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Positronium and 
Bose-Einstein Condensation (BEC)

Positronium (Ps)

l The	bound	state	of	an	electron	(e-)	and	a	
positron	(e+)

l Simple	system	with	anti-matter.	Good	probe	
for	search	on	Beyond	Standard	Model

Challenges

BEC with anti-matter

e+

e- Boson
S=0	:	Para
S=1	:	Ortho

Bose-Einstein Condensation (BEC)

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
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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

→
Interference	of	matter-wave

of	two	overlapping	sodium	BEC

l Dense	and	cold	atoms	occupy	a	single	
quantum	state

l BEC	is	a	coherent	“atom	laser”
l Microscopic	effects	such	as	interference	

between	matter-wave	can	be	observed	in	
macroscopic	level

l Breakthrough	method	to	search	on	
microscopic	world

Science	275,	637	(1997)

Anti-matter ≠ Matter ???
l Symmetry	between	matter	and	anti-

matter	is	serious	mystery	arising	from	
abundance	of	matter	in	the	universe

Ø Coherent	BEC	with	anti-matter	can	be	
a	powerful	tool	to	solve	this	mystery

Applications

Ps-BEC

g

Fast

Slow

l Gravity	on	anti-matter	by	atomic	interferometer
l 511	keV gamma-ray	laserAVETISSIAN, 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
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Intensity	of	Ps	blinks	by	changing	
path	length

Blink	period	of	
interferometer	length	
gives	gravity	effects
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Goal

Current

Ps

l High	density	1018 cm-3 and	low	
temperature	14	K is	necessary	to	realize	
Ps-BEC

l Extremely	difficult	because	Ps	is	
unstable	:	142	ns	lifetime to	decay	into	
gamma	rays

Necessary New techniques

l Instant	(~10	ns)	creation	of	dense	Ps	
atoms

l Fast	cooling	of	Ps	into	cryogenic	
temperature

New methods K. Shu et al. J. Phys. B 49, 104001 (2016)

High density

Magnified	view

Positron	
Accumulator

Internal	void
~150	nm	× 150	nm	×150	nm

13,500	Ps
created

4	x	1018 cm-3

e+

~108 positrons	in	nanoseconds	bunch

e+

Focused	into	a	silica	(SiO2)	material	
with	~100	nm	beam	waist Silica	cavity	as	Ps	converter

~50%	prob.
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Fast cooling
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Tc	of	BEC

With	Laser

By	detailed	MC	simulation

Below	TC
ØPs-BEC	possible	!!!

First observation of Ps thermalization
process in cryogenic environment

Developments of key technologies

243	nm	UV	laser

Key	:	Positron	focusing		

Key	:	Laser	cooling	of	Ps

Our new experiment setup

GM	4K	cryocooler

Tunable	in
20	~	300	K	

Silica	aerogel	stage

Principle of measure Ps 
temperature

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

ü Measure	Pick-off	decay	rate	l2 to	
deduce	collision	rate	then	Ps	
velocity	and	temperature

Experimental Results

l The	fits	of	data	give	silica	
effective	mass	of	elastic	collision	:	
M =	170	±10	a.m.u

l Cooling	in	cryogenic	environment	
is	faster	than	previous	estimation

Ps cooling laser

Control	of	laser	wavelength	to	compensate	large	
Doppler	effect	to	Ps
l Broad	linewidth	80	pm	(typical		2pm	or	10	nm)
l Fast	wavelength	shift	(No	existing	system)
Ø Use	Electric	Optical	Modulators	(EOMs)	to	

electrically	control	729	nm	CW	light

CW	
without	wavelength	shift	/	broadening

Pulse

Ti:S

Nd:YAG
pump	pulse

Long	pulse
l Keep	cooling	Ps	below	10	K	during	300	ns	

(typical	10	ns	or	100	fs)
Ø Use	high	reflectivity	mirrors	to	store	light	for	

300	ns

Prototype	laser	to	achieve	long	pulse

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
l Pulse	shape	
detected	by	photo	
diode	detector

l Long	pulse	
consisted	with	
prototype	design	is	
achieved

Positron focusing

Why	mattes	left?

Without	Laser

u We	built	prototype	laser	system	to	test	
principle	of	long	pulsing	

Pulsing	laser	cavity	by	4	mirrors

u Currently	testing	EOMs	to	control	
wavelength

II. PRINCIPLE OF THE BRIGHTNESS ENHANCEMENT
METHOD

The concept of our method for enhancing the brightness
of a LINAC/reactor-based intense slow positron beam is
schematically shown in Fig. 1. Slow positrons produced in
magnetic field Bi with initial beam radius ri are adiabatically
transported in the solenoidal magnetic field B from a mod-
erator to a measurement room. The beam is accelerated by
the electric potential gap of the acceleration region near the
end of the magnetic transport system, and it is extracted to a
low !or no" magnetic field area. The beam radius r0 at the
focusing lens is adjusted by varying the current of the extrac-
tion coil !i.e., the last solenoid coil". The beam is then fo-
cused by the focusing lens. The brightness of the beam is
enhanced19 by remoderating the focused beam using a trans-
mission remoderator.21–24 This method does not require a
magnetic termination shield13,14,25 or a series of electric
lenses.11,12 An aperture is not used to reduce the beam diam-
eter since it would reduce the beam intensity. It is possible to
construct this system such that it is a straight line. In the
following, we consider the beam radius !orbit" in this method
separately for two regions: !1" the orbit from the positron
source to the acceleration region and !2" the orbit from the
acceleration region to the remoderator.

A. Adiabatic beam transport by a solenoidal magnetic
field

A LINAC/reactor-based slow positron beam is usually
transported over a long distance !more than 10 m" from the
room in which the slow positrons are generated to an experi-
mental room. This is done to reduce background radiation
during PAS experiments. A solenoidal magnetic field is used
in many facilities to transport slow positrons from the source
to the experimental room9–18 because its beam acceptance is
sufficiently large to transport slow positron beam with high
efficiency. So far, no definitive theory has been developed

that enables such a long and complicatedly curved solenoidal
magnetic field to be treated as a beam optic !i.e., a lens", and
hence, it is not possible to calculate lens specifications, such
as focal length F. We assume that the intense positron beam
is adiabatically transported from the positron source to the
acceleration region by the solenoidal magnetic field, i.e., the
change in the magnetic field that positrons experience in one
cyclotron period !!B" is very small compared to B !!B /B
"1". In this case, the relationship between the positron beam
radius r defined by the guiding center of the positron spiral
orbit and the magnetic field B is given by the following
expression:

r #$Bi

B
ri. !1"

In addition, the transverse energy spread q!V+ of the slow
positron beam is expressed by the following formula:26

q!V+ #
B

Bi
q!V+i. !2"

Here, q is the positron charge. The actual beam radius in a
solenoidal magnetic field is approximately the same scale as
the Larmor radius !rL" that is larger than the beam radius r
given by Eq. !1" !see Fig. 1".

B. Estimation of focused beam size by paraxial-ray
equation

A beam adiabatically transported in the solenoidal mag-
netic field is accelerated up to an energy of qV by the static
electric field near the end of the magnetic transport system, is
extracted to a low magnetic field region, and is then focused
by the focusing lens !see Fig. 1". Here, V is the acceleration
voltage. It is reasonable to assume that the positron beam
radius is defined by the paraxial-ray equation after accelera-
tion if the electromagnetic field along the beamline has a
rotational symmetry. In the case we are considering, the

FIG. 1. The concept of the brightness enhancement of a slow positron beam. Slow positrons produced in a magnetic field Bi with a beam radius ri are
adiabatically transported in the solenoidal magnetic field B. The beam is accelerated by an electric potential gap near the end of the magnetic transport system
and is extracted to a low magnetic field region. The beam radius r0 at the focusing lens can be adjusted by varying the current of the extraction coil. The
brightness of the beam is enhanced by remoderation of the focused beam by a transmission remoderator.
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