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Enlarged view
Silica for Ps formation
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Key	technology	of	laser	
cooling	of	Ps:

Exciting	Ps	to	2P	state

Ps will be excited into 2P-state many times
during laser cooling

Interactions of 2P-state Ps with materials 
are not well known.



2P-Ps	were	reported	to	be	
strongly	affected	by	material

���������� �

(FWHM). The latter was used to pump a dye laser (LD 489
dye) to produce 486 nm light, which was frequency
doubled in a beta barium borate (BBO) crystal to produce
243 nm light. The Gaussian line profile had a width of
ð0:004" 0:0002Þ nm (FWHM), with a time width of
$4 ns. The diameter of the 243 nm beam was $3 mm at
the target position, and the positron beam diameter was
<1 mm. More details concerning the general methodology
can be found in Ref. [15].

The silica film used here had an open pore structure, a
density of $1:5 g=cm3 and a nominal pore diameter of
$5 nm [16]. The target could be irradiated in two configu-
rations, as indicated in Fig. 1. With the laser parallel to the
target surface only Ps in vacuum could be excited, whereas
when the target was rotated by $45% the laser entered the
silica, and Ps could be excited while inside the film [17].
This was possible because the time taken for Ps to diffuse
out into the vacuum may be of the order of the Ps lifetime
in the pore, which in the present case is >50 ns [16].

Figure 2 shows measurements of the 1S-2P line shape
made with the target perpendicular (a) and at$45% (b) and
(c) to the positron beam axis. Single-shot lifetime spectra
were used to determine the parameter Sð!Þ & ðfoff '
fonÞ=foff , where foffðonÞ refers to fd measured with the
lasers off (on). Measurements were made with the lasers
fired at the same time as the positron pulse (‘‘prompt’’) or
with a delay of 20 ns (‘‘delayed’’). Figure 2(a) shows

measurements of vacuum Ps in which we observe a
Doppler broadened line shape centered at a mean wave-
length !0 ¼ ð243:008" 0:002Þ nm (vacuum wavelengths
are quoted) differing by 0.016 nm from the 1S-2P wave-
length ð243:024" 0:002Þ nm, where the error is due to the
variation in energy across the 2P manifold and possible
Zeeman-Stark shifts [18]. The discrepancy is due to uncer-
tainty in the absolute wavelength calibration. The Doppler
width, ð0:16" 0:02Þ nm, is due to the conversion of the Ps
confinement energy to kinetic energy upon ejection from
the pores (see Ref. [15]).
A very different situation was observed when the target

was rotated so that the laser light passed through the
sample. In this case a resonant line was still observed,
but it was shifted from the vacuum position. The line shape
was also quite asymmetrical, and for the delayed data it is
clear that there are two distinct Ps populations, neither of
which is centered at the unperturbed 1S-2P transition
wavelength. The measurements can be decomposed into
a sum of two Gaussians, as indicated in Figs. 2(b) and 2(c).
The shorter wavelength components (dashed lines) cen-
tered at !b ¼ ð242:948" 0:007Þ and !c ¼ ð242:948"
0:002Þ have FWHM’s !!b ¼ ð0:088" 0:008Þ and !!c ¼
ð0:061" 0:004Þ nm. The average 1S-2P interval observed
is thus ð1:26" 0:06Þ meV more than the unperturbed in-
terval. These lines are due to Ps atoms probed while they
are inside the silica film.
The longer wavelength components (dotted lines in

Fig. 2) correspond to free Ps in vacuum. These lines are
shifted to wavelengths longer than !0 [by ð0:034"
0:018Þ nm and ð0:029" 0:006Þ nm in panels (b) and (c),
respectively] because the Ps is, on average, moving to-
wards the laser. The corresponding line widths, (0:092"
0:026) and ð0:080" 0:013Þ nm, are primarily due to the
angular divergence of the nearly monoenergetic Ps [15].
The lowest energy level of a ground-state Ps atom in

an infinite spherical potential well of diameter 2R0 is
E0 ) 750 meV* ð1 nm=2R0Þ2 relative to the vacuum
[15]. Since the radius of a 2P Ps atom is larger than that
of a 1S atom by $3 Bohr radii a0, one would expect the
2P energy level to be higher by a factor of order unity times
!E0 ¼ 6E0a0=R0. Thus, in a 5 nm diameter pore with
E0 $ 30 meV, !E0 ¼ 3:6 meV.
A more realistic determination of the cavity shift of the

1S-2P transition must include not only the perturbation of
the center of mass, but also the effect of the external
potential on the relative coordinate wave function. We
have undertaken ab initio calculations of a Ps atom confined
in model cavities using the configuration interaction (CI)
method. Without the benefit of reducing the two-body prob-
lem to an effective one-body problem, these are challenging
two-body calculations due to the positron-electron localiza-
tion [19]. Wave functions built using single particle orbitals
about the center of the cavity require the inclusion of high
values of angular momenta [20], here l ¼ 0; . . . ; 12.

0
2
4
6
8

242.8 242.9 243.0 243.1

0
1
2
3
4

0

2

4

(b)

 laser width

 cavity Ps
 vacuum Ps
 sum

(c)

λ (nm)

S
 (

%
)

prompt
delayed

(a)

λ0

FIG. 2 (color online). Lineshapes measured for Ps in
vacuum (a) and with the laser incident on the target material
(b) and (c). The lasers were either prompt (filled circles) or
delayed (open circles) as explained in the text. The data may be
decomposed into two Gaussians, corresponding to Ps inside
(dashed lines) and outside (dotted lines) the cavity. The band-
width of the laser $0:004 nm is shown in (c), shifted for clarity.
Each data point is from a single shot, with uniform error bars
determined from the assumption that the chisquare per degree of
freedom should be 1 for the fitted curves. A background has been
subtracted in (b) and (c) but not in (a).
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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

Ps in vacuum In porous silica

B. S. Cooper et al. PRB 97, 205302 (2018).

l Width broadened
l 2P-Ps decays in very short lifetime

Contradicting effects have been reported. These effects make laser cooling difficult.
We manufactured well-characterized silica cavity and observed 2P-Ps behavior.

Excited amounts to 2P-Ps were measured
against excitation laser wavelength



Exciting	Ps	to	2P	state	by	shining	
243	nm,	3	ns	pulsed	UV	laser.
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Energy 5 keV
Highest Intensity 105 e+/ pulse
Repetition 50 Hz
Time width 16 ns
Size Φ�10 mm 

Operated in short pulse mode to synchronize with the pulse laser
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We	used	silica	aerogel	as	silica	cavity.	
Capped	the	surface	of	the	aerogel	by	amorphous	

silica	thin	film	using	plasma	CVD.
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Confining	of	Ps	in	pores	was	
observed	by	the	blocking	cap
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When o-Ps escaped …
Detection efficiency of 
annihilation gammas 
becomes less and less by 
time
Ø PALS spectrum will be 

distorted to pretend 
that ! -Ps has short 
lifetime
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• PALS measurement by slow positron beam was conducted to confirm 
Ps confinement in pores



o-Ps	were	observed	by	delayed	gamma-rays
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2P-Ps	decays	into	gamma-rays	
immediately	in	silica	aerogel
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2P-Ps	decays	into	gamma-rays	
immediately	in	silica	aerogel
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Only UV laser of 300 µJ pulse induced Ps decay to gamma-rays. 
Lifetime of 2P-Ps is short in silica aerogel.
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Broad resonance: 1 nm
cf.)
Natural width: 0.06 pm
Doppler broadening at 1 eV: 0.5 nm

• Equivalent lifetime is 30 fs
(< mean free time in the 
silica pores ~O(100 fs))

• Other reason?          
ex) Stark effect
(Discussed with Prof. Saito)

Laser cooling of Ps in silica aerogel seems to be very difficult....

2P-Ps decay rate was scanned against UV laser wavelength

Expected by
Doppler effect



Next	steps

���������� ��

1. Mechanisms of annihilation and broadening will be studied
! Other porous silica
! Different materials. Tungsten, Zeolite, Zirconia, …
! Any idea?

2. The first Laser cooling of Ps in vacuum will be conducted to measure its efficiency
! Porous silica with open pores will be used

e+

Ps

Ps
Porous silica with
open pores



Next	steps
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1. Mechanisms of annihilation and broadening will be studied
l Other porous silica
l Different materials. Tungsten, Zeolite, Zirconia, …
l Any idea?

2. The first Laser cooling of Ps in vacuum will be conducted to measure its efficiency
l Porous silica with open pores will be used

e+
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Ps
Porous silica with
open pores

Tungsten with bubble structure

Porous glass
Porous zeolite

Porous zirconia



Next	steps
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1. Mechanisms of annihilation and broadening will be studied
! Other porous silica
! Different materials. Tungsten, Zeolite, Zirconia, …
! Any idea?

2. The first Laser cooling of Ps in vacuum will be conducted to measure its efficiency
! Porous silica with open pores will be used
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e+
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Ps
Porous silica with
open pores

Highly reflective (98%) mirrors

Original UV laser
for cooling
~ 4mm diameter

l Ps will travel 50 mm during the laser cooling process
l UV laser will be reflected ~ 20 times



Ps	will	be	confined	in	vertical	
direction	to	the	laser
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Porous silica with
open pores

Highly reflective (98%) mirro
rs

Original UV laser
for cooling



Ps	will	be	confined	in	vertical	
direction	to	the	laser
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Highly reflective (98%) mirro
rs

Silica wafers

l Wafers will be separated for ~ 10 mm 
to confine Ps in the laser shinning 
region

l The distance ensures only 1S-Ps will
be reflected by the wafers
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Reflections more than 20 times
confirmed by alignment green laser Laser pulse energy

Laser reflector setup Expected velocity distributions

The first laser cooling will be conducted by 2020 Apr.

No laser
40 µJ
80 µJ
160 µJ
320 µJ



400− 200− 0 200 400
310×

Velocity (m/s)

0

0.5

1

Ph
as

e 
sp

ac
e 

de
ns

ity
 (a

rb
.)

500− 0 500
310×0

0.01

0.02

0.03

500− 0 500
310×0

0.01

0.02

0.03

0 200 400
310×0

0.01

0.02

Preparations	are	ongoing

���������� ��

e+

Reflections more than 20 times
confirmed by alignment green laser

Laser pulse energy

Laser reflector setup Expected velocity distributions

The first laser cooling will be conducted by 2020 Apr.

No laser
40 µJ
80 µJ
160 µJ
320 µJ

Will be narrowed
by laser cooling
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