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Abstract

We show that electron-positron pair production from the vacuum is possible

via the strong Coulomb fields generated by micro-bubble implosions induced by

ultra-high intensity lasers. Even in the case where the Coulomb fields are lower

than the pair creation threshold, externally injected high energy electrons or

photons could be used to generate pairs.

Keywords: pair creation, vacuum, micro-bubble implosion, ultra-high

intensity lasers

1. Introduction

One of the early predictions of quantum electrodynamics (QED)

was the possibility of the production from vacuum of electron-positron

pairs via sufficiently strong electric fields[1, 2, 3]. One way of achiev-

ing such strong fields is via ultra-high intensity lasers. The peak
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laser intensity has risen rapidly since the invention of chirped pulse ampli-

fication (CPA) [4]. Peak intensities of 1022 W/cm2 [5, 6], ∼ 2 × 1022

W/cm2[7] and 5.5×1022 W/cm2 [8] have been achieved. Higher inten-

sities, ∼ 1023 W/cm2, are expected at current/near future facilities

such as the extreme light infrastructurenuclear physics (ELI-NP) [9],

ELI-beamlines[10] and Apollon [11]. Even higher intensities, > 1023

W/cm2, are anticipated at proposed future laser facilities such as

Station of Extreme Light (SEL)[12, 13] and others (see review [14]).

However, the peak laser intensities even at the future laser facilities will be or-

ders of magnitude below the Schwinger field, ES, required to breakdown the

vacuum [1, 2, 3]:

ES =
m2
ec

3

e~
= 1.32× 1018V/m (1)

or the equivalent intensity of IS = 2.3× 1029 W/cm2 where me is the electron

mass, c is the speed of light in vacuum, e is the electron charge and ~ is Planck’s

constant.

One way to induce vacuum breakdown is by simultaneously focusing multi-

ple colliding laser pulses (MCLPs) where it has been found that the electron-

positron pair production threshold could be substantially reduced due to local-

ization of their electromagnetic energy into a smaller volume compared to single

or double pulses and the favoring of the electric field [15, 16, 17]. Additionally,

the collision of electron beams with MCLPs along with a source of high energy

photons [18] has been found to have a regime of efficient pair production at

sufficiently high laser power and electron energies [19].

Another way of achieving very strong electrostatic fields is through micro-

bubble implosions [20]. It has been proposed as a novel way to approach the

Schwinger field [21]. In figure 1 we show a schematic of the sequence of

the micro-bubble implosion. We have previously shown that these fields

are strong enough to deflect gamma-rays passing nearby them [22]. Here, we

look into the generation of electron-positron pairs from the vacuum in such a

system.
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(1) (2) (3) (4)

Figure 1: Schematic of the sequence of the micro-bubble implosion: (1) a hollow spherical

cavity in a solid material (blue region), (2) irradiation of the surface of the material by ultra-

high intensity lasers producing hot electrons streaming from the surface (grey areas) into the

cavity, (3) the cavity is filled with these hot electrons which results in an electric field at the

surface of the cavity walls (yellow arrows), which pulls the ions in the solid towards the center

of the cavity, and (4) the ions converge at the center of the cavity producing a ultrahigh

density core (black circle) with a large electrostatic field.

2. Micro-bubble Electric field

In the micro-bubble implosion a solid with a spherical empty cavity is ir-

radiated by an ultra-intense laser producing hot electrons which are generated

according to ponderomotive scaling[23]. The hot electron temperature could be

enhanced over the pondermotive scaling, however, when the pulse duration is

optimal [24, 25]. With laser intensities of the order of 1021 − 1023 W/cm2 this

can lead to temperatures ranging from 10 − 100 MeV [21]. These electrons fill

the cavity generating uniform electrostatic fields inside and outside the cavity

driving a spherically uniform implosion[20, 21]. It has been shown with a simple

1D model that the maximum electric field, Emax, at maximum compression is

[21]:

Emax =
Q0

8R0rmin
(2)

where rmin = 3n
2/3
i0 /ñe0 is the minimum radius of the implosion, R0 and Q0 =

eNe0 are the initial radius of and total initial electron charge in the micro-bubble
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where the number of electrons is given by Ne0 = (4π/3)R3
0ñe0, ñe0 is the

average electron density after the initially empty micro-bubble has

been homogeneously filled up with high energy electrons accelerated

by the ultrahigh intensity lasers at the target surface, e is the electron

charge and ni0 is the initial ion density of the solid being irradiated. Plugging

these equations into Eq. 2 and simplifying we get:

Emax =
πe

18

(ñe0R0)2

n
2/3
i0

(3)

Typical parameters from [20] assuming that solid hydrogen is irradiated are

ni0 = 5 × 1022cm−3, ñe0 = 5 × 1021cm−3, and R0 = 2µm. The resulting

minimum radius is rmin = 8.14 nm at maximum compression. Three di-

mensional molecular dynamics simulations of the innermost protons,

which precisely take into account binary collisions, have shown that

random collisions scatter the protons around the minimum radius

with a substantial fraction compressed into an even smaller central

volume[21]. The ratio of the maximum electric field to the Schwinger field is

Emax/ES ≈ 1.4×10−3 (1.8×1015 V/m). Fields around this order could deflect

gamma-rays up to milli-radian levels passing near the imploded core [22].

Given these typical parameters we can roughly estimate the type of laser

which would be required to achieve the implosion. The required intensity is

determined by R∗0 in the limiting case of full ionization of the target, α =

1, where the ion Debye length is taken to be 2.5 times R0[21]: R∗0(µm) ≈

0.55(IL22λ
2
Lµ)1/4α−1/2 where IL22 is the laser intensity in units of 1022 W/cm2

and λLµ is the laser wavelength in µm. Assuming that the laser spot is R0 =

2µm we get a laser intensity of I = 1.74×1024W/cm2 taking λLµ = 1. We have

chosen the laser spot size to be the radius of the bubble, however,

the spot could be larger or smaller depending on how the electrons

propagate from the interaction region at the target surface, which

requires further detailed investigation. The corresponding laser power is

PL = πR2
0I/2 = 109PW. The laser pulse duration would be on the order of the

characteristic timescale of the bubble implosion τ ∼ 2π/ωpi ≈ 20fs [21] where
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ωpi =
√

4πe2ni0/mi with mi being the proton mass is the ion plasma frequency.

Therefore, the corresponding laser energy EL ≈ PLτ ∼ 2kJ. Such lasers of

this order are being planned [12, 13, 14]. However, achieving a uniform

distribution of hot background electrons will most likely require multiple lasers.

Two dimensional particle-in-cell (PIC) simulations performed with

a single bubble implosion in a square target showed that flat lasers

normally irradiating in the four directions of the square accelerated

electrons quickly filling the bubble rather uniformly and that the

electric field around the imploding bubble kept its circular shape[20].

Although more detailed analysis is necessary this would imply uniform

irradiation would require 6 directions in 3D. Allowing the ion Debye length

to be 6 times smaller than R0 we can take the laser intensity to be I =

5×1022 W/cm2 still achieving maximum fields Emax/ES ≈ 3×10−3 (3.8×

1015 V/m). Assuming that we are irradiating a sphere with radius 3R0

where R0 = 2µm the total required power would be 4π(3R0)2I ' 226

PW. Dividing this by 6 beams we get ' 38 PW per beam or 760

J assuming 20 fs for the duration of the beam. A common feature

of future planned > 200 PW laser systems is that multiple beams

are coherently combined due to single beam delivery constraints [14].

This could be favorable for achieving an uniform electron distribution

and reduction in the required power.

In Fig. 2 using these typical parameters of the micro-bubble implosion we

plot Emax/ES obtained from Eq. 3 by (a) varying ñe0 keeping R0 fixed and

(b) varying R0 keeping ñe0 fixed. From this figure and Eq. 3, Emax ∝ (ñe0R0)
2
.

Although varying ñe0 and R0 have the same proportionality factors, increasing

Emax via increasing ñe0 may be easier than increasing R0. From the scaling

of the maximum electric field versus laser intensity it was shown that a larger

R0 requires a correspondingly larger laser intensity [21]. However, it has been

proposed that at the same laser intensity the upper limit on the maximum

field could be increased by coating the target surface with a high-Z material

or using a hydride such as plastic (CH) to increase the absolute number of
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Figure 2: Ratio of the maximum electric field in a micro-bubble implosion at maximum

compression obtained from Eq. 3 to the Schwinger field, Emax/ES , varying (a) the initial

average electron density, ñe0, keeping R0 fixed and (b) the initial radius of the bubble, R0,

keeping ñe0 fixed with the typical parameters of ni0 = 5 × 1022cm−3, ñe0 = 5 × 1021cm−3,

and R0 = 2µm.

hot electrons initially in the bubble, ñe0 [21]. Gold (Au) could be another

excellent material to substantially increase ñe0 and, therefore, Ne0. Maximum

electric fields approaching the Schwinger field, for example 10% of

the Schwinger field, could be achieved with the same power laser

as estimated above by simply increasing the initial number of hot

electrons so that ñe0 ≈ 4× 1022cm−3.

Given these fields we examine the pair production possibilities in the next

section.

3. Pair creation

An electromagnetic field extending over a finite volume and time will produce

a total average number of pairs, N , given by [2, 3] and [26, 27, 28]:

N =
e2E2

S

4π2~2c

∫
dV
∫ +∞
−∞ dtεη coth πη

ε exp
(
−πε
)

(4)

with the approximation that the volume and time are much larger than the

Compton wavelength, λC ≡ ~/mec, and corresponding time λC/c, respec-

tively, where ε = E/ES η = H/ES , E =
√

(F2 + G2)1/2 + F and H =√
(F2 + G2)1/2 −F are invariant electric and magnetic fields, respectively, F =
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(E2 − B2)/2 and G = E ·B/2 are Poincare invariants of the electromagnetic

field with (E,B) being the electric and magnetic fields, respectively.

In the case of a spherically symmetric micro-bubble implosion only the elec-

trostatic field is present. So that E = E and H = 0 resulting in ε = E/ES and

η = 0. Equation 4 becomes:

N =
e2E2

S

4π2~2c

∫ +∞

−∞
dt

∫
dr4πr2

ε2

π
exp

(
−π
ε

)
(5)

assuming spherical symmetry. The electric field around the core at maximum

compression is given by a 1D model as [21]:

Ef (r) =
eNe0

2R0rmin

(
rmin
r
− r2min

r2

)
, r ≥ rmin (6)

so that ε(r) = Ef (r)/ES . Eq. 5 can be simplified and integrated assuming that

the main contribution to the pair creation comes from the maximum compres-

sion of the bubble:

N ≈ e2E2
S

π2~2c
∆t

∫ R0

rmin

drε(r)2r2 exp

(
− π

ε(r)

)
(7)

where ∆t is the duration of the maximum compression. Equation 7 can be

re-expressed as:

N ≈ r3minc∆t

π2λ4C

∫ R0/rmin

1

dr′ε(r′)2r′2 exp

(
− π

ε(r′)

)
(8)

where r′ = r/rmin and

ε(r′) =
Ne0

2

reλC
R0rmin

(
1

r′
− 1

r′2

)
, r′ ≥ 1 (9)

where re is the classical electron radius.

We numerically integrated Eq. 8 and in Fig. 3 plot the number of pairs cre-

ated by varying the initial (a) average electron density, n/ñe0, and (b) radius

of the bubble, R/R0, using the typical parameters of the micro-bubble implo-

sion from the previous section keeping the other parameters fixed for maximum

compression duration of 0.01 fs, which was taken from the stagnation time of 10

as observed in simulations[21]. Theoretically the maximum compression

duration can be calculated from the time evolution of the innermost
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spherical shell at the time of maximum compression. The equation

of motion of a test proton of mass mp on the innermost shell is given

by:

mpr̈ =
1
2Nae

2

r2
(10)

where the factor of 1/2 comes from the fact that the test proton is on

the same radius of the shell with [20] Na = 4π(R0/d0)2 where d0 = n
−1/3
i0

is the characteristic interatomic distance on the initial bubble surface.

Taking the characteristic size at the maximum compression to be

r → rmin the resulting characteristic time of the explosion is:

t0 =

√
27

2

mpn
4/3
i0

πR2
0n̄

3
e0e

2
=

√√√√ 27

2π

(
mp

me

)(
n
4/3
i0

n̄3e0

)
1

R2
0rec

2
. (11)

Using typical values of ni0 = 5 × 1022cm−3, ñe0 = 5 × 1021cm−3, and

R0 = 2µm the typical timescale becomes t0 ≈ 0.1 fs = 100 as, which is

also plotted in Fig. 3 as the maximum compression duration.

From the figures it can be seen that for both compression times pairs

start to be created around n/ñe0 ≈ 9 corresponding to an initial average electron

density of ∼ 4.5 × 1022 cm−3 in Fig. 3(a) and R/R0 ≈ 8 corresponding to an

initial radius of ∼ 16µm in Fig. 3(b). Both values from Fig. 3(a) and (b)

correspond to maximum electrostatic fields of Emax/ES ∼ 0.1 as seen in Fig. 2.

As stated in the previous section it may be easier to achieve pair creation by

increasing ñe0 rather than R0. With R/R0 ≈ 8 a laser spot eight times

larger and based on the scaling of intensity [21] with R0 an intensity 84

times higher resulting in ≈ 2.6× 105 times the amount of laser energy

would be necessary to cover the bubble whereas n/ñe0 ≈ 9 would

require the same amount of laser energy, but with a modification of

the target.

For a clearer understanding of the relationship between ñe0 and

R0 a contour plot showing the number of pairs created versus both

parameters is shown in Fig. 4 assuming a maximum compression time
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of ∆t = 0.1 fs. As can be seen in the figure isocontour lines occur along

n×R =constant. This is a consequence of the fact that the number of

pairs strongly depends on the argument in the exponential function

in Eq. 8 which is ε(r′). This in turn has a pre-factor which depends

on Ne0/R0rmin ∝ (R0ñe0)2. This will be a very important criterion in

future target design.

It should be noted here that increasing ñe0 by coating the target surface

with a high-Z material could lead to direct production of electron-positron pairs

from Bethe-Heitler (BH) or Trident processes due to the high intensity laser

target interaction [29]. In the next section we roughly estimate the

contributions. However, we consider this to be beyond the scope of the current

paper and leave it for further consideration.

4. Pair creation in the Micro-bubble Implosion from Background or

Externally Injected Gamma-rays and Electrons

In the previous section we examined the possibility of electron-positron pair

creation from the vacuum due to the electrostatic field generated by the micro-

bubble implosion. In this section we consider under what conditions (1) back-

ground high energy electrons and photons inherent in the environment of the

micro-bubble implosion or (2) external source of gamma-rays and electrons trav-

eling through these fields could induce pair creation even when the electrostatic

field itself doesn’t create pairs. The quantum electrodynamic (QED) gauge

invariant parameters, χe and χγ , characterize the probability of gamma-ray

emission by an electron and electron-positron pair creation by a gamma-ray, re-

spectively, interacting with electromagnetic fields, which are expressed in terms

of electric and magnetic fields as (see for example [30] and references cited

therein):

χe =
1

ESmec

√
(mecγeE + p×B)2 − (p ·B)2 (12)

χγ =
~

ESmec

√
(
ωγ
c

E + kγ ×B)2 − (kγ ·E)2 (13)

10



where (γe, p) are the relativistic gamma factor and momentum of the electron,

respectively, (ωγ , kγ) are the frequency and wave vector of the photon, respec-

tively, and when χe, χγ > 1, the conditions are optimal for pair creation. For

B = 0 the parameters become:

χe ≈ γe
E

ES
(14)

χγ ≈
~ωγ
mec2

E

ES
(15)

Eqs. 14 and 15 indicate optimal conditions, when γe,
~ωγ
mec2 >

ES
E

. So for

the typical parameters of [20] Emax/ES ≈ 1.4× 10−3 this implies pair creation

from background electrons or photons when Ee, Eγ > 365 MeV where Ee and

Eγ refer the electron and photon energy, respectively.

An additional factor given the small size of the micro-bubble region is the

formation length [31, 32]. For pair creation from a photon the formation length,

lpairf is given by [32]:

lpairf =
2γ2pc

ω′
(16)

where γp ≡ ~ωγ/mec
2 and ω′ = ωγ/η+η− with η± ≡ Ee±/~ωγ and Ee± being

the energy of the created electron or positron. Using the values for the pair

creation of Eγ > 365 MeV implies γp > 714 and assuming that the electrons

and positrons are created with energies of Ee± ≈ ~ωγ/2, which are predominant

for χγ < 8 [33], resulting in ω′ = 4ωγ , then lpairf > 0.55nm. This is more than

an order of magnitude smaller than the minimum radius rmin = 8.14nm at the

maximum compression calculated from the typical parameters of [20]. So pairs

created from high energy photons are possible in the micro-bubble.

The formation length for photons from high energy electrons, lf , is [32]:

lf =
2γ2c

ω∗
(17)

where

ω∗ = ω
ET

ET − ~ω
, (18)
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ET = mec
2 +Ee is the total energy of the electron, γ is the relativistic gamma

factor of the electron, ω is the frequency of the emitted photon assuming the

photon emission angle is θ ' 1/γ, the electron scattering angle is ψ ' 0, and

sufficiently high photon energies ~ω % γ~ωpe where ωpe =
√

4πe2nZ/me is the

the plasma frequency with Z being the atomic number of the material and n

being the number density. In the case of the micro-bubble implosion the plasma

frequency is further reduced due to the relativistic nature of the background

electrons to ωpe =
√

4πe2nZ/γthme where γth would be the relativistic gamma

factor of the thermal background electrons. Even when this is not taken into ac-

count and assuming the electron density could reach the maximum compression

ion density, nmax, of the core [20]:

nmax
ni0

=

(
Ne0

67/2π

)2/3

, (19)

which is nmax = 2.16 × 105ni0 ≈ 1028cm−3, this results in ~ωpe ≈ 4 keV when

multiplied by γ for a 365 MeV electron becomes γ~ωpe ≈ 2.8 MeV. So for 365

MeV photons ~ω % γ~ωpe is satisfied. Therefore, using Eq. 17 is justified.

Assuming Ee = 365 MeV and that the emitted photon has the same energy

we get lf ≈ 0.55 nm. This is far below the scale size of the compressed core

meaning that pairs could be created.

The temperature of the hot background electrons from the pon-

dermotive scaling is given by [21] Thot ' 44
(
IL22λ

2
Lµ

)
where IL22 is the

laser intensity in units of 1022W/cm2 and λLµ is the laser wavelength

in units of µm. The required temperature depends on Λ ≡ R0/ΛDi,

which is the ratio of the initial bubble radius, R0 to the ion Debye

length, λDi =
√
Thot/4πni0e2 [21]. For Λ = 2.5 the temperature is ∼ 400

MeV with I = 1.75× 1024 W/cm2 and λ = 1µm. For Λ = 6 the temper-

ature is ∼ 98 MeV with I = 5 × 1022 W/cm2 and λ = 1µm. From this

we can see that the hot background electrons in the case of Λ = 2.5

could generate pairs during the maximum compression time of the

core, which is estimated as 100 as above. In the case where the pairs

are generated directly from the vacuum such short duration flashes

12



of pairs would also be expected.

If an external source of gamma-rays and electrons having energies greater

than 365 MeV are injected into the micro-bubble region they could induce the

creation of pairs. However, at much higher photon or electron energies when

their respective formation lengths become larger than the scale size of the bub-

ble,
(
lpairf , lf

)
' 2rmin, the creation of pairs is suppressed. Additionally, lower

energy electrons could be injected into the micro-bubble region to diagnose the

imploded core due to their scattering by the extremely strong electrostatic field

there.

In principle the formation length depends on the energy of emitted particle

(see [34]), but for the highest energy particles the above estimates should be

sufficient.

Several types of high power gamma-ray sources have been pro-

posed [18, 19, 35]. Given that the maximum implosion core size and

timescales are on the order of 10’s nm and 10’s to 100’s of attosec-

onds, respectively, the required gamma-ray beam luminosity would

be approximately L ∼ 1/(10−6cm)2/(10−16∼17s) = 1028∼29/cm2s assum-

ing at least one photon is in the target area. By colliding high-energy

electron beams with strong laser fields gamma-ray beams with den-

sities for energies of the order of nγ ∼ 1018cm−3 for multi-GeV [18]

and nγ ∼ 1020cm−3 for hundreds of MeV [19] have been shown, re-

spectively. The resulting luminosities are L ∼ nγc = 3× 1028/cm2s for

multi-GeV photons and L ∼ nγc = 3× 1030/cm2s for hundreds of MeV

photons, which are both of the order of the required luminosity.

Since the typical densities of laser wakefield accelerated electron

beams are of the order of the above gamma-ray beams, the required

luminosity can be achieved. One concern would be whether the elec-

tromagnetic fields produced by the beams would disturb the imploded

core fields. Assuming that the electron beam is a uniform density

cylinder the radial electric field of the beam would approximately be

with respect to the Schwinger field Er/ES ∼ πγnerbreλC where π, γ, ne

13



and rb are the relativistic gamma factor, electron beam density, and

electron beam radius, respectively. Taking that the high energy elec-

tron beam is generated via laser wakefield acceleration the typical

beam parameters would be [36] γ = 103 (500 MeV), ne ∼ 1018 cm−3,

rb ∼ 5 × 10−4 cm giving Er/ES ∼ 1.7 × 10−5 at the electron beam edge

where the field is maximal. This is roughly two orders of magnitude

below the maximum field attained by the micro-bubble implosion of

Emax/ES = 1.4 × 10−3 for typical parameters. In addition, since the

imploded core field is positive, the electron beam should be attracted

to and be able to penetrate the bubble field.

In addition to the pair creation mechanism we have discussed

above there will be two other competing processes: Bethe-Heitler

[37] and Trident [37, 38, 39] (see perspectives article [40] for more

discussions of this in relativistic plasmas). For thin targets, for ex-

ample less than 30 microns of solid gold, the Trident process is ex-

pected to dominate over the Bethe-Heitler process [41]. Since we do

not consider thick targets of high Z material we use the cross section

for Trident production to estimate the number of positrons produced

in the target assuming that the energy loss of electrons traveling

through the target is minimal. The cross section is ∼ Z2α2r2e (see [42]

and cited references). We assume that the electrons accelerated from

the surface have a density of ne = 5 × 1021−22 cm−3 with a beam size

comparable to the laser spot size of R0 = 2µm with velocities nearly

the speed of light and a duration comparable to the laser pulse du-

ration, which we take to be 30 fs, and travel thru a target of 10µ

thickness having an ion density of 5× 1022 cm−3 with an atomic num-

ber of Z = 1. The number of pairs created via the Trident process is

∼ 40− 400 in each direction. This number is small. In addition, since

the laser intensities we are considering are where a large portion of

the laser energy could be converted to high energy gamma-rays [43],

the Breit-Wheeler process could generate a large number of pairs.
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However, if the pre-plasma density scale length in front of the target

is small the conversion is smaller [43]. Thus having an extremely high

contrast is advantageous for minimizing this effect. Further detailed

investigation requires investigation with PIC codes including these

processes [44, 45]. However, due to the large ratio between the initial

bubble size and the compressed core extremely large computational

resources for the required resolution would be necessary in addition

to properly modeling the collisions of photons for the Breit-Wheeler

pair production process.

5. Discussion and Conclusions

We have investigated the possibility of electron-positron pair creation from

the vacuum due to micro-bubble implosions. We have found that the typical

parameters found in [20] for a micro-bubble implosion will not lead to electro-

static fields generated by the imploded core sufficiently high enough for pair

generation from the vacuum. However, by either increasing the initial bubble

radius from 2µm by a factor ≈ 8 or average electron density in the bubble from

5 × 1021 cm−3 by a factor ≈ 9 electrostatic fields of sufficient amplitude to

generate pairs from the vacuum could be possible. The simplest way to do this

would be to increase the average initial background electron density by coating

the initial hydrogen solid with a higher Z material such as plastic (CH) [21] or

Gold. As a result, a pair creation from vacuum could be possible with

a ∼ 200− 300 PW laser of energy ∼ 2− 3 kJ.

Although a detailed study is required, a possible experimental

configuration for the target could involve already experimentally used

cryogenic solid hydrogen jets [46] or ribbons [47] with hollow carbon

spheres (HCS) [48] embedded within them. The jets and ribbons

have thicknesses on the order of 10’s of µm [46, 47] and the HCS

have sizes ranging from nm to mm [48]. The determination of the

optimum target and laser parameters where other QED processes,

15



such as Trident, Bethe-Heitler and Breit-Wheeler pair creation are

sufficiently minimized will require PIC simulations including these

processes [44, 45]. However, this will require huge computational

resources along with determining the proper techniques to model

photon collisions for the Breit-Wheeler pair production.

In addition we have found that even with electrostatic fields below the thresh-

old for pair production background or externally injected electrons or photons

of sufficiently high energy, greater than 365 MeV, could induce pair creation.

This makes micro-bubble implosions interesting targets for studying the pair

creation process.
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