanted into an MgO smoke powder target,
producing Ps atoms [41]. These atoms were optically excited,
and Ps lifetimes were monitored using gamma-ray detectors.
By directing laser light into the target material or along its
surface, Ps atoms could be probed either after they had been
emitted into the vacuum or while they were still inside the
MgO powder, as indicated in Figs. 1(a) and 1(b), respectively.
Only the long-lived ground state (ortho-Ps) is studied in this
work.

Two pulsed dye lasers (with pulse durations of 6 ns,
FWHM) were used in the experiments; a UV laser
("500 µJ/pulse, !" = 85 GHz, # = 243 nm) was used to
drive 1 3S1 ! 2 3PJ transitions in Ps, and a second simul-
taneous IR laser ("10 mJ/pulse, !" = 5 GHz, # " 729 #
760 nm) was used to drive 2 3PJ ! n 3D/n 3S transitions or
to photoionize 2 3PJ atoms.

Ps production and optical excitation was monitored via
the time dependence of its annihilation gamma radiation
[42]; when atoms were excited and immediately photoion-
ized, the amount of long-lived Ps present was decreased.
Conversely, if Rydberg states were generated, the amount
of longer-lived Ps was increased. Thus lifetime spectra can
be used to characterize optical Ps excitation. Ps annihilation
radiation was monitored by fast gamma-ray detectors [40,43].
The amount of long-lived Ps present was parameterized by
the quantity f =

! C
B V (t ) dt/

! C
A V (t ) dt, where A, B, and C

define integration time windows, and V (t ) is the gamma-ray
detector output voltage. For the work reported here, time
windows (A, B,C) = (#30, 40, 400) ns were used to observe
photoionization events following 1 3S1 ! 2 3PJ transitions,
and (A, B,C) = (#30, 200, 600) ns were used for Rydberg
measurements (i.e., 1 3S1 ! 2 3PJ ! n 3D/n 3S). These win-
dows were chosen to optimize the signal-to-noise ratio as

Cu substrate

Target
electrode

e+

UV laser

(a) (b)

Grid
electrode

MgO

4 mm

3 mm

IR laser

Ps

(c)

FIG. 1. Orientation of the lasers and target holder used to excite
Ps atoms (a) in vacuum and (b) inside the MgO target. The (green)
cone represents Ps emitted from the MgO powder into vacuum. (c) A
Karl Zeiss XB1540 scanning electron microscopy (SEM) image of
MgO smoke nanocrystals deposited on a Cu plate obtained with an
electron-beam energy of 3 keV.

detailed in [40]. Different time windows are needed for the
Rydberg atoms studied here because of their long lifetimes
(! 1 µs) arising from reduced electron-positron overlap [44].
Data were recorded for two cases, namely, with the excitation
laser tuned on (Sig) and off (Back) resonance with the tran-
sition being studied. Laser-induced effects were characterized
by the parameter S$ = ( fBack # fSig)/ fBack [39].

The MgO target was produced by burning a 10-cm-long
piece of magnesium ribbon in air, and the smoke powder was
collected on a clean copper substrate. MgO smoke powder
consists of perfectly cubic (1 0 0) nanocrystals [45] with edge
lengths ranging from a few nanometers to microns [46]. This
structure can be observed in Fig. 1(c), which shows an elec-
tron micrograph of an MgO target nominally identical to those
used in the Ps measurements. Using IMAGEJ analysis software
[47], we determined that the mean crystal edge length was
120 nm, with a broad distribution ranging from approximately
10 nm to 1 µm. We estimate the MgO layer thickness to be on
the order of 30 µm [48].

012701-2

MgO smoke
Gurung et al., Phys. Rev. A 101,
012701 (2020)
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In Cooper et al., Phys. Rev. B 97, 205302 (2018), contaminants on pore 
surface were suspected
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FIG. 7. Normalized 1 3S1 ! 2 3P J line shapes measured using
sample B for Ps in vacuum (target angle of 0") and for Ps confined in
isolated pores (target angle of 45"). These data were recorded using
a LYSO detector.

#243 nm. This proves that the annihilation mechanism is not
caused by nonresonant laser-induced processes that can quench
ground-state atoms, such as the production of paramagnetic
centers [26,58,59].

The vacuum Ps data in Fig. 7 were recorded with a positron
beam energy of 0.5 keV. This produces Ps directly from the
SiO2 surface that is emitted with no significant collisional
cooling and has an energy on the order of a few eV [60].
The vacuum line shape is therefore maximally broad with
respect to Doppler effects, and the extreme broadening of the
transitions observed for confined Ps must be caused by some
other mechanism.

In Fig. 8 we compare the IFF and DLE lifetime measure-
ments reported in Table I with the ETE prediction as given by
Wada and Hyodo [25] (which are essentially indistinguishable
from the models of Gidley and coworkers [22] and others [23]).
This curve describes thermalized Ps at 300 K and can therefore

FIG. 8. Ps lifetimes in all samples as derived from DLE (circles)
and IFF (triangles). Also shown is the ETE model prediction derived
using the approximation of Wada and Hyodo [25]. The dashed
horizontal line indicates the Ps vacuum lifetime.

give only an approximate prediction for our data; in sample
A, Ps will thermalize in less than 10 ns, whereas in the other
samples thermalization will take much longer (50–100 ns) [61].
Hotter Ps will exhibit a shorter lifetime [22], but this effect
is much smaller in the “classical” regime of large pores. For
nonthermal Ps we would expect ETE predictions somewhat
lower than shown in Fig. 8, with lifetimes in larger-pore
samples reduced to (at most) 100 ns. The lifetimes would still
depend on the pore size.

It is evident from Fig. 8 that the IFF and DLE methods give
consistent results for the large-pore samples (B–D) but that
there is a large disagreement for the small-pore sample (A).
This occurs because the IFF method is sensitive to all Ps decays
and thus detects both confined and vacuum Ps, while DLE
detects only confined Ps. In the large-pore measurements there
is only confined Ps, and thus, the two methods agree. Most of
the Ps atoms created in sample A are emitted into vacuum; IFF
is dominated by this signal and therefore gives a value close to
the vacuum lifetime.

There are several aspects of our measurements that are
presently not explained. These are the nature of the quench-
ing/dissociation mechanism that causes annihilation upon ex-
citation and the extreme broadening of the transition linewidth,
the lifetime disagreement with ETE predictions, and the fact
that the observed #90 ns lifetimes in the larger-pore samples
do not depend on the pore sizes. Nevertheless, some of the
properties of the underlying physical mechanism(s) can be
deduced from our measurements:

(1) An almost identical DLE signal from confined Ps is
generated if an IR laser is used along with the UV light
to photoionize excited states; the observed signal does not
increase significantly when both lasers are used, indicating
that the quenching process is roughly as efficient as pho-
toionization. The IR radiation fluence used was sufficient to
approach saturation of the ionization process [56], and we
therefore conclude that most confined atoms that are excited
do subsequently annihilate.

(2) Ps atoms that are not confined have been probed inside
porous silica films similar to sample A in previous experiments
[62]. In this work excited atoms did not annihilate unless an
ionization laser was used, and line broadening was not ob-
served. Conversely, in all present cases involving permanently
confined Ps, we do observe these effects. This implies that
the quenching mechanism is connected to the isolated pore
structures, either due to the presence of contaminants or via a
physical mechanism that occurs exclusively therein.

(3) Since excitation of 2 3P J levels will not ordinarily result
in an increased annihilation rate [56], the extreme width of the
observed 1 3S1 ! 2 3P J line shapes coupled with the fact that
excitation leads directly to annihilation indicates that the Ps
is strongly interacting with a surface during the excitation.
The existence of the annihilation signal indicates that excited
surface states are able to dissociate or engage in some other
decay process.

(4) The observed Ps lifetimes in samples B, C, and D are
all shorter than ETE predictions [25] and are all essentially
the same (#90 ns), with no dependence on the pore size. This
implies that the quenching mechanism is not mediated by direct
surface interactions at a rate determined by the Ps-surface
scattering. Instead, this observation suggests that Ps exists in
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∝ pore	size

/ ≃ 0.18	 − 	0.19	nm |"#$|%

State with low center of motion energy
→ Small overlap, less pick-off decay

State with high center of motion energy
→ Large overlap, more pick-off decay 

Figure 1.2: Schematic description of the RTE model. Pore surfaces are modeled as infinite
potential barriers. Overlaps between the probability amplitude and the thin skin region from the
surfaces (! ! 0.18 nm) determine the pick-o! decay rate.

1.1.2 Interactions with material
Ps can be produced by irradiating a positron to suitable materials. Silica (SiO2) is one of the
materials with high Ps production probability [19]. Materials also a!ect produced Ps through
various interactions to result in variations of the lifetime and kinetic energy. Information of Ps
can be obtained by measuring those e!ects. Major interactions related to the present work are
introduced hereafter.

Pick-o! decay

The lifetime of 1S-Ps in materials depends on sizes of internal pores or voids if exist because
the pair annihilations occur between the positron in Ps and an electron in the material. This
decay process is called pick-o! decay [20, 21], and dependences of the pick-o! decay rate on
pore size and kinetic energy of Ps can be predicted by so-called Rectangular Tao-Eldrup (RTE)
model [22, 23]. Figure 1.2 shows a schematic description of the model. In the RTE model,
pore surfaces are modeled as infinite potential barrier, and the distances between barriers are
determined so that a mean free path in pores of the material is reproduced. The RTE model
assumes a rectangular shape for the space surrounded by the barriers. The pick-o! decay rate can
be calculated by assuming that Ps has a spin-averaged decay rate (0.25/125 ps + 0.75/142 ns)
if it exists within the distance of ! ! 0.18 nm from the barriers. The model can be considered
to be valid for materials which have a negative work function for Ps, such as silica with around
"1 eV because the negative work function validates the picture that Ps behaves like free particle
in the square well potential without strongly a!ected by the material. An agreement between a
measured lifetime of 1S-Ps and the prediction by the RTE model is a good signature that 1S-Ps

3

l In their nano pores, 1S o-Ps 
lifetimes were much shorter than 
predictions by RTE model

Predicts pick-off decay rate quantitatively
l Ps has the wavefunction in infinite 

squared well
l Ps has a large annihilation rate in the 

vicinity of the surface

Not valid?
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FIG. 7. Normalized 1 3S1 ! 2 3P J line shapes measured using
sample B for Ps in vacuum (target angle of 0") and for Ps confined in
isolated pores (target angle of 45"). These data were recorded using
a LYSO detector.

#243 nm. This proves that the annihilation mechanism is not
caused by nonresonant laser-induced processes that can quench
ground-state atoms, such as the production of paramagnetic
centers [26,58,59].

The vacuum Ps data in Fig. 7 were recorded with a positron
beam energy of 0.5 keV. This produces Ps directly from the
SiO2 surface that is emitted with no significant collisional
cooling and has an energy on the order of a few eV [60].
The vacuum line shape is therefore maximally broad with
respect to Doppler effects, and the extreme broadening of the
transitions observed for confined Ps must be caused by some
other mechanism.

In Fig. 8 we compare the IFF and DLE lifetime measure-
ments reported in Table I with the ETE prediction as given by
Wada and Hyodo [25] (which are essentially indistinguishable
from the models of Gidley and coworkers [22] and others [23]).
This curve describes thermalized Ps at 300 K and can therefore

FIG. 8. Ps lifetimes in all samples as derived from DLE (circles)
and IFF (triangles). Also shown is the ETE model prediction derived
using the approximation of Wada and Hyodo [25]. The dashed
horizontal line indicates the Ps vacuum lifetime.

give only an approximate prediction for our data; in sample
A, Ps will thermalize in less than 10 ns, whereas in the other
samples thermalization will take much longer (50–100 ns) [61].
Hotter Ps will exhibit a shorter lifetime [22], but this effect
is much smaller in the “classical” regime of large pores. For
nonthermal Ps we would expect ETE predictions somewhat
lower than shown in Fig. 8, with lifetimes in larger-pore
samples reduced to (at most) 100 ns. The lifetimes would still
depend on the pore size.

It is evident from Fig. 8 that the IFF and DLE methods give
consistent results for the large-pore samples (B–D) but that
there is a large disagreement for the small-pore sample (A).
This occurs because the IFF method is sensitive to all Ps decays
and thus detects both confined and vacuum Ps, while DLE
detects only confined Ps. In the large-pore measurements there
is only confined Ps, and thus, the two methods agree. Most of
the Ps atoms created in sample A are emitted into vacuum; IFF
is dominated by this signal and therefore gives a value close to
the vacuum lifetime.

There are several aspects of our measurements that are
presently not explained. These are the nature of the quench-
ing/dissociation mechanism that causes annihilation upon ex-
citation and the extreme broadening of the transition linewidth,
the lifetime disagreement with ETE predictions, and the fact
that the observed #90 ns lifetimes in the larger-pore samples
do not depend on the pore sizes. Nevertheless, some of the
properties of the underlying physical mechanism(s) can be
deduced from our measurements:

(1) An almost identical DLE signal from confined Ps is
generated if an IR laser is used along with the UV light
to photoionize excited states; the observed signal does not
increase significantly when both lasers are used, indicating
that the quenching process is roughly as efficient as pho-
toionization. The IR radiation fluence used was sufficient to
approach saturation of the ionization process [56], and we
therefore conclude that most confined atoms that are excited
do subsequently annihilate.

(2) Ps atoms that are not confined have been probed inside
porous silica films similar to sample A in previous experiments
[62]. In this work excited atoms did not annihilate unless an
ionization laser was used, and line broadening was not ob-
served. Conversely, in all present cases involving permanently
confined Ps, we do observe these effects. This implies that
the quenching mechanism is connected to the isolated pore
structures, either due to the presence of contaminants or via a
physical mechanism that occurs exclusively therein.

(3) Since excitation of 2 3P J levels will not ordinarily result
in an increased annihilation rate [56], the extreme width of the
observed 1 3S1 ! 2 3P J line shapes coupled with the fact that
excitation leads directly to annihilation indicates that the Ps
is strongly interacting with a surface during the excitation.
The existence of the annihilation signal indicates that excited
surface states are able to dissociate or engage in some other
decay process.

(4) The observed Ps lifetimes in samples B, C, and D are
all shorter than ETE predictions [25] and are all essentially
the same (#90 ns), with no dependence on the pore size. This
implies that the quenching mechanism is not mediated by direct
surface interactions at a rate determined by the Ps-surface
scattering. Instead, this observation suggests that Ps exists in
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Figure 1.2: Schematic description of the RTE model. Pore surfaces are modeled as infinite
potential barriers. Overlaps between the probability amplitude and the thin skin region from the
surfaces (! ! 0.18 nm) determine the pick-o! decay rate.

1.1.2 Interactions with material
Ps can be produced by irradiating a positron to suitable materials. Silica (SiO2) is one of the
materials with high Ps production probability [19]. Materials also a!ect produced Ps through
various interactions to result in variations of the lifetime and kinetic energy. Information of Ps
can be obtained by measuring those e!ects. Major interactions related to the present work are
introduced hereafter.

Pick-o! decay

The lifetime of 1S-Ps in materials depends on sizes of internal pores or voids if exist because
the pair annihilations occur between the positron in Ps and an electron in the material. This
decay process is called pick-o! decay [20, 21], and dependences of the pick-o! decay rate on
pore size and kinetic energy of Ps can be predicted by so-called Rectangular Tao-Eldrup (RTE)
model [22, 23]. Figure 1.2 shows a schematic description of the model. In the RTE model,
pore surfaces are modeled as infinite potential barrier, and the distances between barriers are
determined so that a mean free path in pores of the material is reproduced. The RTE model
assumes a rectangular shape for the space surrounded by the barriers. The pick-o! decay rate can
be calculated by assuming that Ps has a spin-averaged decay rate (0.25/125 ps + 0.75/142 ns)
if it exists within the distance of ! ! 0.18 nm from the barriers. The model can be considered
to be valid for materials which have a negative work function for Ps, such as silica with around
"1 eV because the negative work function validates the picture that Ps behaves like free particle
in the square well potential without strongly a!ected by the material. An agreement between a
measured lifetime of 1S-Ps and the prediction by the RTE model is a good signature that 1S-Ps

3

l In their nano pores, 1S o-Ps 
lifetimes were much shorter than 
predictions by RTE model

Predicts pick-off decay rate quantitatively
l Ps has the wavefunction in infinite 

squared well
l Ps has a large annihilation rate in the 

vicinity of the surface

Not valid?

1. test this hypothesis
2. study basic properties of these phenomena
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l KEK-SPF can provide bunched slow positron beam
l Silica aerogel was used as a Ps converter and trap
l UV nano-second pulsed laser was synchronized



Bunched positrons produce a lot 
of g-rays detected with pileup
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Figure 3.1: Typical waveforms of the output of the PMT in the full range. More than ten !-rays
were detected from the prompt decays.
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Figure 3.2: Typical waveforms of the output of the PMT in the enlarged range. The majority of
the signals were piled up on others.
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We adopt the SSPALS method
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Figure 3.9: (Left) Measured and fitted waveforms. The fitted waveforms and intensities of each
component in the decay model are superimposed. (Right) Residuals of the fit.
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1Figure 3.10: Pick-o! decay rates in the capped aerogel by the SSPALS analysis. The expected
evolutions by the thermalization process described in section 1.1.2, and a result from the pulse-
by-pulse analysis are superimposed. The right figure is the enlarged view of the left.

Applying SSPALS analysis

The SSPALS analysis was applied on data using silica aerogels as targets and the parameters
was confirmed to be consistent with other measurements described in section 2.2. Figure 3.9
shows results of fitting the reproduced waveform to a measured waveform by the capped aerogel.
The waveform was reproduced well by the SSPALS analysis. The production probability was
estimated as 26.9 ± 0.6(stat.)% , which reasonably agreed with the other measurement described
in section 2.2. The estimated pick-o! decay rates were shown in Figure 3.10. The timing region
was divided into four parts (0 ns–50 ns, 50 ns–120 ns, 120 ns–240 ns, and 240 ns–600 ns), and the
pick-o! rates at each start time of the regions were set to be free parameters. The rates inside
each time region but the last one were assumed to be linear functions. In the last region, the
rate was set to be constant. The rates after 50 ns were consistent with the expected function by
the thermalization process described in section 1.1.2. The mean free path to draw the expected
function was estimated to be 34 nm to reproduce the thermalized pick-o! decay rate. When

45

Measured average waveform and fitted function

Averaged waveforms over bunches were analyzed with 
a modeled function including Ps lifetime and intensity
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Lifetime of 1S o-Ps agreed 
with the RTE model prediction
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FIG. 7. Normalized 1 3S1 ! 2 3P J line shapes measured using
sample B for Ps in vacuum (target angle of 0") and for Ps confined in
isolated pores (target angle of 45"). These data were recorded using
a LYSO detector.

#243 nm. This proves that the annihilation mechanism is not
caused by nonresonant laser-induced processes that can quench
ground-state atoms, such as the production of paramagnetic
centers [26,58,59].

The vacuum Ps data in Fig. 7 were recorded with a positron
beam energy of 0.5 keV. This produces Ps directly from the
SiO2 surface that is emitted with no significant collisional
cooling and has an energy on the order of a few eV [60].
The vacuum line shape is therefore maximally broad with
respect to Doppler effects, and the extreme broadening of the
transitions observed for confined Ps must be caused by some
other mechanism.

In Fig. 8 we compare the IFF and DLE lifetime measure-
ments reported in Table I with the ETE prediction as given by
Wada and Hyodo [25] (which are essentially indistinguishable
from the models of Gidley and coworkers [22] and others [23]).
This curve describes thermalized Ps at 300 K and can therefore

FIG. 8. Ps lifetimes in all samples as derived from DLE (circles)
and IFF (triangles). Also shown is the ETE model prediction derived
using the approximation of Wada and Hyodo [25]. The dashed
horizontal line indicates the Ps vacuum lifetime.

give only an approximate prediction for our data; in sample
A, Ps will thermalize in less than 10 ns, whereas in the other
samples thermalization will take much longer (50–100 ns) [61].
Hotter Ps will exhibit a shorter lifetime [22], but this effect
is much smaller in the “classical” regime of large pores. For
nonthermal Ps we would expect ETE predictions somewhat
lower than shown in Fig. 8, with lifetimes in larger-pore
samples reduced to (at most) 100 ns. The lifetimes would still
depend on the pore size.

It is evident from Fig. 8 that the IFF and DLE methods give
consistent results for the large-pore samples (B–D) but that
there is a large disagreement for the small-pore sample (A).
This occurs because the IFF method is sensitive to all Ps decays
and thus detects both confined and vacuum Ps, while DLE
detects only confined Ps. In the large-pore measurements there
is only confined Ps, and thus, the two methods agree. Most of
the Ps atoms created in sample A are emitted into vacuum; IFF
is dominated by this signal and therefore gives a value close to
the vacuum lifetime.

There are several aspects of our measurements that are
presently not explained. These are the nature of the quench-
ing/dissociation mechanism that causes annihilation upon ex-
citation and the extreme broadening of the transition linewidth,
the lifetime disagreement with ETE predictions, and the fact
that the observed #90 ns lifetimes in the larger-pore samples
do not depend on the pore sizes. Nevertheless, some of the
properties of the underlying physical mechanism(s) can be
deduced from our measurements:

(1) An almost identical DLE signal from confined Ps is
generated if an IR laser is used along with the UV light
to photoionize excited states; the observed signal does not
increase significantly when both lasers are used, indicating
that the quenching process is roughly as efficient as pho-
toionization. The IR radiation fluence used was sufficient to
approach saturation of the ionization process [56], and we
therefore conclude that most confined atoms that are excited
do subsequently annihilate.

(2) Ps atoms that are not confined have been probed inside
porous silica films similar to sample A in previous experiments
[62]. In this work excited atoms did not annihilate unless an
ionization laser was used, and line broadening was not ob-
served. Conversely, in all present cases involving permanently
confined Ps, we do observe these effects. This implies that
the quenching mechanism is connected to the isolated pore
structures, either due to the presence of contaminants or via a
physical mechanism that occurs exclusively therein.

(3) Since excitation of 2 3P J levels will not ordinarily result
in an increased annihilation rate [56], the extreme width of the
observed 1 3S1 ! 2 3P J line shapes coupled with the fact that
excitation leads directly to annihilation indicates that the Ps
is strongly interacting with a surface during the excitation.
The existence of the annihilation signal indicates that excited
surface states are able to dissociate or engage in some other
decay process.

(4) The observed Ps lifetimes in samples B, C, and D are
all shorter than ETE predictions [25] and are all essentially
the same (#90 ns), with no dependence on the pore size. This
implies that the quenching mechanism is not mediated by direct
surface interactions at a rate determined by the Ps-surface
scattering. Instead, this observation suggests that Ps exists in

205302-6

In our aerogel : 
D = 50 nm, t ~ 130 ns

Cooper et al., Phys. Rev. B 97, 205302 (2018)Thermalized lifetime was
! = 129.7 ± 0.8 ns

Agreed with other methods including 
Bulk-PALS measurement

Contaminants are much less
than the previous work
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Figure 4.8: (Left) Waveform with laser. (Right) Di!erential waveform. The reproduced wave-
forms are superimposed with decomposed into components. The increase and the decrease in
the di!erential waveform was consistent each other. The reproduced di!erential waveform was
obtained by subtracting reproduced waveform without laser from that with laser, and decomposed
into the increase and following decrease of 1S-Ps decay. Parameters in the model are summarized
in tables in the figure.

The consistency between the increased !-rays from 2P-Ps and the decreased !-rays from less
remained 1S-Ps was also confirmed. In the pulse-by-pulse analysis, the ratio between increased
and decreased counts was determined by the detection e"ciencies estimated by the Monte Carlo
simulation. As shown in Figure 4.5, both of the increase and the decrease were consistently
reproduced. IL was estimated as IL = 0.74 ± 0.03(stat.) ± 0.04(sys.), which corresponded that
52 ± 2(stat.) ± 2(sys.)% of remained Ps at the timing of the laser irradiation decayed into !-rays.

This consistency between the increase and the decrease was also confirmed by the SSPALS
analysis. Figure 4.8 shows results of fitting the reproduced waveform to the measured waveform
with laser. NoPs and !po before the laser irradiation were also fixed by analyzing the data without
laser while !po after the irradiation of the laser were set to be free parameters. "L was fixed
to that from the pulse-by-pulse analysis because the response function of the detector, which
was used in the SSPALS analysis, had much wider width than "L . The waveforms were also
well reproduced by the SSPALS analysis. IL was estimated as 0.72 ± 0.03(stat.) +0.01

!0.02(sys.) ,
which was consistent with the pulse-by-pulse analysis. In the SSPALS analysis, the systematic
uncertainty from the estimation of the timing profile of the positrons was also evaluated. The
decay model was able to describe the enhanced decay of 2P-Ps, and the both analysis methods
were able to yield consistent results.

57

Even with less contaminants,
excitation induced the enhance decay
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Quantitatively model the 
enhanced decay
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1.4 Model of excitation and decay of 2P-Ps
A new formalization is introduced in order to quantitatively estimate the decay rate of 2P-Ps. The
decay rate is included in the following optical Bloch equations [47], by which a density matrix
of the Ps internal states under the irradiation of the UV laser evolves.

d
dt
!11 =

i
2!(!12 ! !21) ! "1!11 + ("sp + P1"2)!22, (1.2)

d
dt
!12 =

d
dt
!"21 =

i
2!(!11 ! !22) +

!
i("21 ! "L) !

1
2 ("1 + "sp + "2)

"
!12, (1.3)

d
dt
!22 = ! i

2!(!12 ! !21) ! ("sp + "2)!22. (1.4)

An intensity of annihilation #-rays from the decay can be calculated by the density matrix. These
equations are numerically solved with inputting parameters of the laser, and then the decay
rate of 2P-Ps will be estimated by fitted to measured timing spectra of the annihilation #-rays.
Definitions of the symbols are as follows:

!i j : Elements of the density matrix. !i j = c"i cj where ci is a probability amplitude of n = i
state.

"21: Resonant angular frequency of the Lyman-$ transition.

"1: Annihilation decay rate of the 1S state. This is the sum of the self annihilation rate and the
pick-o! annihilation rate of o-Ps.

"sp: Spontaneous decay rate of the 2P state.

"L: Angular frequency of the irradiated laser.

!: Rabi frequency determined by electric field of the laser. See subsection 2.3.3.

"2: Decay rate of 2P-Ps in the material.

P1: Branching ratio of a process in which a dissociated positron forms 1S-Ps.

"2 is the target quantity to be estimated, and P1 is also phenomenologically introduced to describe
a possible process in the material. 2P-Ps is modeled to be dissociated into a positron and an
electron with the rate of "2. The dissociated positron would form 1S-Ps again with a probability
of P1, and the remained is assumed to decay into annihilation #-rays. It would be possible to set
a physical limit on P1 from around 0.2 to 0.4, which is an assumed range of the o-Ps production
probability inside the silica aerogel used in the present work. P1 was assumed to be 0.3 according
to measurements of production probabilities of o-Ps in the present work.

A total increase of the decay rate of Ps by the laser irradiation can be calculated by a following
expression:

"L(t) =
!11(t)"1 + !22(t)(1 ! P1)"2

!11(t) + !22(t)
! "1. (1.5)

9

⟩|Ψ(1) = 3! 1 ⟩|1S + 3" 1 ⟩|2P , 8#$ = 3#∗3$

To quantitatively study the unexplained result, we modeled the enhanced 
decay by the optical Bloch equation

Ps wavefunction : 

Γ" is the enhanced decay rate of 2P Ps
By inputting laser parameters (pulse energy, wavelength), 
we can calculate Ps decay probability

Estimated by fitting measured waveform



There should be 
inhomogeneous broadening
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Distribution of Stark shift
can cause inhomogeneous broadening
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Figure A.1: Schematic diagram of SiO2 grain. Part of the surface functional
groups are substituted, while there are still silanol groups left.

groups are existing on the surface of the grain. A typical size of dipole
moment for the groups −(OH) is 1.7× 10−18[esu · cm] [63].

For the sake of the simplicity, it is assumed that the dipole moment �p is
directed outward on the surface of the grain as illustrated in Fig. A.2. Then,
the electric field at the point O outside the grain is expressed as,

�E =
1

4πε0
· 3 (�n · �p) · �n− �p

R3
0

(A.9)

The squared electric field would be,

|E|2 =
p
2

R6
0

≥
3 cos2 α + 1

¥

= · · ·

=
p
2

R8
0

≥
R

2
0 + 3 (r −R cos θ)2

¥
(A.10)

Defining the area density of the silanol-group as σ and integrating over the
surface of one grain, the squared electric field at the position O would be,

|E|2o = 2πσr
2
Z π

0
sin θdθ|E|2

= 2πσr
2
p
2

Z 1

−1
dx

√
1

R6
0

+ 3
(r + Rx)2

R8
0

!

(substituted x as x = − cos θ). (A.11)

Y. Kataoka, PhD thesis (2007)
Structural diagram of silica grain

Inside 
a pore

Polarized to 
form electric field

Strong

Weak

Field strength distribute
against distance from surface

l Electric field shifts Ps energy, then 
resonant wavelength

l Field distribution cause broadening
l Field inside aerogel pore can be 

strong enough to cause the observed 
broadening



Enhanced decay rate had positive 
correlation with kinetic energy 
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Decay rate was in the order of 
the classical collision rate
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estimated by kinetic 
energy and pore size

l Enhancement at     
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Small binding energy for n=2 
can lead large decay probability 
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For silica, Ps in n=2 would not be more
stable than dissociated state in the bulk

This would explain almost unity decay 
probability of 2P Ps

Energy dependence would have 
information on surface potential

More theoretical / experimental
studies to test these models
are necessary



Summary
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l Unexplained results for interaction between 2P Ps and materials were 
found. We conducted basic studies.

l Understanding them will lead to new way to use Ps as a material probe, 
and breakthrough on Ps cooling for fundamental physics study
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MN 9.3 ± 0.4	keV
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Figure 4.8: (Left) Waveform with laser. (Right) Di!erential waveform. The reproduced wave-
forms are superimposed with decomposed into components. The increase and the decrease in
the di!erential waveform was consistent each other. The reproduced di!erential waveform was
obtained by subtracting reproduced waveform without laser from that with laser, and decomposed
into the increase and following decrease of 1S-Ps decay. Parameters in the model are summarized
in tables in the figure.

The consistency between the increased !-rays from 2P-Ps and the decreased !-rays from less
remained 1S-Ps was also confirmed. In the pulse-by-pulse analysis, the ratio between increased
and decreased counts was determined by the detection e"ciencies estimated by the Monte Carlo
simulation. As shown in Figure 4.5, both of the increase and the decrease were consistently
reproduced. IL was estimated as IL = 0.74 ± 0.03(stat.) ± 0.04(sys.), which corresponded that
52 ± 2(stat.) ± 2(sys.)% of remained Ps at the timing of the laser irradiation decayed into !-rays.

This consistency between the increase and the decrease was also confirmed by the SSPALS
analysis. Figure 4.8 shows results of fitting the reproduced waveform to the measured waveform
with laser. NoPs and !po before the laser irradiation were also fixed by analyzing the data without
laser while !po after the irradiation of the laser were set to be free parameters. "L was fixed
to that from the pulse-by-pulse analysis because the response function of the detector, which
was used in the SSPALS analysis, had much wider width than "L . The waveforms were also
well reproduced by the SSPALS analysis. IL was estimated as 0.72 ± 0.03(stat.) +0.01

!0.02(sys.) ,
which was consistent with the pulse-by-pulse analysis. In the SSPALS analysis, the systematic
uncertainty from the estimation of the timing profile of the positrons was also evaluated. The
decay model was able to describe the enhanced decay of 2P-Ps, and the both analysis methods
were able to yield consistent results.
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Enhanced decay was 
observed even in aerogel, 
which had less contaminants
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