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Positronium:
Probe	on	Fundamental	Physics
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u Sensitive	probe	on	fundamental	physics
ü Exotic	atom	with	anti-particle

Ø Suit	for	exploring	the	mystery	of	anti-matter
ü Pure	leptonic system

Ø Experiments	and	theory	calculations	can	be	
compared	in	high	precision	(ppm level)
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Next	target	:
Positronium Bose-Einstein	condensation
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Bose-Einstein	condensation	(BEC)
Ø Almost	all	of	atoms	in	a	cloud	

occupy	a	single	quantum	state
Ø Atoms	must	be	dense and	cold

Spatial	image	of	dense	rubidium-87	
around	Tc (critical	temperature)	of	BEC
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Figure 1: Observation of BEC in rubidium by the JILA group. The  
upper left sequence of pictures shows the shadow created by  
absorption in the expanding atomic cloud released from the trap.  
Below, the same data are shown in another representation, where the  
distribution of the atoms in the cloud is depicted. In the first frame  
to the left, we see the situation just before the condensation sets in,  
in the middle a condensate peak with a thermal background is  
observed, whereas the third figure shows the situation where almost  
all atoms participate in the condensate. The thermal cloud is seen as  
a spherically symmetric broad background, whereas the sharp peak  
describing the condensate displays the squeezed shape expected in  
an asymmetric trap. The diagram to the right cuts through the atomic  
cloud when it is cooled by more and more atoms being evaporated.  
The figures are from publication [8]. 

 
The experimental recordings are made by releasing the atomic cloud from the trap and 
imaging its later shape by the shadow formed with resonant light. It will then have 
expanded and takes up a larger shape mainly determined by its momentum distribution 
at the moment of release. The pedestal seen in the figure derives from the thermal cloud, 
which is essentially spherically symmetric, whereas the condensate peak mirrors the 
asymmetry of the condensate wave function in the momentum representation. The fact 
that its image is not symmetric constitutes strong evidence for the presence of BEC. 
Since the detection method is destructive, the experiment requires good reproducibility. 

T>Tc T~Tc T<<Tc

Important	feature
l BEC	is	“Atom	laser”
l Quiet	and	coherent:	Microscopic	

quantum	effect	in	macroscopic	
such	as	matter-wave	interference

l Breakthrough	to	study	
microscopic	world

Nobel	prize
2001

200	µm
27
0	

µm

scale (16). Stoof predicted that a coherent
condensate would form immediately (17).
Several groups discussed interference exper-
iments and quantum tunneling for conden-
sates (18–29). If the condensate is initially
in a state of well-defined atom number, its
order parameter, which is the macroscopic
wave function, vanishes. However, the
quantum measurement process should still
lead to quantum interference and “create”
the phase of the condensate (20, 23–25,
27, 28), thus breaking the global gauge
invariance that reflects particle number
conservation (30). This is analogous to
Anderson’s famous gedanken experiment,
testing whether two initially separated
buckets of superfluid helium would show a
fixed value of the relative phase—and
therefore a Josephson current—once they
are connected (31).

Arguments for and against such a fixed
relative phase have been given (31, 32).
Even if this phase exists, there has been
some doubt as to whether it can be directly
measured, because it was predicted to be
affected by collisions during ballistic expan-
sion (12, 26) or by phase diffusion resulting
from the mean field of Bose condensed
atoms (21, 25, 27, 33). Additionally, the
phase of the condensate plays a crucial role
in discussions of an atom laser, a source of
coherent matter waves (34–37).

The phase of a condensate is the argu-
ment of a complex number (the macroscop-
ic wave function) and is not an observable.
Only the relative phase between two con-
densates can be measured. Here, we report
on the observation of high-contrast inter-
ference between two atomic Bose conden-
sates, which is clear evidence for coherence
in such systems.

The experimental setup. Two Bose con-
densates were produced using a modifica-
tion of our previous setup (3, 7). Sodium
atoms were optically cooled and trapped
and were then transferred into a double-
well potential. The atoms were further
cooled by radio frequency (rf)–induced
evaporation (38). The condensates were
confined in a cloverleaf magnetic trap (3),
with the trapping potential determined by
the axial curvature of the magnetic field B0
5 94 G cm–2, the radial gradient B9 5 120
G cm–1, and the bias field B0 5 0.75 G. The
atom clouds were cigar-shaped, with the
long axis horizontal. A double-well poten-
tial was created by focusing blue-detuned
far-off-resonant laser light into the center of
the magnetic trap, generating a repulsive
optical dipole force. Because of the far de-
tuning of the argon ion laser line at 514 nm
relative to the sodium resonance at 589 nm,
heating from spontaneous emission was
negligible. This laser beam was focused into
a light sheet with a cross section of 12 mm

by 67 mm (1/e2 radii), with its long axis
perpendicular to the long axes of the con-
densates. The argon ion laser beam propa-
gated nearly collinearly with the vertical
probe beam. We aligned the light sheet by
imaging the focused argon ion laser beam
with the same camera used to image the
condensates.

Evaporative cooling was extended well
below the transition temperature to obtain
condensates without a discernible normal
fraction. Condensates containing 5 3 106

sodium atoms in the F 5 1, mF 5 –1 ground
state were produced within 30 s. The pres-
ence of the laser-light sheet neither changed
the number of condensed atoms from our
previous work (3) nor required a modifica-
tion of the evaporation path; hence, prob-
lems with heating encountered earlier with
an optically plugged magnetic trap (2) were
purely technical. In the present application,
the argon ion laser beam was not needed to
avoid a loss process, and thus we had com-
plete freedom in the choice of laser power
and focal parameters.

The double condensate was directly ob-
served by nondestructive phase-contrast
imaging (Fig. 1A). This technique is an
extension of our previous work on disper-
sive imaging (4) and greatly improved the
signal-to-noise ratio. The probe light fre-
quency was far detuned from a resonant
transition (1.77 GHz to the red), and thus
absorption was negligible. Images were
formed by photons scattered coherently in
the forward direction. The phase modula-
tion caused by the condensate was trans-
formed into an intensity modulation at the

camera by retarding the transmitted probe
beam by a quarter-wave with a phase plate
in the Fourier plane. Previously, the trans-
mitted probe beam was blocked by a thin
wire (dark-ground imaging).

Interference between the condensates
was observed by simultaneously switching
off the magnetic trap and the argon ion
laser-light sheet. The two expanding con-
densates overlapped and were observed by
absorption imaging. After 40 ms time-of-
flight, an optical pumping beam transferred
the atoms from the F 5 1 hyperfine state to
the F 5 2 state. With a 10-ms delay, the
atoms were exposed to a short (50 ms)
circularly polarized probe beam resonant
with the F 5 2 3 F9 5 3 transition and
absorbed ;20 photons each. Under these
conditions, the atoms moved ;5 mm hori-
zontally during the exposure.

Absorption imaging usually integrates
along the line of sight and therefore has
only two-dimensional spatial resolution.
Because the depth of field for 15-mm fringes
is comparable to the size of an expanded
cloud, and because the fringes are in general
not parallel to the axis of the probe light,
line-of-sight integration would cause con-
siderable blurring. We avoided this problem
and achieved three-dimensional resolution
by restricting absorption of the probe light
to a thin horizontal slice of the cloud. The
optical pumping beam was focused into a
light sheet of adjustable thickness (typically
100 mm) and a width of a few millimeters;
this pumping beam propagated perpendicu-
larly to the probe light and parallel to the
long axis of the trap (39). As a result, the

A B

50 mm

0% 100%
Intensity (arbitrary units)

Fig. 1. (A) Phase-con-
trast images of a single
Bose condensate (left)
and double Bose con-
densates, taken in the
trap. The distance be-
tween the two conden-
sates was varied by
changing the power of
the argon ion laser-light
sheet from 7 to 43 mW.
(B) Phase-contrast im-
age of an originally dou-
ble condensate, with
the lower condensate
eliminated.
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probe light was only absorbed by a thin slice
of the cloud where the atoms were optically
pumped. Because high spatial resolution
was required from only the fraction of atoms
residing in the slice, a good signal-to-noise
ratio required condensates with millions of
atoms.

Interference between two Bose conden-
sates. In general, the pattern of interference
fringes differs for continuous and pulsed
sources. Two point-like monochromatic
continuous sources would produce curved
(hyperbolic) interference fringes. In con-
trast, two point-like pulsed sources show
straight interference fringes; if d is the sep-
aration between two point-like conden-
sates, then their relative speed at any point
in space is d/t, where t is the delay between
pulsing on the source (switching off the
trap) and observation. The fringe period is
the de Broglie wavelength l associated with
the relative motion of atoms with mass m,

l 5
ht
md

(1)

where h is Planck’s constant. The ampli-
tude and contrast of the interference pat-
tern depends on the overlap between the
two condensates.

The interference pattern of two conden-
sates after 40 ms time-of-flight is shown in
Fig. 2. A series of measurements with fringe
spacings of ;15 mm showed a contrast
varying between 20 and 40%. When the
imaging system was calibrated with a stan-
dard optical test pattern, we found ;40%
contrast at the same spatial frequency.
Hence, the contrast of the atomic interfer-
ence was between 50 and 100%. Because
the condensates are much larger than the
observed fringe spacing, they must have a
high degree of spatial coherence.

We observed that the fringe period be-
came smaller for larger powers of the argon
ion laser-light sheet (Fig. 3A). Larger power
increased the distance between the two
condensates (Fig. 1A). From phase-contrast
images, we determined the distance d be-
tween the density maxima of the two con-
densates versus argon ion laser power. The
fringe period versus maxima separation (Fig.
3B) is in reasonable agreement with the
prediction of Eq. 1, although this equation
strictly applies only to two point sources.
Wallis et al. (26) calculated the interfer-
ence pattern for two extended condensates
in a harmonic potential with a Gaussian
barrier. They concluded that Eq. 1 remains
valid for the central fringes if d is replaced
by the geometric mean of the separation of
the centers of mass and the distance be-
tween the density maxima of the two con-
densates. This prediction is also shown in
Fig. 3B. The agreement is satisfactory given
our experimental uncertainties in the deter-
mination of the maxima separations (;3
mm) and of the center-of-mass separations
(;20%). We conclude that the numerical
simulations for extended interacting con-
densates (26) are consistent with the ob-
served fringe periods.

We performed a series of tests to support
our interpretation of matter-wave interfer-
ence. To demonstrate that the fringe pattern
was caused by two condensates, we com-
pared it with the pattern from a single con-
densate (this is equivalent to performing a
double-slit experiment and covering one of
the slits). One condensate was illuminated
with a focused beam of weak resonant light
20 ms before release, causing it to disappear
almost completely as a result of optical
pumping to untrapped states and evapora-
tion after heating by photon recoil (Fig. 1B).

The resulting time-of-flight image did not
exhibit interference, and the profile of a
single expanded condensate matched one
side of the profile of a double condensate
(Fig. 4). The profile of a single expanded
condensate showed some coarse structure,
which most likely resulted from the nonpara-
bolic shape of the confining potential. We
found that the structure became more pro-
nounced when the focus of the argon ion
laser had some weak secondary intensity
maxima. In addition, the interference be-
tween two condensates disappeared when
the argon ion laser-light sheet was left on for

Fig. 2. Interference pattern of two
expanding condensates observed
after 40 ms time-of-flight, for two
different powers of the argon ion
laser-light sheet (raw-data images).
The fringe periods were 20 and 15
mm, the powers were 3 and 5 mW,
and the maximum absorptions
were 90 and 50%, respectively, for
the left and right images. The fields
of view are 1.1 mm horizontally by
0.5 mm vertically. The horizontal
widths are compressed fourfold,
which enhances the effect of fringe
curvature. For the determination of
fringe spacing, the dark central
fringe on the left was excluded.

Fig. 3. (A) Fringe period versus power in the argon
ion laser-light sheet. (B) Fringe period versus ob-
served spacing between the density maxima of
the two condensates. The solid line is the depen-
dence given by Eq. 1, and the dashed line is the
theoretical prediction of (26) incorporating a con-
stant center-of-mass separation of 96 mm, ne-
glecting the small variation (610%) with laser
power.

Fig. 4. Comparison between time-of-flight images
for a single and double condensate, showing ver-
tical profiles through time-of-flight pictures similar
to Fig. 2. The solid line is a profile of two interfering
condensates, and the dotted line is the profile of a
single condensate, both released from the same
double-well potential (argon ion laser power, 14
mW; fringe period, 13 mm; time of flight, 40 ms).
The profiles were horizontally integrated over 450
mm. The dashed profile was multiplied by a factor
of 1.5 to account for fewer atoms in the single
condensate, most likely the result of loss during
elimination of the second half.
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50	µm

Before	release
trapped	by	double-well

After	release
expand	to	overlap

60
	µ
m

230	µm
Science	275,	637	(1997)



Why	BEC	of	“Positronium”
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uBecause	Ps	has	anti-matter! First	BEC	with	anti-matter.

From	Alan	Stonebraker

l Anti-matter	should	not	be	same	as	
matter	to	explain	why	matters	left	
in	the	universe

l Many	experiments	are	searching	
on	matter	anti-matter	symmetry

T2K	experiment	in	
neutrino	mixing

The	antiproton	
decelerator	at	
CERN	
Produce	atoms	
with	antiproton	
such	as	H

Ø Hot	topics	in	particle	physics	and	cosmology	

Ø BEC	with	anti-matter	can	be	good	tool	to	
search	on	this	hot	topic	by	using	coherency



AVETISSIAN, AVETISSIAN, AND MKRTCHIAN PHYSICAL REVIEW A 92, 023820 (2015)

Because of the ongoing progress in physics for the produc-
tion and manipulation of positronium atoms, one can expect
the realization of BEC of Ps atoms in the near future. The
latter is a very challenging project and could lead to various
fundamental applications. In particular, it is of great interest to
investigate the process of collective annihilation decay of Ps
atoms from the BEC state, as a coherent ensemble of lasing
atoms, towards the generation of intense coherent γ rays in
the MeV domain of energies. The creation of a γ -ray laser
has been the subject of extreme interest since the realization
of the first lasers. The annihilation of electron-positron pairs
has been considered as one of the basic processes for the
intense γ -ray sources. The induced annihilation of a pair was
already considered by Dirac [32]. For the observed γ -ray
lines from the astrophysical objects, the radiation through the
spontaneous [33] and stimulated annihilation [34,35] of an
electron-positron plasma was considered. Then the ideas of Ps
BEC and subsequent annihilation in the context of a γ -ray laser
were considered in Refs. [19,36–38]. In these papers, the lasing
gain coefficient has been obtained from the rate equations. The
latter is applicable to lasing systems with drivers (initial seed)
and resonators and cannot be extrapolated to the exponential
gain regime [39]. Meanwhile, because there are no drivers
or mirrors operable at γ -ray frequencies, one should realize
single pass lasers operating in the so-called self-amplified
spontaneous-emission regime. A mechanism of a γ -ray laser
at the collective annihilation of Ps atoms in a BEC state
in the self-amplified spontaneous-emission regime has been
proposed in Ref. [40]. It has been shown that at the coupling
of two macroscopic coherent ensembles of bosons—the BEC
of Ps atoms and photons—there is an instability at which,
starting from the vacuum state of the photonic field, the
expectation value of the photon’s mode occupation grows
exponentially for a narrow interval of frequencies around
the 511 keV line. In the present paper, a more detailed
and thorough study of the γ -ray generation at the collective
annihilation of Ps atoms in a BEC state in the self-amplified
spontaneous-emission regime is presented. Here we utilize
the more general Hamiltonian including the stimulated o-Ps
to p-Ps transition. For the elongated shape of the BEC, it
shows a laserlike action, i.e., directional radiation when the
spontaneously emitted entangled and the oppositely directed
photon pairs are amplified, leading to an exponential buildup
of a macroscopic population into the end-fire modes. We also
investigate the influence of an external potential and interaction
between the Ps atoms on the γ -ray self-amplification process.

The paper is organized as follows. In Sec. II, the main
Hamiltonian is constructed. In Sec. III, two-photon decay
of a Ps atom is analyzed. In Sec. IV, we consider the
intrinsic instability of recoilless collective two-photon decay
and present the setup for a γ -ray laser. In Sec. V, we
consider the influence of confinement and interaction between
the positronium atoms on the considered process. Finally,
conclusions are given in Sec. VI.

II. BASIC HAMILTONIAN

We begin our study with construction of the Hamiltonian
which governs the quantum dynamics of the considered
process. Here and below, except where it is stated otherwise,

FIG. 1. (Color online) The energy levels of interest. The upper
two levels represent hyperfine splitting of the ground state of Ps. The
applied electromagnetic field drives the o-Ps =⇒ p-Ps transition.
The annihilation decay of the p-Ps into two entangled photons of the
same helicity is shown.

we employ natural units (c = ! = 1). Since o-Ps has a
relatively long lifetime, in a laboratory-based experiment it
will be more suitable to obtain a Bose-Einstein condensate for
o-Ps. As was proposed in Ref. [7], the use of spin-polarized
positrons will eventually lead to a gas of spin-polarized Ps,
which does not undergo the mutual spin-conversion reaction.
Thus, in the ensemble of Ps atoms, rapid annihilation of the
singlet states and collisions among the various triplet substates
will cause the Ps atoms to become completely polarized
into a pure m = 1 triplet state. Then, to trigger two-photon
annihilation, one should induce the triplet-to-singlet transition.
The latter can be realized via the ground-state hyperfine
transition either by the resonant sub-THz radiation (0.2 THz)
or strong off-resonant electromagnetic field. Thus, in Fig. 1, the
energy levels of interest are schematically shown. The upper
two levels represent hyperfine splitting of the ground state of
a Ps atom. The applied electromagnetic wave field drives the
o-Ps =⇒ p-Ps transition. Then annihilation decay of the p-Ps
into the two entangled photons of the same helicity are shown.

To obtain dynamic equations, we will utilize the second
quantized formalism. For this purpose, let us introduce the cre-
ation and annihilation operators for p-Ps and o-Ps. The opera-
tor describing the creation of p-Ps in the internal ground state
with the total center-of-mass momentum p can be written as

!"+
p = 1√

2V

"
d#p′ϕ

#
p′ − p

2

$
[!a+

p′,s+
!b+

p−p′,s−

−!a+
p′,s−

!b+
p−p′,s+

], (1)

where ϕ(p) is the Fourier transform of the ground-state wave
function,

ϕ(p) =
8
%

πa3
0

&
1 + p2a2

0

'2 , (2)

a0 = 2/(mα0) is the Bohr radius for Ps, m is the electron
mass, and α0 is the fine-structure constant. For the
phase-space integration, we have introduced the notation
d#q = Vd3q/(2π )3 (V is the quantization volume). In
Eq. (1), !a+

p,s and !b+
p,s are the creation operators for electrons

and positrons, respectively. The quantum number s describes

023820-2

wf=203	GHz
← Source

What	we	can	do	with	Ps-BEC
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1. Measure	anti-matter	gravity	
by	atom-interferometer	

2. 511	keV gamma-ray	laser

Phys.	Rev.	A	92,	023820	(2015)

• o-Ps	BEC	to	p-Ps	by	203	GHz	RF
• p-Ps	BEC	collectively	decays	into	

coherent	511	keV gamma-rays
p Probe	with	x10	shorter	

wavelength	than	current	x-rays
p Macroscopic	entanglement

g

Fast

Slow

Intensity	of	Ps	blinks	by	changing	
path	length

• Deceleration	by	gravity	shift	
phase	of	Ps	in	different	paths

• Path	length	20	cm	to	see	gravity	
effects	with	weak-equivalent	
principle

Phys.	stat.	sol.	4,	3419	(2007)
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Challenges	to	realize	Ps-BEC
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Conditions	to	realize	Ps-BEC
l High	density
l Low	temperature
Ø For	Ps,	14	K	at	1018 cm-3

● Critical	temperature	(TC)	is	
very	high	due	to	Ps	light	
mass

× Ps	annihilation	life	time	is	
only	142	ns

Necessary	techniques
1. Instance	(around	10	ns)	

creation	of	dense	Ps
2. Fast	cooling	of	Ps	to	10	K	

in	around	100	ns



Method	to	realize	Ps-BEC	
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New	method:	K.	Shu	et	al. J.	Phys.	B	49,	104001	(2016)	

1. Create	dense	positrons	and	convert	into	dense	Ps	at	once

Magnified	view

Positron	
Accumulator

Internal	void	=	trap	cavity
~150	nm	× 150	nm	×150	nm

13,500	Ps
created

4	x	1018 cm-3

e+

~108 positrons in	nanoseconds	bunch
keV energy

e+

Inject	into	a	silica	(SiO2)	material	
with	~100	nm	beam	waist	by	focusing Silica	as	Ps	converter

~50%	prob.

Ps

Ø 109 positron	accumulation	was	achieved	elsewhere.	We	will	
construct	new	focusing	system	to	achieve	100	nm	beam	waist



Positron	focusing
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Currently,	a	few	µm	waist	is	achieved	to	probe	fine	structures	of	a	surface

Principle	of	positron	focusing	(brightness	enhancement):
Focusing	lens

by	magnetic	field

bunched	e+ beam

N.	Oshima	et	al. J. Appl.	Phys. 103,	094916	(2008).

Plan	to	use	this	method	for	many	stages,	but	repulsive	force between	
positrons	themselves	can	be	problem	because	it	is	dense
Ø Now	studying	and	designing	beam	optics	

Thin	metal	(W,	Ni)	moderator
〜100	nm

e+

Focusing	in	steep	
angle	to	re-moderator

keV energy

Thermalize	and	diffuse	
to	rear	surface

re-emitted	in	eV	energy
=	positron	negative	
work	function

u Narrow	beam	with	low	
emittance	can	be	acquired!



Method	to	realize	Ps-BEC	
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2. Cooling	by	thermalization process

Ps

Cold	Silica	<	10	K

1st	step
By	collisions	with	cold	silica	cavity	wall
=	Thermalization process



First	observation	of	thermalization
process	in	cryogenic	environment
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We	newly	measured	thermalization process	in	cryogenic	silica	aerogel	
(=porous	material	made	by	SiO2)	to	confirm	how	they	are	cooled

GM	4K	cryocooler

Tunable	in
20	~	300	K	

Silica	aerogel	holder

Scintillators	and	PMTs	to	detect	Ps	
creation	and	decay
Plastic	for	e+	from 22Na
LaBr3	for	annihilation	gammas



Method	to	measure	thermalization process
Use	Pick-off	annihilation

11

Silica	aerogel	particle

o-Ps

Velocity	v

e+
e-

e-
Pick-off	2γ	annihilation
• A	positron	in	Ps	and	

an	electron	in	silica	
by	collisions

• 511	keV
mono	energy

o-Ps
e+
e- 3γ	self	annihilation

• Both	a	positron	
and	an	electron	
are	in	Ps

• 0	~	511	keV
continuous	
energy	spectrum

Pick-off	annihilation	rate	l2∝n	sv
n:	Density	of	electrons	in	silica	particle
s:	Cross	section	of	Pick-off	annihilation
→ By	measuring	l2 vs	Ps	life,	ｔemperature

evolution	of	Ps	can	be	measured

l Measure	rate	of	collisions	between	Ps	and	silica	particle

2017/06/06



Result	of	the	measurement
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Time (ns)
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Thermalization curves	of	Ps	in	
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l Thermalization into	cryogenic	
temperature	was	clearly	observed

Temperature	evolutions	of	Ps	are	
modeled	by	elastic	collision	model
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𝐶
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Important	parameter	is	M :	
Effective	mass	of	silica	for	elastic	
collision	with	Ps
MeasuredM =	170±10	a.m.u
ü Smaller	(thermalize	faster)	than	

other	experiments	in	high	T	or	
with	gases
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2. Cooling	by	laser

Ps

2nd	step
Irradiate	243	nm	UV	laser	to	cool	
Ps	down	to	10	K	

Silica	is	transparent	in	UV

243	nm	UV	laser
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2. Cooling	by	laser
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Irradiate	243	nm	UV	laser	to	cool	
Ps	down	to	10	K	

Silica	is	transparent	in	UV
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2. Cooling	by	laser

Ps

2nd	step
Irradiate	243	nm	UV	laser	to	cool	
Ps	down	to	10	K	

Silica	is	transparent	in	UV

243	nm	UV	laser
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Below	TC
Ø Ps-BEC	possible
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PsPs

1s

2p	(t=3.2ns)
Ps Internal	states

E

5.1eV	
=	243nm	UV

Laser	cooling:	Cool	atoms	by	absorptions	of	photons’	momentum

l To	let	Ps	absorb	photon,	use	1s	- 2p	transition
l Incident	laser	wavelength	is	detuned	slightly	longer	than	resonance

l243nm

Laser	wavelength

At	resonant



v

Principle	of	Laser	Cooling	
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PsPs

l

Doppler	effect(∝ v)

1. Only	counter-propagating	photons	
are	absorbed	by	Doppler	effect

2. Decelerate	by	photon‘s	momentum

E

1s

2p

Resonant

P
sPs

P
sPs

Ps	Excited

PsPs

E

1s

2p

P
sPs

Ps	de-excited
P
sPs

3. Spontaneously	de-excite	in	3.2	
ns	with	random	direction	
photon																																					
(no	effect	on	Ps	temperature)

Repeat	this	cycle

Random
direction

3.2	ns
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Requirements	for	Cooling	Laser

Time (ns)
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&	Ps	conversion

Cool	Ps	while	300	ns

Pulse	duration

Time	(ns)
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.)

No	laser	cooling	of	Ps	(anti-matter	systems)
For	Ps,	several	special	features	are	necessary
1. Long	time	duration	pulse

Ø Cooling	of	Ps	takes	around	300	ns	(~	Ps	life)



Ps velocity (m/s)
0 50 100 150 200

310×

Ar
b.

Requirements	for	Cooling	Laser
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2. Wide	linewidth
Ø Doppler	effect	is	large	due	to	Ps	light	mass,		so	laser	linewidth	

must	cover	wide	Doppler	width

Resonant wavelenth of laser (nm)
243 243.05 243.1 243.15 243.2

Ar
b.

Resonant

At	300	K

Wide Also	Wide

Cooling	laser	
should	cover	this	
wide	80	pm	
linewidth
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Requirements	for	Cooling	Laser
3. Fast	shift	of	wavelength

Ø Resonant	wavelength	shifts	as	Ps	atoms	get	cold
ü Fast	shift	(40	pm	in	300	ns)	of	pulse	laser	has	never	been	

achieved

Ps velocity (m/s)
0 50 100 150 200

310×

Ar
b.

Resonant wavelength of laser (nm)
243 243.05 243.1 243.15 243.2

Ar
b.

At	300	K

At	50	K

Largely	shift	by	
cooling

Laser	wavelength	
should	be	also	shifted	
according	to	cooling
40	pm	in	300	ns

Resonant



Requirements	for	Cooling	Laser
How	special?
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Ps	cooling	laser Common	laser
Time	duration 300	ns CW	or	Pulse	with	10ns	or	100	fs

Linewidth 80	pm <	2	pm	or	>	10	nm
Wavelength	shift 40	pm	in	300	ns No	example	in	my	knowledge

l Even	though	laser	optics	are	deeply	developed,	many	features	which	
Ps	requires	are	special	because	laser	cooling	of	Ps	is	a	new	challenge

l New	design	has	been	considered	by	combining	sophisticated	the-
state-of-the-arts	optics	technologies



Special	home-made	laser	system

2017/06/06 22

SHG THG

EOM2
Sideband 
Generator

Ti:Sapphire

EOM1
Wavelength Shifter

243	nm
729	nm
365	nm

40	µJ

10	mJ

Q-switched
Pump Laser

10	mW

l Schematic	diagram	of	the	system



Special	home-made	laser	system
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1. Wavelength	control	:	shift	and	broadening	in	729	nm	CW	by	EOMs

SHG THG

EOM2
Sideband 
Generator

Ti:Sapphire

EOM1
Wavelength Shifter

243	nm
729	nm
365	nm

40	µJ

10	mJ

Q-switched
Pump Laser

10	mW

8cm

Gratings

729	nm
Output

Laser	Diode
opnext HL7301MG
(InGaAsP)

ECDL-Box

To	controller

729	nm	(red)	light

l729l

EOMs	can	generate	
wavelength	modulated	light	by	
applying	RF for	CW	red	light



Special	home-made	laser	system
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SHG THG

EOM2
Sideband 
Generator

Ti:Sapphire

EOM1
Wavelength Shifter

243	nm
729	nm
365	nm

40	µJ

10	mJ

Nd:YAG pulse
Pump Laser

10	mW

La
se
r	i
nt
en

sit
y

Time

532	nm	pulse
to	excite	Ti:Sapphire

729	nm	CW	light	oscillates	in	
pulse	mode	using	Ti:S gain



Development	:	
Prototype	long	pulse

25

Developed	a	bit	short	cavity	with	high	reflectivity	mirrors
Expected	pulse	time	duration	:	200	ns

CW	
without	wavelength	shift	/	broadening

Pulse

2017/06/06

Ti:S

Nd:YAG
pulse

Optical	cavity



Development	:	
Prototype	long	pulse
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Developed	a	bit	short	cavity	with	high	reflectivity	mirrors
Expected	pulse	time	duration	:	200	ns

CW	
without	wavelength	shift	/	broadening

Pulse

2017/06/06

Ti:S

Nd:YAG
pulse

20mm

Optical	cavity

Absorb
532	nm	YAG

Amplify
729	nm	red



Development	:	
Prototype	long	pulse
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Developed	a	bit	short	cavity	with	high	reflectivity	mirrors
Expected	pulse	time	duration	:	200	ns

CW	
without	wavelength	shift	/	broadening

Pulse

2017/06/06

Ti:S

Nd:YAG
pulse

Optical	cavity



Confirmed	200	ns	long	pulse	at	729	nm
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4.3 ͷలޙࠓ 67

ਤ 4.21: બߴࣹϛϥʔมߋલޙͰͷ Ti:Sapphireࣗવൃޫͷ૿෯ύϧεεϖΫτϧɻࣗવ
ൃޫύϧεͷεϖΫτϧϐʔΫҐஔ͕Ҡಈ͠ɼ740 nmۙͰൃৼ͍ͯ͠Δ͜ͱ͕͔Δɻ

ਤ 4.22: બߴࣹϛϥʔʹมࣗޙߋવൃޫύϧεΛϑΥτμΠΦʔυͰ؍ଌͨ͠ύϧεܗɻύϧ
εଓ͕ؒ 100 nsڧɼϙϯϓޫʹର͢Δมޮ͕ 5%͋Γɼબߴࣹϛϥʔʹมߋલ
ͱಉఔͷੑ͕͋Δɻ

Ͱ͖ΕɼڧΛ্͛ͨेࡍͳมޮ͕ಘΒΕΔͱ͑ߟΒΕΔɻ

มୡޙ EOMΛՃ͠ɼEOMʹΑͬͯੜ͞ΕͨαΠυόϯυޫʹରͯ͠γʔυΠϯδΣ
Ϋγϣϯ͕ͨΒ͘͜ͱΛ֬͢Δɻޙ࠷ʹɼύϧεΤωϧΪʔͷ্ͱଓؒͷԆΛ͏ߦɻύϧ

εΤωϧΪʔͷ্ͰɼNd:YAGϙϯϓϨʔβʔΛύϧεΤωϧΪʔ 200 mJͷͷʹม͠ߋɼϙϯϓ
ϨʔβʔͷΤωϧΪʔΛ 5%ม͢Δ͜ͱͰ 10 mJͷ 729 nmύϧεޫΛಘΔɻڧߴ Nd:YAGϨʔβʔ
ͱͯ͠ɼContinuumࣾ PowerliteγϦʔζͳͲ͕༻Ͱ͖ΔɻύϧεΤωϧΪʔΛ্͛ΔࡍɼڧߴԽ
ʹΑΔޫֶܥͷഁଛΛ͙ͨΊʹɼڞৼثதͷ 729 nmޫͷϏʔϜΣετΛେ͖͘͢ΔɻϏʔϜΣε
τΛେ͖͘͢ΔʹɼڞৼثΛ͘͠ɼࣹڸͷۂΛڞৼثʹ߹Θͤͯେ͖͘͢Εྑ͍ɻ͜ͷ

100	ns

Pulse	shape	detected	by	photo	diode	
detector

ü Long	pulse	consisted	with	
prototype	design	is	achieved!

Ø Make	larger	cavity	(L~4	m)	to	
store	light	for	longer	time	to	
achieve	300	ns	time	duration



Special	home-made	laser	system
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Wavelength	conversion	using	non-linear	optics
ü Complete!

SHG THG

EOM2
Sideband 
Generator

Ti:Sapphire

EOM1
Wavelength Shifter

243	nm
729	nm
365	nm

40	µJ

10	mJ

Q-switched
Pump Laser

10	mW



SHG	729	nm	→ 365	nm	is	also	done
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LBO	crystal

365nmBlue
365	nm

729	nm	pulse

Just	after	LBO	crystal
on	paper

Ø Plan	to	complete	other	parts	around	one	year,	then	conduct	laser	
cooling	experiment	with	modest	Ps	density	
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l Ps-BEC	is	a	good	candidate	of	the	first	BEC	with	anti-matter,	which	has	a	
rich	potentials	on	both	fundamental	and	application	physics

l New	method	has	been	proposed	using	dense	positrons	and	cooling	by	
the	thermalization process	and	laser	cooling.	Thermaliztion process	in	
cryogenic	temperature	has	been	measured	for	the	first	time,	and	it	is	
efficient	enough	to	realize	BEC	with	laser	cooling

l Cooling	laser	for	Ps	requires	very	special	optics,	so	new	system	is	
currently	under	development.	Prototype	long	pulse	mode	is	confirmed	to	
be	possible.

l Developments	on	creating	dense,	focused	positrons	is	also	under	study	in	
parallel

l We	will	do	laser	cooling	first	and	then	go	to	BEC!



Backup
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511	keV gamma-ray	Laser

33

511	keV photon	density	vs	BEC	density	from	Ref

Decay	from	the	BEC	state	
(macroscopically	occupied)
enhances	corrective	decay
• Directive
• Coherent

BEC	shape	should	be	long	in	
one	direction	
(cigar	shape)	to	have	long	
interacting	time	between	Ps	
and	511	keV photons

Ps-BEC	will	be	formed	in	
ortho,	then	stimulated	into	
para by	203	GHz	photon

H.	K.	Avetissian et	al. Phys.	Rev.	A	92,	023820	(2015).

AVETISSIAN, AVETISSIAN, AND MKRTCHIAN PHYSICAL REVIEW A 92, 023820 (2015)

FIG. 7. (Color online) Temperature-density diagram for the for-
mation of BEC of Ps atoms, in the logarithmic scale. With the
increase of the density, the deviation from the bosonic nature of
Ps atoms becomes considerable. At high densities, the bound states
of electron-positron pairs do not survive making electron-positron
plasma. The range of parameters where the γ -ray laser may be
implemented is also shown.

V. THE INFLUENCE OF THE CONFINEMENT AND
INTERACTION BETWEEN THE POSITRONIUM ATOMS

ON THE GAMMA-RAY GENERATION PROCESS

Although we consider dilute system of Ps atoms when
na3

t ≪ 1, for the trapped atoms the interaction can have a
deep influence on the ground state of the BEC [13] and
on the critical temperature [41] of condensation. In this
case, the starting point is the Gross-Pitaevskii equation [13]
for the order parameter of an inhomogeneous BEC well below
the critical temperature. The Gross-Pitaevskii equation for the
order parameter "(r) of a BEC has the well-known form [13]
!
− !2

2ma

# + Vtr(r) + 4π!2at

ma

|"(r)|2
"
"(r) = µ"(r), (55)

where ma = 2m∗ is the Ps mass and Vtr(r) is the trap
confining potential. The nonlinear term takes into account the
interaction between the Ps atoms parametrized by the s-wave
scattering length at . The chemical potential µ is fixed by the
normalization condition,

#
n(r)dr = N ; n(r) = |"(r)|2, (56)

where n(r) is the density of the atoms with the total number
N . When the number of atoms is large and the interaction
is repulsive (at > 0), an accurate expression for the ground
state "(r) may be obtained within the Thomas-Fermi approx-
imation. The latter is valid when the dimensionless parameter
Nat/a is very large. Here, a is the characteristic length of the
confining potential. In this case, the kinetic-energy term ∼#
can be neglected in the Gross-Pitaevskii equation (55), and we
have

n(r) = ma

4π!2at

[µ − Vtr(r)] (57)

in the region where the right-hand side is positive and n(r) = 0
otherwise. The boundary of the BEC cloud is given by the
relation µ = Vtr(r). The Thomas-Fermi approach fails near
the edge of the cloud when the kinetic-energy term should
be taken into account. In this case, the characteristic length
is the healing length lh = 1/

√
8πnat , which describes the

distance over which the density tends to its bulk value from the
boundary. For the considered densities n = 1018–1021 cm−3,
the healing length lh ≃ 10−6 − 5 × 10−8 cm ≪ L,Lw. As a
consequence, the boundary effects can be neglected. Thus, for
the condensate confined by a box with sufficiently (infinitely)
hard walls, the above consideration is valid and one can
consider a homogeneous condensate with the density

n(r) = ma

4π!2at

µ = n0. (58)

For a confining potential that varies relatively smoothly in
the space, the inhomogeneous nature of BEC should be taken
into account. For an anisotropic three-dimensional harmonic-
oscillator potential Vtr(r) given by

Vtr(r) = 1
2
maω

2
0

$
x2 + y2 + z2

χ2

%
, (59)

the solution (57) becomes

n(x,y,z) = nmax

!
1 − 1

R2
0

$
x2 + y2 + z2

χ2

%"
, (60)

with

nmax = 152/5

8πa2at

$
Nat

a

%2/5

; R0 = 151/5

χ1/3

$
Nat

a

%1/5

a, (61)

where a =
√

!/maω and ω = ω0χ
−1/3 is the geometrical

mean frequency of an anisotropic oscillator. As far as the γ -ray
wavelength ∼λc ≪ L,Lw, we can use the expression (49) for
the exponential growth rate with the density defined through
Eq. (60),

G(x,y,z) =

&
16πϱn(x,y,z)α5

0

m
. (62)

Then, the dimensionless interaction parameter in the exponent
of Eq. (53) for the end-fire modes can be written as

* =
# χR0

−χR0

G(0,0,z)dz = χπR0

2

&
16πϱnmaxα

5
0

m
. (63)

As is seen from Eq. (63), the effective interaction length is
χπR0/2. Taking into account the interaction of Ps atoms, the
critical temperature for BEC in the trap (59) is defined as [41]

Tc ≃ 0.94
!ω

kB

N1/3
$

1 − 1.33
at

a
N1/6

%
. (64)

Thus, for a system of 1012 Ps atoms, interacting with a
scattering length at ≃ 1.6 × 10−8 cm, which is trapped in
an anisotropic harmonic potential fixed by a ≃ 10−5 cm
with the anisotropy parameter χ = 2000, the dimensionless
interaction parameter at ϱ = 1 will be * ≃ 1.12. There the
critical temperature (64) will be Tc ≃ 330 K.

023820-8

1.5	cm	x	φ10	μm長い Ps-BEC	
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cle’s velocity, assumed to be changing only slightly along the paths. For positronium atoms emanating 

from a cavity of small dimension d, the positronium velocity in vacuum will be d/!π  and the phase 

shift in going around the interferometer is vAmg !/=∆φ . Thus an interferometer with about 20 cm legs 

would be enough to see if the gravitational response of positronium is the same as that of ordinary mat-

ter. The positronium would have to be excited into the n=25 state with orbital angular momentum equal 

to !24 , so that its lifetime would be about 1 ms [38].  

 An interferometer would also be useful for determining the charge of the positronium atom via the 

Bohm-Aharanov effect. The fringe shifts caused by a 10 T solenoid passing through the interferometer 

would be sensitive to a charge imbalance of as little as one part in 10
15

, much better than implied by the 

equality of the electron and positron g-factors to 6×10
–11

, but not so sensitive to a possible CPT-violation 

as the 
00

KK mass difference.  

 

Use optical 

lasers to 

Excite Ps to 

n=25 Rydberg

state

d

A

A

Mach-Zender Interferometer

Beam splitter 

 

Fig. 11 A Ps atom beam laser could be used in a Mach-Zender interferometer to measure the Ps gravitational interac-

tion. 

 

5 Conclusion   There are several other interesting experiments to be done with high density positronium, 

including searching for stimulated emission (requiring perhaps 10
11

 positrons in one pulse) and perhaps 

making an annihilation gamma ray laser using a dense Ps BEC [39]. We are currently scaling up our 

positron source to make such experiments more feasible. 

Acknowledgments   The second author is grateful for the invitation to present this material at the 14
th

 International 

Conference on Positron Annihilation, held at Hamilton, Ontario, Canada. The authors are also grateful for the par-

ticipation in this research of our colleagues Dr. Rod Greaves of First Point Scientific, Dr. S. H. M. Deng and Dr. 

Maurizio Biasini. This work was supported in part by the US National Science Foundation under grants 

PHY0140382, PHY-0140382-003, PHY 0555701 and DMR 0216927.  

References 

 [1] C. M. Surko, M. Leventhal, and A. Passner, Phys. Rev. Lett. 62, 901 (1989). 

 [2] C. M. Surko and R. G. Greaves, Phys. Plasmas 11, 2333 (2004). 

 [3] M. Amoretti et al., Nature (London) 419, 456 (2002). 

 [4] D. B. Cassidy, S. H. Deng, R. G. Greaves, T. Maruo, N. Nishiyama, J. B. Snyder, H. K. Tanaka, and A. P. 

Mills, Phys. Rev. Lett. 95, 195006 (2005). 

 [5] See for example, A. Griffin, D. W. Snoke, and S. Stringari (Eds.), Bose-Einstein Condensation (Cambridge 

University Press, 1995). 

 [6] P. M. Platzman and A. P. Mills, Jr., Phys. Rev. B 49, 454 (1994). 

 [7] A. P. Mills, Jr., Nucl. Instrum. Methods Phys. Res. B 192, 107 (2002). 

 [8] K. Varga, J. Usukura, and Y. Suzuki, Phys. Rev. Lett. 80, 1876 (1998). 

 [9] D. B. Cassidy, S. H. M. Deng, R. G. Greaves, and A. P Mills, Jr., Rev. Sci. Instrum. 77, 073106 (2006).
 

D.	B.	Cassidy	et	al.	phys.	stat.	sol.	(c)	4,	No.	10	(2007)	

Interferometer	experiment	with	Ps-BEC	from	Ref.

Difference	of	the	paths	
will	rotate	relative	phase	
between	splited beams

It	is	said	that	in	Ref:
20	cm	legs	would	be	
enough	to	see	anti-
matter	gravity’s	effect

Ps	must	be	excited	into	
Rydberg	state	to	be	
long-lived	
(~miliseconds)



Focusing	positrons
• Positron	beam	

can	be	guided	
&	focused	by	
magnetic	fields

←↑ Positron	Probe	Microanalyzer system	at	AIST
• Multi-stage	enhancements	of	intensity:

1. Focusing	by	large	gradient	of	mag-field
2. Transmit	moderator	to	reduce	emittance

• This	system	has	achieved	25µm(FWHM)
• Improvements	are	under	studying	for:

1. Magnetic	lenses
2. Moderators

From	N.	Oshima et	al.	J.	Appl.	Phys.	103,	094916(2008)

From	Mat.	Sci.	Forum	607,	238(2009)

 

beam was enhanced by the 
system, which is shown in Fig. 1. 
A slow positron beam was 
accelerated by the electric 
potential gap formed at the first 
acceleration part (AP1) near the 
end of the magnetic transport 
system, which was extracted to a 
low (or no) magnetic field area 
with an energy of 10 keV. The 
beam radius at the first focusing 
lens (FL1) was adjusted by 
varying the current of the 
extraction coil (i.e., the last 
solenoid coil) (EC). The beam 
was then focused by FL1. The 
brightness of the beam was 
enhanced by remoderating the 
focused beam using a 
transmission remoderator (RM). The micro channel 
plates with a phosphor screen (MCP1) replaced RM 
to confirm the beam spot size. A 200 nm thick 
tungsten single crystal was used for the RM. The RM 
could be annealed in situ above 1500 °C. The RM 
efficiency was roughly 5% [8]. Then, the 
brightness-enhanced beam (re-emitted positrons 
form the RM) was extracted with an intensity of 
about 1 × 106 e+/s and transported to the 
measurement chamber by electric lenses (EL1 and 
EL2).  The implantation energy was adjusted by the 
second acceleration part (AP2). The measurement 
chamber consisted of MCPs with a center hole 
(MCP2), an xy-translation stage (XY), a γ-ray 
detector (GD), and the second focusing lens (FL2). 
The brightness-enhanced positron beam, was 
injected into the sample through the center hole of the 
MCP2 which can detect back-scattered positrons and 
secondary electrons emitted from the sample. A 
side-gap lens was used for the second focusing lens 
as shown in Fig. 2(a). The center hall in FL2 has 
enough space to hold a scintillation detector for PALS or a Ge detector for DBAR. For PALS, a 
combination of a BaF2 scintillator and a photo multiplier tube (PMT) was used. The magnetic field in 
the center hall of FL2 was sufficiently small to ensure that the PMT worked effectively [Fig. 2(b)]. 
The microbeam is pulsed to know when positrons enter a sample which is required during PALS 
measurement. Detail of the pulsing system is described elsewhere [11]. Counting rate of the 
annihilation γ-rays by GD is expected to be more than 103 s-1. 

 
Spatial Resolution of AIST Microbeam. The beam size of the focused positron beam was 

measured when the beam size was minimized by adjusting the current of ECs and FL1, as shown in 
Fig. 3(a). The beam size was about 1-1.5 mm at FWHM. Then, the brightness enhancement beam was 
extracted from the RM with the same size and focused at the sample by FL2. The beam size at the 

Fig. 1 Schematic view of the system to produce a positron 
microbeam. This system consists of the following devices: 
extraction coils (ECs), acceleration parts (AP1 and AP2), 
focusing lenses (FL1 and FL2), remoderator (RM), electric 
lenses (EL1 and EL2), deflector coils (DC1 and DC2), MCPs 
with a phosphor screen (MCP1), MCPs with a center hall 
(MCP2), sample holder (SH), xy-translation stage (XY), γ-ray 
detector (GD). Solenoid coils (SCs) of the magnetic 
transportation system are also shown. 

Fig. 2 (a) Experimental setup near the 
sample holder and (b) magnetic field profile 
formed by the second focusing lens. 

240 Positron and Positronium Chemistry
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光透明シリカキャビティの開発
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次のステップはレーザー冷却
光に透明なPs生成・閉じ込めキャビティが必要
Ø 100	nm	微細加工可能な機能性シリカガラスが候補

表面穴加工した
シリカガラス

Thin	film	
such	as	TEM	
window

70SiO2–30PVA nanocomposite to be imprinting uniformly.
A 90SiO2–10PVA nanocomposite and a 80SiO2–20PVA had
no cracks and were formed monolithic structure. Therefore,
we performed the room-temperature imprinting using the
90SiO2–10PVA and the 80SiO2–20PVA nanocomposite, respec-
tively. During the pressing, the 90SiO2–10PVA composite was
broken by pressure of imprinting. It is consider that PVA in the
composite for binder is too little to be plastic deformation and
brittle failure is occurred. The 80SiO2–20PVA nanocomposite
could be performed by the room-temperature imprinting with-
out breaking during pressing.

Figure 6 shows the SEM images of micropatterns on the
80SiO2–20PVA nanocomposite and silica glass fabricated by
room-temperature imprinting. The widths of the patterns, mea-
sured by SEM, are listed in Table I. The micropatterns of the
molds transferred to the nanocomposite with B100% accuracy
and no microcracks. The patterns of the nanocomposite shrank
uniformly by B33% (see Table I) during sintering. Because the
nanocomposite has a mesoporous structure that enables SiO2

nanoparticles and PVA to migrate into the pore spaces, partial
deformation and densification of the nanocomposite occur with-
out destruction or cracking due to compressive stress during
imprinting. Silanol groups are present on the surface of SiO2

nanoparticles. PVA molecules contain hydroxyl groups. Hence,
the nanocomposite, which is composed of a homogeneous com-
bination of SiO2 nanoparticles and PVA molecules, consists of a

strong network structure built of hydrogen-bonding interactions
between the silanol groups of SiO2 nanoparticles and the hyd-
roxyl groups of PVA.11 This strong network structure prevents
destruction of the nanocomposite due to compressive stress dur-
ing imprinting.

Figure 7 shows scanning probe microscope image of the
micropattern on silica glass fabricated by the method. The
figure indicates that the line pattern has a width of B340 nm
and a height of 150–180 nm. Line widths of the pattern
are conformed to the result of Fig. 6(c). Line heights of the
pattern are not uniform. Generally, as fabrication of micropat-
terns by imprint technique, heights of the pattern depend on
imprinting condition,13 e.g., imprint pressure, mold pattern, etc.
We assume that micropatterns with uniform heights and widths
can be fabricated by optimization of imprint condition.

Micropatterns on ceramics have been produced by various
methods14–17 such as imprinting method techniques, micromold-
ing, micropatterning via slip pressing. An imprinting method
is suitable for low cost and mass manufacturing. However, it is
difficult to fabricate micropatterns on bulk silica glass by
thermal imprinting because of its high Tg. In this study, we
could fabricate successfully submicron patterns on bulk silica
glass by the room-temperature imprinting method using the

Fig. 5. Transmission spectrum of the silica glass obtained by sintering
the SiO2–PVA nanocomposite at 11001C for 3 h in air.

Fig. 6. SEM images of micropatterns on various surfaces: (a, d) mold; (b, e) nanocomposite; and (c, f) silica glass fabricated by room-temperature
imprinting.

Table I. Micropatterns (of the Mold, Nanocomposite, and
Silica Glass Surfaces), Rate of Transfer, and Rate of Shrinkage

Obtained from SEM Images

Mold

Width of patterns
on the nanocomposite

(nm)
Silica
glass

Rate of
transfer
(%)w

Rate
of shrinkage

(%)z

Fig. 6(a) Fig. 6(b) Fig. 6(c)
500710
(line)

500720 (space) 340710
(space)

100 32.0

500710
(space)

500720 (line) 340710
(line)

100 32.0

Fig. 6(d) Fig. 6(e) Fig. 6(f)
1000710
(pillar)

980730 (hole) 650 720
(hole)

98 33.7

wRate of transfer (%)5 (width of patterns on the nanocomposite/width of pat-
terns on the mold)! 100. zRate of shrinkage (%)5 ((width of patterns on the

nanocomposite"width of patterns on the glass)/(width of patterns on the nano-
composite))! 100.

August 2011 Fabrication of Micropatterns on Silica Glass 2321

S.	Fujino	et	al. J.	Am.	Ceram.	Soc.,	Vo.94[8]	
2319-2322	(2011)

e+

必要要求
1. 高いポジトロニウム生成率

Ps

100	nmオーダーの穴加工できる



機能性シリカガラスの性質

常温では光透過率OK
極低温でも実測する

• 22Na由来の陽電子（数百 keV）を
入射したときの崩壊寿命

作ったガラス
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22 

紫外-可視透過スペクトル 

可視域で90%以上、 

紫外域で80%以上の高透過率 

ビッカース硬さHv 777 （合成シリカガラスHv=780）  

密度 2.2g/cm-3 （合成シリカガラス2.2g/cm-3
） 

大気中、1100℃で焼結したシリカガラスの特性 

■ 

■ 

■ 

合成シリカガラスと同等の機械的強度、密度を有し、可視域から紫

外域において高い光透過率を示すことが分かった。 
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ガラス中のo-Ps寿命1.6	ns
強度は~5割

通常のシリカガラスと同程度の高いo-Ps					
生成率（5割以上）を確認
現在、産総研にて、低速陽電子（数keV）を
入射して、ガラス表面から飛び出すPs生成
の確認実験を実施中

ガラスの中まで
陽電子が入る

通常の合成シリカガラス
今回の微細加工可能ガラス
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エリプソメーターによる透過率測定

白色入射光
190~1600nm 受光面

試料（エアロゲル）試料なしの時とありの時とで、
波長ごとに受光面に入る光量の比を測定
→透過率スペクトル

382016/09/24



•測定結果の一例：ほぼレイリー散乱でFit可能
Ø現時点でエアロゲルでの光の吸収は確認されていない

2016/09/24 39

エリプソメーターによる透過率測定

透過率

波長[nm]

エアロゲルの透過率スペクトル：
レイリー散乱でほぼ説明がつく



低温での Ps	生成率とレーザー
H.	Saito	and	T.	Hyodo,	"Quenching	of	positronium	by	surface	paramagnetic	centers	in	
ultraviolet- and	positron-irradiated	fine	oxide	grains",	Phys.	Rev.	B	60,	11070	(1999).
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Components	for	the	measurement
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LaBr3(Ce)
Scintillator

The	thin	
plastic	scintillator

e+

Ps

22Na	radio	isotope

Vac.

Silica	aerogel	:	porous	material	made	by	silica
Density:	0.11	g/cm3 →Mean	free	path	60	nm

Cold	stage
• Detect	γ rays	by				

LaBr3(Ce)	scintillator
• Count	Pick-off	

annihilation	events	vs	Ps	
life	

Fast	decay	constant	:	20	ns
Good	energy	resolution	:	
4%	at	511	keV (FWHM)

• Positron	comes	from	22Na	RI
• Detected	by	a	thin	plastic	scintillator
• Acquire	t	=	0	(Ps	creation	timing)

• Get	electron	from	silica	and	
form	Ps	in	pore

• Ps	collides	many	times	with	
the	silica	with	various	temp.

• Annihilate	into	γ rays	by				
Pick-off	/	self	annihilation

2017/06/06



Deducing	Pick-off	annihilation	rate

2017/06/06 42

Energy (keV)
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0
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100

150

310×

Energy (keV)
350 400 450 500

σ
D

at
a-

G
4

1−

0.5−

0

0.5

1

Recorded	energy	spectrum	
(Ps	life	30	- 300	ns)

Accidental	events	are	subtracted	by	
energy	spectrum	in	1200	- 1500	ns

3γ	self	region
2γ	Pick-off	region

Geant4	self

Geant4	
Pick-off

Geant4
Total

Data

Use	difference	between	energy	spectra	of	Pick-off	2γ/Self	3γ

Pick-off	2g : 511	keV peak
Self	3g :	Continuous
Define energy	regions	to	
enhance	each	annihilation	event	

𝑁GH	/I = 𝜀/𝜆/∫ 𝑑𝑡	𝑁67 + 2𝛾	Contamination

𝑁GH	)I = ∫ 𝑑𝑡	𝜀)𝜆) 𝑡 𝑁67 + 3𝛾	Contamination

⇒
𝜆)(𝑡)
𝜆/

=
𝜀/𝑁GH	)I
𝜀)𝑁GH	/I

Self	annihilation	rate	l3 is	constant	
𝑁GH	/I :	Remained	number	of	Ps
𝑁GH	)I :	Pick-off	rate

After	rejecting	contamination
Detection	efficiencies	are	by	Geant4
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Energy (keV)
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0

0.005

0.01

0.015

0.02 300	K
210	K
130	K
20	K

Decay	from	self	three	
gamma-rays	annihilation

Normalize	region	to	show	
number	of	remained	Ps	
because	decay	rate	l3 is	
constant	as	7.04	µm-1

Decay	from
temperature-dependent
Pick-off	decay	l2

Less	Pick-off	by	further	
cooling	of	Ps	in	lower	
temperature	

Acquired	energy	spectrum	of	annihilation	
gamma-rays	in	30	- 600	ns	from	Ps	creation	
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Frequency (GHz)
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 / ndf 2χ  3.105 / 4

Constant  0.007273± 0.118 
Mean      1.669± 0.3335 
Ps Temperature (K)  1.648± 11.82 

 / ndf 2χ  3.105 / 4
Constant  0.007273± 0.118 
Mean      1.669± 0.3335 
Ps Temperature (K)  1.648± 11.82 
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Doppler	Spectroscopy	

Expected	resonance	curve	for	10	K	Ps
with	107 Ps	in	total,	at	t=300	ns

E(eV)

-6.8

-0.76
-1.7

2p

1s

Vacuum

243	nm

532	nm

Ps

243	nm	&	532	nm	pulsed	laser
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Velocity (km/s)
60− 40− 20− 0 20 40 60

Ar
b.

t=380	ns
t=380	ns
t=450	ns

7	K	(広)	+	
30%	BEC	(鋭)
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シリカエアロゲルの空孔径

)3Aerogel density (g/cm
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Aerogel density r (g/cm3)

r0 :	シリカ微粒子の密度 (2.2	g/cm3)
R :	シリカ微粒子の径 (2.5	nm)

Phys.	Rev.	A	52,	258	(1995)



空孔中での陽電子寿命
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path is the preferred linear measure of pore size to extract when
using PALS (this is rigorously true for large pore dimensions).
If detailed knowledge exists as to the physical pore geometry,
the mean free path can easily be converted into a physical pore
dimension. Also plotted in Figure 2 is high precision data
collected in high porosity (>95%) silica powders referred to as
GMR data.16 It should be noted that the single fitting parameter
δ was chosen so the RTE model agrees with the TE model in
the subnanometer regime. Even though the model was calibrated
in the quantum mechanical regime, the curves accurately account
for data points in the classical regime 3 orders of magnitude
larger in size, demonstrating the potentially broad applicability
of this model.
An important feature of any excited-state extension of the

TE model is that it should have explicit temperature dependence.
Figure 3 shows RTE curves for several temperatures. Only cubic
pore calculations are shown for clarity, and l is determined from
the cube side-length. Recall that the RTE model was fit so that
at T ) 0 K it agrees with the TE model in the subnanometer
regime. In fact, if the TE model is only modified to include the
finite 142 ns o-Ps lifetime in the central portion of the pores,
the TE curve and the RTE T ) 0 K curve agree over the entire

size range. That is equivalent to saying that the TE model
involves only the ground state in the well/cavity.
Figure 4 shows the calculated temperature dependence of the

Ps lifetime for a variety of pore sizes measured in terms of l.
Both the 2D channel and 3D cubic versions are shown. As
expected from the TE model, there is no significant temperature
dependence for small pores. As can also be seen in the figure,
for any given temperature, the 2D and 3D curves agree quite
well for small pores and large pores; however, there is a slight
dependence on pore geometry for intermediate sized pores. The
dependence becomes more pronounced at higher temperatures
(note that the logarithmic choice of pore size curves overem-
phasizes the discrepancy).
The expected temperature dependence can be exploited to

systematically check the determination of pore size by collecting
data at a variety of temperatures. Figure 5 shows lifetime data
collected in a porous silica film5 at various temperatures and,
also, three RTE (cubic) temperature curves are plotted for
comparison. These and other porous silica films we have studied
typically have highly interconnected pores (rather than a
distribution of closed pores, see ref 6) and thus display a single
Ps lifetime corresponding to the aVerage mean free path of Ps
interacting with the total void volume. This lifetime spectrum
is fitted beginning at 50 ns after Ps formation to ensure that Ps

Figure 2. RTE model Ps lifetime vs mean free path, l, for three pore
dimensionalities. Note that l is nominally a geometry independent
measure of pore size, particularly for large pores.

Figure 3. Temperature dependence of the Ps lifetime for cubical pores
in the RTE calculation. The mean free path, l, is related to the cube
side length by l ) 2/3a.

Figure 4. Ps lifetime vs temperature for a variety of mean free paths
using both 2D and 3D pores in the calculation.

Figure 5. Ps lifetimes measured in a low-K porous silica film
(Nanoglass A10B) as a function of film temperature and RTE curves
(from ref 5).

4660 J. Phys. Chem. B, Vol. 105, No. 20, 2001 Dull et al.

path is the preferred linear measure of pore size to extract when
using PALS (this is rigorously true for large pore dimensions).
If detailed knowledge exists as to the physical pore geometry,
the mean free path can easily be converted into a physical pore
dimension. Also plotted in Figure 2 is high precision data
collected in high porosity (>95%) silica powders referred to as
GMR data.16 It should be noted that the single fitting parameter
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phasizes the discrepancy).
The expected temperature dependence can be exploited to

systematically check the determination of pore size by collecting
data at a variety of temperatures. Figure 5 shows lifetime data
collected in a porous silica film5 at various temperatures and,
also, three RTE (cubic) temperature curves are plotted for
comparison. These and other porous silica films we have studied
typically have highly interconnected pores (rather than a
distribution of closed pores, see ref 6) and thus display a single
Ps lifetime corresponding to the aVerage mean free path of Ps
interacting with the total void volume. This lifetime spectrum
is fitted beginning at 50 ns after Ps formation to ensure that Ps
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dimensionalities. Note that l is nominally a geometry independent
measure of pore size, particularly for large pores.
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side length by l ) 2/3a.
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using both 2D and 3D pores in the calculation.

Figure 5. Ps lifetimes measured in a low-K porous silica film
(Nanoglass A10B) as a function of film temperature and RTE curves
(from ref 5).
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Rectangular	Tao-Eldrup model	=RTE	(J.	Phys.	Chem.	B	2001,	105,	4657-4662)

この辺りで測定
使ったシリカゲル：63	nm

~136	ns
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熱化後のPs寿命
カット：QLa<540	keV エラーの範囲内で

フィッティングスタートタイムによらない
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Ps kinetic energy (eV)
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電場（E//）の効果
エネルギーレベル

 field (kV/cm)E
0 1 2 3 4 5 6 7 8 9

Fr
eq

ue
nc

y 
sh

ift
 (G

H
z)

80−

60−

40−

20−

0
20
40
60
80

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
M=0∆

 field (kV/cm)E
0 1 2 3 4 5 6 7 8 9

Fr
eq

ue
nc

y 
sh

ift
 (G

H
z)

80−

60−

40−

20−

0
20
40
60
80

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
M=1∆

 field (kV/cm)E
0 1 2 3 4 5 6 7 8 9

Fr
eq

ue
nc

y 
sh

ift
 (G

H
z)

80−

60−

40−

20−

0
20
40
60
80

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
M=-1∆ z軸は遷移確率を表す
ΔMは遷移の種類

（レーザー偏光に依存）

電場があるとエネルギー レベ
ルが変化してしまい， レー
ザー冷却ができない

このシフトは
離調-周波数幅（2σ）
=240GHz	– 140GHz
=100GHz
以下に抑えたい

エネルギーレベルからの要請
→電場 E//<10	kV/cm
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磁場（B）の効果
エネルギーレベル

動的シュタルクを通して
エネルギーレベルを変化

Ps	500Kの速度と仮定
（>500K,	レーザー冷却不要）

このシフトも100GHzに抑える

エネルギーレベルからの要請
→磁場 B<12T
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電磁場中でのクエンチ

以降もPs	500Kの速度と仮定

1s↔2p 1サイクルあたりの
クエンチ確率 at	E//=0kV/cm

ΔM=0
ΔM=+1
ΔM=-1

色は許容遷移の種類：

400nsの冷却期間で，
約300回1s↔2p繰り返す

クエンチ確率 生き残り

0.002	(2x10-3) 55%
0.001	(1x10-3) 74%
0.0005	(5x10-4) 86%
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電場（E//）の効果・クエンチ
E//=2 kV/cm E//=5 kV/cm

E//=10	kV/cmE//=7 kV/cm
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電場（E//）の効果・クエンチ
E//=2 kV/cm E//=5 kV/cm

E//=10	kV/cmE//=7 kV/cm

• クエンチ確率にピークができる
• ピーク位置は，電場の強さとともにシフトする
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必要な電場 (E//) vs	磁場 (B)

PQuench <	1x10-3
となる領域

E//,	Bともに小だと エネ
ルギーレベルへの 影
響の面で好ましい

E//,	Bそれぞれのエネル
ギーレベルへの寄与
1T	≒ 1kV/cm

 field (kV/cm)E
0 2 4 6 8 10

B 
fie

ld
 (T

)
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1

10
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E//=2 kV/cm
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B field (T)
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ピーキングするのは，準位が交差する所
E//によってB=0でのエネルギーが変化するの
で，
クエンチピークでの磁場がずれる


