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Abstract

In this contribution we combine concepts from different
fields to show that the stimulated annihilation of positro-
nium could be technologically achievable in the next fu-
ture, providing a source of gamma rays to to be exploited
for a wealth of applications. We analyze the feasibility of
such a device by developing a preliminary design of an
electron-positron recombination device for the generation
of a “gamma ray laser”.

INTRODUCTION

More than three decades ago in a few seminal papers
Rivlin [1, 2, 3] specified the conditions underlying the
process of stimulated annihilation of positronium. Even
though there were no physical reasons forbidding this pro-
cess, the prohibitive requirements on the production of the
positronium and the stimulating laser exceeded the tech-
nologies available at that time.

Here we will show that the next generation of Acceler-
ators [4], Laser [5]s, Free Electron Lasers [6] and charged
beam production and handling [11, 12] seems to provide a
possible environment for such a challenging enterprise.

The investigation started by Rivlin aimed at the possi-
bility of realizing a laser using positronium atoms and was
motivated essentially by the following points:

1. since electron-positron bound states are significantly
lighter than ordinary atoms, they are more easily
formed at relativistic energies;

2. the radiation emitted by such hydrogen-like systems
turn to be up-shifted in the lab frame towards much
larger frequencies;

3. the energy of the positronium can be tuned in order
that the photon from an external laser works in the
positronium center of mass as a gamma ray with ex-
actly the energy required to induce the process of stim-
ulated annihilation.

Regarding the point 2 we note that the energyE = ~ω0 of
a laser photon in the lab frame is up-shifted toE′ = 2γ~ω0

in the frame of a positronium system moving with a rela-
tivistic factorγ. Assuming that this value is resonant with
one of the transition channels of the system (stimulated
radiative decay or annihilation), it is easily seen that the
stimulated radiation has, in the laboratory frame, an energy
equal toE” = 4γ2

~ω0.

As to the point 3 we note that the stimulated two-photon
annihilation is compatible with the laws of conservation
of energy and momentum, only when the relative motion
is such that the photon frequency in thee−e+ rest frame
is exactly mc

2

~
. More precisely in the case of counter-

propagating laser and positronium beams the following
condition should be satisfied:

mc2

~ω0

= γ +
√

γ2 − 1 ≃ 2γ (1)

Which can also be cast in the form

γ ≃
/λ0

2/λc

(2)

where/λc =
~

mc
is the reduced Compton wave-length. The

condition (2) is e. g. satisfied using a laser beam of20 nm
and an electron energy not exceeding2.5GeV. Lasers
within the above range of wave-lengths are within the fu-
ture capabilities of a SASE FEL.

Several schemes have been considered for the produc-
tion of positrons, usually based one−e+ pair production
by γ in high density material slabs [7]. Proposed layouts
for incoherentγ production are based on a variety of mech-
anisms, ranging from Compton back-scattering of electron
beams off the radiation from Optical Klystron FELs [8, 9],
lasers [10] or virtual quanta in pulsed undulators [7]. The
foreseen achievableγ intensity may vary over a wide inter-
val, depending on beam parameters, ranging from1011 ÷
1012γ/s in Refs. [8, 9] to3.5·109÷1.4·1010γ/s in Ref. [7]
(0.35γ/e@10Hz@1− 4 · 109e/pulse@46GeV ). Pair con-
version material slab is accompanied by parasite processes
(Compton, Bhabha and Møller scattering, photoelectric ef-
fect, bremsstrahlung) that greatly affecte+ final (collec-
tion) efficiency. Ref. [7] quotes a collection efficiency of
8.5 ·10−3e−e+ pair/incident γ against a primary (conver-
sion) efficiency of0.105 e−e+ pair/incident γ. Accord-
ing to these results, maximum achievable positronium rate
must be scaled at least by two order of magnitude with re-
spect to the availableγ intensity.

The main purpose of our proposal is the production of
high energy positronium atoms at high rate. To this aim, we
consider the scheme of Fig. 1, where we have reported the
so called Kayak-Paddle Cooler (KPC) for the production of
positronium [11, 12].

This type of device has been conceived to cool the elec-
trons/positrons for the production of positronium atoms,
with a rate ranging between10−8s−1 (para-positronium)
and 10−10s−1 (ortho-positronium). In this scheme the
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Figure 1: “Kayak Paddle Cooler” (KPC) scheme.
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Figure 2: Positronium atoms formation section.

magnetic wigglers and the RF cavities are used to cool
the beams of electrons and positrons providing the ener-
getic and kinematic conditions suitable for the formation
of positronium atoms. Postponing to the second part of the
paper the discussion on the conditions to be met for the de-
sired operation of KPC, we note that the positronium for-
mation occurs after the electron and positron beams have
been cooled enough for quantum effects to play an impor-
tant role in the process dynamics. Thee−e+ pairs form
positronium states (see Fig. 2) in the last undulator, before
the soft bend used to separate electrons and positrons fail-
ing to bind together, which are re-injected into the system
and eventually pass once again through the cooling process.

In the following we consider some modifications to pur-
pose of generating coherent gamma radiation. A first re-
finement we propose to the KPC scheme is the addition of
two counter-propagating lasers along thee−e+ beam line.
Using the Free Electron Laser (FEL) analogy, the EM field
moving toward the charged beams plays the role of the un-
dulator, while the co-propagating laser is to be considered
as the stimulating field.

The energy of this last field is quasi resonant with the
photon energy the beams radiate individually in the “undu-
lator”, namely

ef = ~
2πc

λf

λf =
λu

2γ2

(

1 +
K2

2

) (3)

The system parameters are furthermore arranged so that
co-propagating photons energy equals, in the beams refer-
ence frame, the positronium ionization potential. In this

way charged particles energy loss triggers, via a FEL-like
mechanism, the formation of positronium. This process,
even though not strictly necessary, should act as a further
cooling element enhancing the stimulated radiative forma-
tion of the bound system.

In order to describe further evolution of the bound
system, a clear distinction must be made between para-
positronium and ortho-positronium.

In the last case, life time isτ ≈ 1.4 · 10−7s and
annihilation yields three photons, whose energies can be
parametrized in the beam reference frame as follows:

~ω = χmc2

~ω1 = (1 + η1)mc2

~ω2 = (1 + η2)mc2

(4)

With the above notation, introduced by Rivlin [1] to treat
this specific problem,the energy and momentum conserva-
tion writes

χ+ η1 + η2 =
v2

c2
− ǫ

χκ̂+ (1 + η1) κ̂1 + (1 + η2) κ̂2 = 2
−→v

c

(5)

We have denoted bymc2 ≃ 0.511MeV, eI = ǫmc2 ≃

6.77eV the electron/positron rest and positronium’s ioniza-
tion energies, respectively, and byκ̂, κ̂1, κ̂2 the unit wave
vectors associated with the three emitted photons.

Let us make now the assumption that the energy of one
of the photons, involved in the annihilation is very small.
Accordingly, if we takeχ ≪ 1, it follows as well by mo-
mentum conservation thatη1, η2 ≪ 1 and we can also in-
fer that the hard photons are emitted in almost opposite
direction at a very small angle with respect to the line of
flight. By setting indeed̂κ2 = −κ̂1 +

−→
δ we find, since

v2 ≪ c2, ǫ ≃ 10−5, that

∣

∣

∣

−→
δ
∣

∣

∣
=

∣

∣

∣

∣

∣

∣

∣

2
−→v

c
− χκ̂− (η1 − η2) κ̂1

1 + η2

∣

∣

∣

∣

∣

∣

∣

≪ 1 (6)

The hard components are therefore emitted (in the
positronium rest frame) in opposite directions in a cone of

aperture
∣

∣

∣

−→
δ
∣

∣

∣
.

We have stressed that the energy of the photons, co-
propagating with the electrons, be equivalent to the positro-
nium ionization energy in its rest frame. If we denote by
e⋆ = ǫ⋆mc2 the energy of the photon in the laboratory
frame, we obtain that such a condition is ensured whenever
the relativistic factor of the two beams is given by

γp ≃
ǫ⋆

ǫ
(7)
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The energy of the spontaneously scattered photons is re-
quired to be quasi resonant with the incident photons, there-
fore

λf =
λu

2

( ǫ

ǫ⋆

)2
(

1 +
K2

2

)

(8)

Since the photon wavelength and energy are related, in
practical units by

λ [cm] =
1.24 · 10−7

e [keV]

then use of equation (8) yields the following condition,
linking the undulator and external laser parameters

λu [cm]

(

1 +
K2

2

)

≃ 2.48 · 10−7 e⋆ [keV]

eI [keV]2
(9)

By assuming that the laser photons have energies around
30KeV, we find from equations (7) and (9) the result

λu [cm]

(

1 +
K2

2

)

≃ 0.1 (10)

and an energy of aboutγp ≃ 4 · 103. The undulator could
therefore be provided by a microwave beam or a pulsed
magneto-static undulator as described in Ref. [7], while the
“stimulating” laser by a FEL operating around0.5Å. Both
devices are not far from the present technological capabili-
ties.

So far the system has acted as a laser cooler, catalyzing
the formation of positronium states (see Fig. 2); the next
step is to understand how stimulated annihilation may be
induced.

The probability of spontaneous emission of a soft photon
in the energy interval∆χ and solid angle∆Ω is

Wsp =
f (χ)∆χ

Aτ

∆Ω

4π
(11)

wheref (χ) (see Fig 3) is the spectral distribution calcu-
lated in Ref. [13]:

f [χ] = 2

[

χ(1− χ)

(2 − χ)2
−

2(1− χ)2 log(1 − χ)

(2− χ)3

2− χ

χ
+

2(1− χ) log(1− χ)

χ2

]

and

A =

∫ 1

0

f (χ) dχ = π2 − 9 ≈ 0.87

is just a normalization factor whileτ is the life time. In the
presence of a stimulating EM field of power densityΠ, the
annihilation rate is proportional to the number of photons
present in the mode associated to the transition, namely

Wst =
f (χ0)Π

F (ν)Aτ
= 2π2 f (χ0) Π

Aτω3
0

(12)

where

χ0 =
~ω0

mc2
~=c=1

=
ω0

m
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Figure 3: Spectral distribution for the spontaneous emis-
sion of a soft photon.

while function

F (ν) =
2hν3

c2
=

~ω3

2π2c2
~=c=1

=
ω3

2π2

comes from Planck’s formula for black-body’s spectral ra-
diance. The stimulated-to-spontaneous ratio is thus given
by

R =
Wst

Wsp

=
8π3Π

mω3
0∆χ∆Ω

(13)

while the probability is

Pst = Wst · τ =
2π3Π

Amω3
0

(14)

The use of standard laser parameters allows the evaluation
of the quantities given in equations (13,14), suggesting that
R may well exceed1020 while the probability of having a
stimulated event is of the order of10%.

The number of stimulated photons produced in the pro-
cess is therefore

nst = Pst ·Np (15)

whereNp is the number of positronium atoms, which can
be evaluated by the cross section for ortho-positronium for-
mation [12]:

σ↑↑ ≃ α
πr20
vrel

c (16)

wherevrel is the relative transverse velocity of electron and
positrons. In the lab frame

vrel =
K

γ
c (17)

thus obtaining

σ↑↑ ≃ α
πr20
K

γ (18)

The luminosity for single bunch infra-beam collision is

L ≃
N2c

4πσzλwΣ
′

y

Σ
′

y =

√

(γǫy)βy

γ

(19)
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where N is the number of particles in the electron or
positron bunch,σz is the longitudinal bunch length,λw is
the wiggler period andǫy is the beam emittance in the hor-
izontal direction.

Let us now discuss the times characterizing the process,
which are essentially

1. the cooling time;

2. the life time of ortho and para positronium atoms.

Regarding the first, we note that [11]

cτcool ≃
3π

2

(

λw

2π

)2
α

γ2Kσ↑↑

(20)

The use of typical parameters likeλw [cm] = 10π,K =
1, γ = γp, yields a cooling time of few tens of seconds.
The life time of the ortho-positronium is1.4 · 10−7s and
this requires an interaction length of few tens of meters for
the last undulator section.

We have considered so far only the case of ortho-
positronium (“↑↑” configuration). The life time of para-
positronium (“↑↓” configuration), decaying in two pho-
tons is shorter by at least two orders of magnitudes (1.23 ·
10−10s) than its spin 1 counterpart and has a production
cross section larger by a factorα−1. In the lab frame we
can expect decay in two photons each one with an energy
of the order of0.5 MeV, the kinematical conditions of the
stimulating photon fields are essentially the same as in the
case of ortho-positronium, and we should expect a number
of coherent gamma rays, associated with this decay chan-
nel, of about109s−1.

The e-beam emittance given by [11, 12]

γǫy ≃
1

2

λcβyK

λw

γǫx ≃
1

2

(

1 +
K2

2

)

λcβxK

λw

(21)

which are consistent with the condition according to which
the electron and positron beams should be cooled to reach
the Fermi gas configuration. Finally, the matching con-
dition between gamma ray laser and particle beam phase
space area requires that

ǫx,y ≃
λc

2
−→

βx,yK

γλw

≃ 1 (22)

CONCLUSIONS

We examine some modifications to thee−e+ “kayak
paddle cooler” described in Refs. [11, 12] to enhance the
γ’s production rate via stimulated annihilation of positro-
nium. The scheme is based on two EM fields counter-
propagating along thee−e+ beam line, one playing the role
of the undulator, the other stimulating the transition to the
bound state. Whichever the scheme, it cannot be overem-
phasized the advantage that stimulated transition to bound
state bring in terms ofγ fluence.
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