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ABSTRACT

The interaction ofmicro-bubbleswith ultra-intense laser pulses has been shown to generate ultra-high protondensities and correspondingly high
electric fields.We investigate the possibility of using such a combination to study the fundamental physical phenomenon of vacuumpolarization.
With current or near-future laser systems, measurement of vacuum polarization via the bending of gamma rays that pass near imploded micro-
bubbles may be possible. Since it is independent of photon energy to within the leading-order solution of the Heisenberg–Euler Lagrangian and
the geometric optics approximation, the corresponding index of refraction can dominate the indices of refraction due to other effects at
sufficiently high photon energies. We consider the possibility of its application to a transient gamma-ray lens.

©2019Author(s). All article content, exceptwhere otherwisenoted, is licensedunderaCreativeCommonsAttribution (CCBY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1063/1.5086933

I. INTRODUCTION

With the advent of ultra-high-power lasers of order 10 petawatts
(PW)1,2 and higher,3 the possibility of studying the vacuumwith such
lasers has attracted a great deal of interest.3,4 In the regime where
vacuum polarization has been considered, most studies have con-
centrated on the effects of photons interacting with magnetic fields
alone or with crossed electric and magnetic fields. Although the effect
of the Coulomb field of a single nucleus on photon scattering
(i.e., Delbrück scattering) has been studied extensively,5,6 the effect
of amacroscopic electricfield has not received asmuch attention. This
can be attributed to the fact that strong macroscopic electrostatic
fields dissipate quickly owing to the presence of surrounding charges,
whereas the situation is very different for magnetic fields because of
the nonexistence (or exceeding rarity) of magnetic monopoles.7

However, it should be noted that owing to the electric–magnetic
duality of the Heisenberg–Euler effective Lagrangian that is used to
describe the vacuum signatures of the quantum electrodynamic
(QED) vacuum, nonlinearities in magnetic fields can be generically
mapped to corresponding nonlinearlities in electric fields (see, e.g.,

Refs. 8 and 9). It has recently been proposed that very strong mac-
roscopic electrostatic fields could be generated via micro-bubble
implosions.10 Using this approach, extremely high ion densities
and thus unprecedented Coulomb fields should be achievable. In this
paper, we show that, by using suchmicro-bubble implosions, vacuum
polarization can be measured and also that suchmicro-bubbles could
be considered as components of transient lenses for gamma rays.

II. PHOTON TRAJECTORY

The value of the electric field at which nonlinear QED effects are
expected to occur is the Schwinger field ES, given by11–13

ES � m2
ec

3

eℏ � 1.3231018 V/m, (1)

whereme is the electronmass, c is the speed of light in vacuum, andℏ is
Planck’s constant divided by 2π. The electric field Ef of an imploding
spherical micro-bubble at around the time of maximum compression
is given by10
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Ef(r) � Q0

2R0r
, (2)

where r is the radius of themicro-bubble,R0 is its initial radius, andQ0

is the total electron charge in the initial bubble, which is equal to eNe0,
whereNe0 � (4π/3)R3

0~ne0, with ñe0 being the average electron density
in the bubble and e the electron charge. The maximum field
Emax � Ef (rmin) occurs on the surface of the imploded micro-bubble
when the minimum radius rmin is attained. This minimum radius is
given by10 rmin � 3n2/3i0 /~ne0, where ni0 is the initial ion density. Taking
the ratio of the Schwinger and maximum fields, we get

Emax

ES
� 2π

9

~ne0
n1/3i0

( )2

R2
0reλe, (3)

where the classical electron radius re ≡ e2∕mec
2 and the Compton

wavelength λe ≡ ℏ/mec. From this, we can see that the important
parameters governing the maximum field are ñe0, ni0, and R0. Using
typical values of ni0 � 53 1022 cm−3, ñe0 � 53 1021 cm−3, and R0 � 2
μm from Ref. 10, we get Emax/ES ≈ 5.63 10−3, and thus themaximum
field is more than 0.5% of the Schwinger field (7.43 1015 V/m) with
rmin� 8.14 nm.Ultrahigh electric fields close to the Schwinger field (1)
could be achieved at even higher laser intensities of IL ∼ 1022 W/cm2

together with an appropriate amount of invested laser energy, giving
rmin ∼ 1 nm (see, e.g., Fig. 6 in Ref. 10) and subsequent electron–
positron pair production. In this paper, we will concentrate on
vacuum polarization.

To observe the effects on vacuum polarization, we propose the
use of gamma rays traversing the imploding micro-bubble. The
trajectory of light deflected due to vacuum polarization represented
by the Heisenberg–Euler Lagrangian12,13 for a spherically symmetric
charged object has previously been calculated in the geometric optics
approximation for astrophysical objects.14 For a homogeneous
magnetic field—and therefore equivalently for an electric field, given
the electric–magnetic duality of theHeisenberg–Euler Lagrangian—it
has been shown that this is justified even for photons with energies
much greater than the electron rest mass energy for sufficiently weak
fields.15 Further details concerning this will be presented in Sec. III A.
For a charged object centered at x � y � z � 0, a photon moving in
the +x direction in the x–y plane starting at x � −∞ with initial
conditions y(−∞) � b and y′(−∞) � 0 (where the prime indicates the
derivative with respect to x) has been shown to obey (Gaussian
units)16

y″ � aα2Q2λ4e
90πℏc

y

r6
−
3y3

r8
( ), (4)

whereQ is the total charge, α≡ e2/ℏc is the fine-structure constant, b is
the impact parameter, and a � 8 or 14 for photon polarization re-
spectively parallel or perpendicular to the scattering plane, where
“parallel” and “perpendicular”here refer to polarization of the gamma
ray respectively in or perpendicular to the k–E plane, with k being the
direction of propagation and E the external electric field direction.
The geometry is shown in Fig. 1. The scattering plane is centered on
the origin of the imploded charge sphere at x � y � z � 0. Incoming
gamma rays with polarizations purely parallel or perpendicular to the
scattering plane will have a mixture of both components if they have
an initial z≠ 0 away from the scattering plane, since the electric field is

radial. The deflection angle ϕe has been shown from the integration of
Eq. (4) over x from −∞ to ∞ to be (Gaussian units)16

y′(∞) � tan ϕe � −
aα2Q2

160ℏc
λe
b

( )4

. (5)

Re-expressing Eq. (5) in terms of R0 and ñe0, we get

y′(∞) � tan ϕe � −
aα3
160

4π
3
R3
0~ne0( )2 λe

b
( )4

. (6)

The typical value for ñe0 thatwe have chosen above is a variable and can
be substantially greater, depending on the combination of laser and
target parameters, owing to the fact that ñe0 is simply given by the total
number of hot electrons produced divided by the limited target volume.
Here, we examine the scattering angle over a range of ñe0, keeping R0
fixed. In Fig. 2, we have plotted the absolute value of the scattering angle
ϕ fromEq. (6) vs the impact parameter b over the range rmin≤ b≤R0 for
photon polarization parallel or perpendicular to the scattering plane,
using the typical parameters from Ref. 10. Small differences exist be-
tween the cases with photon polarization parallel and perpendicular to
the scattering plane for the same ñe0. However, they are not significant.
In the figure, the index of refraction for ñe0 � 53 1020 cm−3, labeled by
(0.1), stops at b � 81.4 nmbecause this is the smallest that rmin becomes
for this case. Although the smallest rmin becomes 0.8 nm for ñe0 � 53
1022 cm−3, labeled by (10) in the figure, we have only plotted con-
servatively down to b � 8.14 nm, since below this value, the scattering
angles become so large that the approximationsmay be violated (see the
following paragraph). When the impact parameter b is close to rmin for
the typical parameters, the scattering angles for perpendicular and
parallel polarizationare respectively−4.833 10−3 rad and−2.763 10−3

rad. Given that sub-nanoradian resolution is possible using devices
such as GAMS6,17 measurement of such scattering up to a few hundred
nanometers away from the core is well within current technical capa-
bilities. In Fig. 2, for ñe0 � 53 1020 cm−3 [labeled by (0.1)] and 53 1022

cm−3 [labeledby (10)], the scatteringangles forperpendicular andparallel
polarization are respectively −0.485 rad and −0.277 rad at b � 8.14 nm,
and −4.83 3 10−9 rad and −2.763 10−9 rad at b � 81.4 nm. For these

FIG. 1.Geometry of the interaction used inRef.14, where the imploded chargedsphere
is centered at x� y� z� 0, the scattering angle isϕe, the impact parameter is b, and ∥
(parallel) and⊥ (perpendicular) indicate the polarization of the incoming gamma ray, at
the time at which rmin is theminimum radius, andEmax is themaximumelectric field. The
darker area around the core indicates the presence of the surrounding plasma.
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values, the highest-density case produces easilymeasured large scattering
angles, whereas in the lowest-density case, measurements are barely
feasible, indicating that it is desirable to have ñe0 > 5 3 1021 cm−3.

We have calculated the maximum angles of scattering by vac-
uumpolarization using Eq. (6), and theminimumradius of themicro-
bubble, rmin, can bemade very small by appropriate changes inñe0,ni0,
and R0. However, there is a limit to the applicability of the
Heisenberg–Euler formalism for the vacuum, and so care must be
takenwhen choosing theminimum impact parameter for the photon.
The minimum value that we can choose for b in the Coulomb field is
determined by the constraints that (1) the Heisenberg–Euler in-
teraction is a small perturbation to Maxwell’s equations and (2)
the higher-order corrections to the Heisenberg–Euler interaction
is small.18 The first constraint is expressed by18

rmin ∥,⊥(1)≫ λe
aZ2α3
90

( )1/4

(7)

and the second by18

rmin(2)≫
���
Zα

√
λe, (8)

where rmin∥,⊥(1) and rmin(2) are the minimum radii for constraints
(1) and (2), respectively, and Z � Ne. Using the range of parameters
that we are considering, these constraints are given in Table I. For
the lowest ñe0 case, rmin∥,⊥(1), rmin(2) < rmin. For the typical ñe0 case
rmin∥,⊥(1)< rmin⪅rmin(2) where themain constraint is on the effect of
higher order perturbations; however, rmin and rmin(2) are of the
same order. In the highest ñe0 case, rmin < rmin∥,⊥(1), rmin(2), in-
dicating that the paths of photons passing close to the imploded core
need to be calculated in a different manner.

III. INDEX OF REFRACTION

In Sec. II, the bending of gamma rays was formulated using
Eq. (6). This bending effect is interpreted as a consequence of an index
of refraction of the vacuum induced by the micro-bubble implosion.
Here, we evaluate the expected strength of this index of refraction and
possible background processes such as plasma effects. For simplicity,
we consider the typical parameters for themicro-bubble fromRef. 10.

A. Vacuum polarization effects

The indices of refraction n∥,⊥ of the vacuum from the
Heisenberg–Euler Lagrangian for a homogeneous electrostatic field E

→
aregiven in termsofESas follows (see, e.g.,Ref. 16and references therein):

n � 1 + aα
180π

u→3E
→

ES

⎛⎝ ⎞⎠2

, (9)

where u→ is the unit vector in the direction of photon propagation.
Using the typical parameters from above, taking E/ES � Emax/ES
≈ 5.63 10−3, and assuming propagation perpendicular to the field, we
find that δ∥ � n∥ − 1 � 3.23 10−9 and δ⊥ � n⊥ − 1 � 5.63 10−9. These
values are of the order of thosemeasured for gamma rays with photon
energies between 517 keV and 1951 keV for a variety of elements.17

The index of refraction of the polarized vacuum is independent of the
photon energy to leading order using the Heisenberg–Euler Lagrang-
ian.19Higher-order corrections do produce an energy dependence,15,20,21

but, in the case of a homogeneous magnetic field, it has been shown that
the index of refraction is still given by Eq. (9) provided that ξ ≪ 1, where
ξ ≡ 3

2 [ℏω/(mc2)](H/Hcr).15 SinceHcr � ES,H/Hcr is equivalent to E/ES.
Given that for the above parameters, Emax/ES ≈ 5.6 3 10−3 at photon
energies below 60MeV, this ismaintained. These photon energies will be
lower or higher, depending on whether the initial total electron charge
Ne0}R3

0~ne0, which determines the maximum electric field, is higher or
lower, respectively. For higher photon energies or stronger fields, so-
lutions exist that can be usedwhen studying these regimes (see Ref. 9 and
references therein or Ref. 15).

B. Plasma effects

Since the micro-bubble implosion occurs in a plasma, the effects
of the plasma on gamma-ray propagation should be taken into ac-
count. The effect on the index of refraction n due to vacuum po-
larization has previously been taken into account for a cold plasma
with a background magnetic field:20

n � 1−
1
2

ωp

ωγ
( )2

, (10)

where ωp �
���������
4πe2np/me

√
, np is the plasma density, and Eγ � ℏωγ.

Taking the surrounding plasma density np � ni0 � 53 1022 cm−3, the
equivalent energy is Ep� ℏωp� 8.3 eV.We can see that δ � n− 1will be
smaller than the values calculated for vacuum refraction when the
gamma-ray energies are above a few hundred kiloelectron volts.
Relativistically hot plasmas having an electron temperature anisot-
ropy normally occur in the interaction of ultrahigh-intensity lasers

TABLE I. Minimum impact parameter b allowed in the Heisenberg–Euler interaction for
different values of ñe0, with ni0 � 53 1022 cm−3 and R0 � 2 μm fixed, where ∥ and ⊥
refer to polarization respectively perpendicular and parallel to the scattering plane, and
“(1)” and “(2)” indicate the constraint number. rmin and Emax/ES are also shown for
comparison.

ñe0 (cm
−3) rmin∥,⊥(1) (nm) rmin(2) (nm) rmin (nm) Emax/ES

5 3 1020 (0.681, 0.784) 4.27 81.4 5.6 3 10−5

5 3 1021 (2.15, 2.48) 13.5 8.14 5.6 3 10−3

5 3 1022 (6.81, 7.84) 42.7 0.8 0.56

FIG. 2.Absolute value of the scattering angleϕ from Eq. (6) vs the impact parameter
b over the range rmin≤ b≤R0 for photon polarization parallel (∥) or perpendicular (⊥)
to the scattering plane and values of ñe0 equal to 53 1020 cm−3, 53 1021 cm−3, and
5 3 1022 cm−3, labeled by (0.1), (1), and (10), respectively. Here, we have used
ni0 � 5 3 1022 cm−3 and R0 � 2 μm, with rmin � 8.14 nm for case (1).
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with targets, as a result of which the propagation of laser light varies,
depending on the anisotropy.22,23 The main point we wish to make
here is that in a relativistic plasma, the ratio (ωp/ωγ)2 is further
reduced by γ, the relativistic gamma factor of the relativistically hot
plasma, decreasing the effect of the plasma on the total index of
refraction. Since the effects are smaller in the hotter direction of an
anisotropic relativistic-temperature plasma,22,23 further optimization
could be done by an appropriate choice of the gamma-ray polari-
zation direction with respect to the anisotropy.

C. Other effects

In addition to the effects of the plasma, we should also consider
other effects in the interaction of gamma rays with solid materials.
These have been estimated in Ref. 17. The index of refraction can be
written as17

n(Eγ) � 1 + 2π Zc( )2
E2
γ
�
k

NkAk(Eγ, 0), (11)

whereEγ is the photon energy, the sum is over the types of atoms, k,Nk

is the number of atoms of type kper unit volume, andAk is the forward
scattering amplitude for atoms of type k. The elastic scattering
amplitudes are sums of the amplitudes for nuclear Thomson scat-
tering, Rayleigh scattering by bound electrons, Delbrück scattering,
and nuclear resonance scattering.17,24 Since our example is for hy-
drogen, we will ignore nuclear resonance scattering. The nuclear
Thomson scattering amplitude is given by17,25

AT(Eγ, 0) � −Z2re
me

M
, (12)

whereZ is the atomic charge number andM is themass of the nucleus.
The Rayleigh scattering amplitude can be approximated by consid-
ering the scattering of Z free electrons (classical approximation):17

AR(Eγ, 0) � −Zre. (13)

In the case of the micro-bubble implosion, the hydrogen atoms are
assumed to be fully ionized. As a result, this component becomes
equivalent to the cold plasma contribution and is therefore neglected
here. TheDelbrück scattering amplitude in the Born approximation is
as follows (with ω ≡ Eγ/mec

2):26for Eγ < 4mec
2,

AD(Eγ, 0) � αZ( )2re(B1ω2 + B2ω4 + B3ω6), (14)

where B1 � 3.1735 3 10−2, B2 � 3.1610 3 10−4, and B3 � 1.4790 3
10−5; for Eγ > 4mec

2,

AD(Eγ, 0) � αZ( )2re 7
18

ω + A1 + ln2 ω
ω + A2

lnω
ω + A3

ω(
+A4

ω2
−

3
8ω3

+ A5

ω4
−

29
288ω5

+ A6

ω6), (15)

where A1 � −2.2512, A2 � 0.38629, A3 � 2.7873, A4 � −3.5098,
A5 � 0.77, andA6 � 3.6910. The values ofNk depend on the scattering
process. In the case of Rayleigh scattering, the largest contributionwill
be from the initial background electron density of np � ni0 � 53 1022

cm−3. In the cases of nuclear Thomson scattering and Delbrück
scattering, the maximum values are expected to be at the core, where
the maximum core ion density nmax is given by10

nmax

ni0
� Ne0

67/2π( )2/3

, (16)

giving nmax ≈ 1028 cm−3 with the typical parameters of Ref. 10.
Figure 3 shows the contributions to the absolute value of the index of
refraction, δ � n − 1, from vacuum polarization (δ∥ and δ⊥) [using Eq.
(9)], from nuclear Thomson andDelbrück scattering [using Eqs. (11),
(12), (14), and (15)], and from plasma effects [using Eq. (10)] vs the
normalized photon energy Eγ/mec

2. Parameter values of np � 53 1022

cm−3, Z � 1, andM∕me � 1836.15267389 have been chosen. We have
plotted the index of refraction for photon energies in the regimewhere
the vacuum polarization contribution is expected to be energy-
independent. We can see that the vacuum contributions to the in-
dex of refraction are much larger than the other contributions for
photon energies above a few megaelectron volts. By the time the
photon energies are tens of megaelectron volts, the other contribu-
tions are about three orders ofmagnitude smaller. Thismeans that for
photon energies in this range, the vacuum polarization effect can be
dominant and the trajectories calculated in Sec. II are valid.

D. Absorption processes

In the above calculations of the index of refraction, we have not
considered the imaginary part, which represents absorption pro-
cesses. Here, we briefly estimate this part for each component.

The contribution to the imaginary part of the index of refraction
from vacuum polarization due to pair creation has been shown to be
zero in pure magnetic fields and nonzero in static electric fields27 (see
also the review in Ref. 28). The vacuum has been shown to exhibit
dichroism; that is, there is a preferential absorption of photons with
polarization parallel vs perpendicular to the electric field.27 The
imaginary parts of the perpendicular, I(n⊥), and parallel, I(n∥),
indices of refraction have been shown to have the forms29

I(n⊥) � α
4πsin

2 θ[2
3
π(eπ/y − 1)−1 − 1

y
ln(1− e−π/y)

+ 2
πe

−π/y
1,1,1F2,2(e−π/y) +O α

4π( )2( )⎤⎦, (17)

FIG. 3. Contributions to the absolute value of the index of refraction, δ � n − 1, from
vacuum polarization (δ∥ and δ⊥), nuclear Thomson scattering (“T”), Delbrück
scattering (“D”), and plasma effects (“plasma”) vs normalized photon energy
Eγ/mec

2 (see the text for parameter values).
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I(n∥) � α
4πsin

2 θ π
y2(eπ/y − 1)−1 − 1

y
ln(1− e−π/y)[ +O α

4π( )2( )],
(18)

where θ is the angle between the direction of propagation and the
external field, y ≡ E/ES, and F2,2 is a generalized hypergeometric
function. With y � E/ES � Emax/ES ≈ 5.6 3 10−3, both the perpen-
dicular and parallel imaginary indices of refraction have arguments in
their exponents of π/y ∼ 560, implying that they are exceedingly small
and can be neglected.

The plasma contribution to the imaginary part of the index of
refraction in a cold plasma is significant only when the photon energy
is below Ep � ℏωp � 8.3 eV. Therefore, since we are considering only
high-energy photons, this contribution can be ignored.

The contribution of the individual atoms to the imaginary part of
the index of refraction, β(Eγ), is given by17

β(Eγ) � σtot(Eγ)Natom
ℏc
2Eγ

, (19)

where σtot andNatom are the total photo-absorption cross section and
the atomic number density, respectively. The values of σtot can be
obtained from the XCOM database, where the effects of incoherent
scattering (Compton), coherent scattering (Rayleigh), photoelectric
absorption, and pair production in the field of the atomic nucleus
(electron–positron pairs) and in the field of the atomic electrons are
taken into account.30 Since the hydrogen is expected to be fully
ionized, we neglect coherent scattering (Rayleigh) and photoelectric
absorption. The number densities Natom will be different for each
process, as in Sec. III C. For the incoherent scattering and pair
production in the field of the atomic electrons, we take the sur-
rounding plasma density np � ni0 � 5 3 1022 cm−3, and for the pair
production in the field of the atomic nucleus, we take the maximum
compression density nmax≈ 1028 cm−3. It should be noted that the pair
production in the field of the atomic electrons takes into account various
effects assuming initially bound electrons,31 and we use it as an estimate.
Thevalues ofβ(Eγ) are plotted for eachcomponent inFig. 4.Wehave also
plotted the real parts of the index of refraction, δ � n − 1, due to vacuum

polarization (δ∥ and δ⊥) for comparison. For our values of the pa-
rameters, it can be seen that at photon energies of 10MeV and above, the
largest contribution to the imaginarypart of the indexof refraction comes
from pair production in the atomic nuclear field. The real parts of the
index of refraction due to vacuum polarization are about two orders of
magnitude larger than this.

In addition, there is a contribution from photon splitting, for
which the following analytical fit to the cross section for an un-
screened nucleus, σunscr(Eγ), has been obtained:32

σunscr � Z2 2.2372 lnω− 4.7313 + 8.2536
ω −

3.164
ω2( )310−8 b, (20)

whereω is the same as defined previously and 1 b≡ 10−24 cm2. Figure 5
shows a comparison between the absorption from photon splitting
and the real part of the index of refraction from vacuum polarization.
We can see that this is many orders of magnitude smaller than the
vacuum polarization contribution.

The contribution to photon splitting from the total Coulomb
field can be estimated from the transition rate W:33

W ≈ 0.07α3 Eγ
mec2

( )4
Emax��
4π

√
ES

( )6

∣k ∣ , (21)

where |k| is the wavenumber of the gamma ray and we have assumed
the maximum value where the electric field is Emax and the photon is
propagating perpendicular to it. For our parameter values, the
shortest mean free path 1/W is of the order of 4000 cm for the highest
photon energies of 60MeV that we consider. Given that the size of the
region we are considering is of micrometer order, this can be con-
sidered to be a small effect.

Within the scope of the processes we have considered, it can be
seen that the vacuum polarization contribution to the index of re-
fraction is at least two orders of magnitude larger than the imaginary
contributions.

E. Possible application

As is apparent from the results in Fig. 3, the imploding micro-
bubble has advantages over conventional materials in terms of the
index of refraction. It dominates other processes at high photon
energies and is independent of the photon energy as long as the

FIG. 4. Imaginary part of the index of refraction, β(Eγ), obtained using values of σ tot
from the XCOM database,30 vs normalized photon energy Eγ/mec

2. “Compton”
refers to incoherent scattering, “pair N” to pair production in the atomic nuclear field,
and “pair e” to pair production in the atomic electron field. The real parts of the index
of refraction, δ � n − 1, due to vacuum polarization (δ∥ and δ⊥) are also plotted for
comparison.

FIG. 5.Absolute value of the imaginary part of the index of refraction, β(Eγ), obtained
using values of σunscr from Ref. 32, vs normalized photon energy Eγ/mec

2. The real
parts of the index of refraction, δ � n− 1, due to vacuum polarization (δ∥ and δ⊥) are
also plotted for comparison.
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parameter ξ is small, which for our parameter values corresponds to
photon energies below 60 MeV. Therefore, there is little chromatic
aberration. The strongest lensing of gamma rays would be over the
time scale for the existence of the peak fields (<0.1–0.01 fs). For very-
short-duration focusing, micro-bubble implosions modifying vac-
uum polarization could be used as components of a transient lens, if
arranged appropriately.

IV. CONCLUSION

We have shown the possibility of probing vacuum polarization
in QED with micro-bubble implosions induced by ultra-high in-
tensity lasers interacting with pre-formed targets. The effective field
strength produced by a micro-bubble implosion is expected to reach
0.5% of the Schwinger-limit field strength with existing or upcoming
high-intensity lasers. We have estimated the degree of bending of
gamma rays as a function of the impact parameter with respect to the
center of the micro-bubble from the deflection angle of light by
vacuum polarization due to a spherically charged object previously
derived in the Heisenberg–Euler formalism in Ref. 16. We have
determined the necessary angular resolution to observe the bending of
gamma rays passing by the micro-bubble. Changes in gamma-ray
trajectories at sub-nanoradian resolution can be identified using
existing devices.17

We have evaluated the contributions to the index of refraction
from possible background processes. These processes contribute to
both the real and imaginary parts of the index. One of the dominant
contributions to the real part is the cold plasma effect. Although
plasma effects are expected to occur, they are estimated to be smaller
than the vacuum contribution for photon energies above a few
hundred kiloelectron volts for a cold plasma and even smaller for a
relativistically hot plasma. Other contributions such as nuclear
Thomson and Delbrück scattering turn out to make larger contri-
butions than the plasma; however, even their effects are small at
photon energies of tens of megaelectron volts. We have estimated the
imaginary part of the index of refraction due to absorptive processes
and found that, for the processes we have considered, its contribution
is at least two orders of magnitude smaller than that of the real part
due to vacuum polarization at photon energies of 10MeV and above.
The imaginary part of the index of refraction due to background
processes has also been evaluated. The dominant contribution is pair
production in the atomic nuclear field, but this process can be ex-
perimentally discriminated from the scattered gamma-ray signal at
the detector by means of the charge state of the exiting particles. On
the other hand, the effect of Compton scattering cannot be distin-
guished from the signal resulting from vacuum polarization, but, for
the photon energies we are considering, this contribution is nearly six
orders of magnitude smaller than the signal. In conclusion, the index
of refraction due to vacuum polarization is significantly higher than
that due to any background process.

In addition to high-flux laser Compton scattering gamma-ray
sources such as ELI-NP-GBS,34 other transient high-power gamma-
ray sources that could be used to measure and check the focusing
include those based on ultrashort-pulse laser–plasma interactions
(see, e.g., Refs. 35 and 36). Given that the index of refraction due to
vacuum polarization can dominate other processes and is in-
dependent of photon energy at photon energies below 60MeV for our
parameter values, there could be advantages to the use of vacuum

polarization via micro-bubble implosion as a transient lens. In
addition, measurement of vacuum polarization via micro-bubble
implosion would provide a test of the predictions of QED, with
deviations indicating a likely need for new physics.

In this paper, we have only estimated the absorptive parts of the
index of refraction. The actual technical details of how the small
deflections involved could be measured have not been addressed,
although a simple-minded approach would be to image highly col-
limated gamma rays before, at the peak of, and after compression, in a
manner similar to how gravitational deflections of starlight (albeit in
the visible range) are observed.37 Additional factors to be considered
with regard to experimental realization and the feasibility of mea-
surement include (1) alignment, focusing the gamma rays down to
scales less than 100 nm andmeasuring nanoradian to sub-milliradian
deflections in a GAMS6 type of configuration,17 (2) timing and
synchronization of a sufficient number of gamma rays for detection
with the implosion on femtosecond time scales, and (3) asymmetries,
which reduce the maximum field and resulting scattering angles. An
additional caveat is the upper limit of 60 MeV on the photon energy.
High-energy electrons are produced in the interaction and could
produce gamma rays by collisions with the incoming gamma rays or
by other processes. These gamma rays colliding with the incoming
gamma rays could produce electron–positron pairs, which would be
an additional factor requiring consideration. These aspects are be-
yond the scope of this paper and, along with the possibility of using
micro-bubble implosions as gamma-ray lenses, require further
investigation.
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