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Abstract. In this paper we discuss the possibility of vacuum birefringence detection via all-
optical, interferometric schemes. ELI-NP’s laser parameters are employed, hence the pump is
considered to be a 10 PW laser while the probe is a much weaker one (~ GW to TW). We assess
two collision geometries and deduce the ideal probe pulse duration. We then go on and discuss
the output signal of a balanced Mach-Zehnder interferometer and also propose two technically
feasible experimental setups.

1. Introduction

Alongside with light-by-light (LBL) scattering [1, 2] and unassisted vacuum pair creation [3],
vacuum birefringence (VB) [4, 5] is still an untested QED (quantum electrodynamics) prediction,
in spite of the decades-long effort [6] to detect it. These still-to-be tested phenomena belong to
what is usually called strong-field QED [7, 8].

First considered by Klein and Nigam [4], VB is usually discussed in terms of an effective
theory [5]. This allows the description of a propagating probe beam in a stronger field, called
pump [5, 7, 9]. The effective electromagnetic theory stemming from the Heisenberg-Euler (HE)
Lagrangian [10] is usually approximated at its lowest orders [11] and it is a non-linear one. Other
non-linear electrodynamics theories exist, the most prominent one being the one proposed by
Born and Infeld (BI) [12]. Remarkably, while predicting LBL scattering, the BI theory predicts
no VB.

VB measurement experiments are usually based on strong magnetic fields and optical cavities
(e. ¢g. PVLAS [6], BMV [13]). However, the last decade saw the emergence of a number
of PW-class laser facilities [14], such as QST [15], GIST [16] or ELI-NP [17, 18]. Thus,
unprecedented electromagnetic fields reaching intensities of 10 W/cm? became available.
This availability facilitated the appearance of the second category of vacuum birefringence
measurement proposals, namely the ones based on a PW-class laser pump. Experiments
employing a y-beam probe have been proposed (King & Heinzl [19], Bragin et al. [20], Nakamiya
& Homma [21]). The observable for this experiments is the polarization flip [22] of a high energy
probe photon in the intense laser field. They benefit from the high flip probability (~ 30 %
[21]), however accurate polarimetric detection of GeV gamma rays is an ongoing challenge [21].
Another large number of experimental proposals employ an X-ray probe and a PW-class beam
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[23, 24, 25, 26, 27]. This category of experiments is particularly appealing due to the availability
of high-precision X-ray polarimetry.

Early proposals for fully all-optical PW-laser based VB measurement were due to Luiten &
Petersen [28], where a cavity-based polarimetric scheme was advocated. Another category of
all-optical vacuum bireringence measurement schemes is one based on optical phenomena of a
disturbed quantum vacuum and where we can include vacuum diffraction [29], reflection [30]
and interference [31]. A Mach-Zehnder based proposal was introduced in reference [32] and
subsequently refined [33]. Based on this proposal, in this work we elaborate on the VB signal
feasibility for a MZI-based scheme by employing ELI-NP’s laser parameters.

This paper is structured as follows. In Section 2 we introduce the Lagrangian describing the
theory and deduce the VB for the laser pump-probe geometry we consider. In Section 3 we
estimate the expected QED-induced phase shift and find the needed conditions in order to be
detectable by interferometry. A detailed discussion of the MZI VB detection scheme is given in
Section 4. Finally, conclusions are drawn in Section 5.

2. From QED to vacuum birefringence, via the Heisenberg-Euler Lagrangian
2.1. From nonlinear Lagrangians to vacuum phenomena
Let us consider the non-linear Lagrangian [34]

f
Lnr = 5+ a1 F? + cG? (1)
where the two invariants of the electromagnetic field are F = ¢g (E2 —CQBQ) and G =

Veo/uoE - B. If one assumes ¢; = 4cy, the Lagrangian from equation (1) represents the
lowest order expansion of the Born-Infeld (BI) [12] theory. If we take the two coefficients
to be ¢ = Apg and co = TAgg, then equation (1) represents the lowest order nonlinear
expansion of the Heisenberg-Euler (HE) Lagrangian [10, 35], where we have the constant!
Apr = m ~ 1.65 x 10730 [m?’/ﬂ. In the following we will focus on the VB predicted

by the HE Lagrangian.

2.2. Vacuum birefringence for counter-propagating pump-probe laser beams

A linearly polarized probe field E, = E,& (B, = —B,3), with E,, B, > 0 propagating along
the negative z-axis (k, = —|kp|2) and in perpendicular electric and magnetic pump fields will
see the refraction indices [34, 36]

n, —1= 750AEK02B3 + 7€0AEKE3 + ldegAprcEo By (2)
n| — 1= 4€0AEKCQBg + 450AEKE8 + 8coAEKcEyBy

where in the “1” case we have Ey = —Eyy and By = By while in the “||” one Ey = EyZ and
By = Boy and Ey, By > 0. The Bg terms represents the Cotton-Mouton (CM) effect, the Eg
ones denote the so-called Kerr effect while the last ones the magneto-electric effect. In this work
we assume the pump field to be a counter-propagating (or nearly counter-propagating, to be
detailed later) laser field (Ef, = ¢Br) having E; = Er& in the “||” scenario and E; = —EL9,
in the “L” one (see Fig. 1). For simplicity, both the pump and the probe are assumed to be

! In the previous equations &g (o) represents the electric permittivity (magnetic permeability) of the vacuum,
¢ = 1/,/eopo is the speed of light in vacuum, e (m) denotes the charge (mass) of the electron, h (& = h/2m) is the
(reduced) Planck constant and the QED fine-structure constant is defined, as usual by a = €2 /4reohc ~ 1/137.
The Sauter-Schwinger critical field is given by Eg = m?c?/eh.
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Figure 1. The pump-probe collision Pump laser focus radius, wo [jum]
geometry.  Both (pump and probe)
are assume to be linearly polarized

monochromatic laser beams.

Figure 2. Expected refraction indices
versus the focused radius for the ELI-NP
10 PW laser. For parameters, see Tab. 1.

Table 1. Parameters of the considered lasers.

The considered  Rated power Pulse duration Pulse energy

laser Pr, [PW] 71 [fs] Er [J]
ELI-NP 10 PW 10 PW 25 250
ELI-BL 14 Aton 10 PW 150 1500

nearly monochromatic. The probe beam counter-propagating in strong laser field will see the
refraction indices [23, 33, 37|

ni =1+28e0ApxE? =1+ 56225, 3)
n| =1+ 16e0ApxE? =1+ 3282857,
implying a VB A W
An=mny —nj =242 ~26x107% x I, {2] (4)
C cm

where the intensity of the pump beam is? I, = EocE% /2.

For ELI-NP’s 10 PW laser (see Tab. 1) we have an estimated An ~ 10719 4. e. a refraction
index 13 orders of magnitude above the magnetic-only scenarios [6]. Noteworthy, ELI-Beamlines’
Aton laser is expected to yield the same VB signal. Further assuming the pump to be a Gaussian
beam having the focused waist radius wg and a duration 77, we have a maximum focused

intensity
Er
IL,mam = 3 (5)
TTLW
where &7, denotes the pump pulse energy. Combining the previous result with equations (3)
and (4) allows one to express both n / n| and An in respect with the pump waist radius. The

results are plotted in in Fig. 2.

2 We assume the pump field to be monochromatic, the intensity is thus connected to its “effective” value Er,/v/2,
hence the factor of 2 taken in our definition of Iy,.
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Figure 3. Expected QED-induced phase Figure 4. Expected QED-induced
shifts for ELI-NP’s 10 PW laser. Two  phase shifts for ELI-Beamlines’ 10 PW
probe wavelengths are considered, A\, = Aton laser. Two probe wavelengths are
800 nm and its SHG, A, = 400. considered, A\, = 800 nm and A, = 400.

3. VB signal measurement via classical and non-classical interferometry

3.1. From intense-field QED to interferometry

We now focus on the probe beam, assumed to have a wavelength \,, hence an angular frequency
wp = 2me/A,. While counter-propagating (with L and, respectively, || polarization wrt the pump
laser) through a pump-disturbed vacuum (over a length z;,; = ¢71) it accumulates the phases

Lo ®

and compared to a “true” vacuum propagation we have the phase shifts

So1 56 gy 7 &L
— oA TLL _ q6A oL 7
{590} WEKX{?’?}X A EKX{4}Xpr3 @

Plugging in ELI-NP’s 10 PW laser parameters leads us to the expected order of magnitude for

our signal,
8pged ~ {0y, 61} ~ 107° rad. (8)

Employing equation (7), we can plot the expected VB-induced phase shifts in respect with
the focused waist radius of the pump beam for ELI-NP’s 10 PW laser (see Fig. 3) as well as
ELI-Beamlines’ upcoming Aton laser (see Fig. 4). We do this for both the “baseband” probe
wavelength (A, = 800 nm) (red and magenta curves) and well as its SHG (second harmonic
generation), A, = 400 (blue and light blue curves).

3.2. Classical and non-classical phase shift interferometry

In the case of interferometric phase measurement, one of the most important parameters is the
average number of input photons, N. Assuming our probe beam to have a pulse duration 7 (to
be defined later), we have the relation

. & P,r
N="2 _227P (9)
hwp hwp
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where P, (£,) denotes the probe power (energy). For shot-noise limited (SNL) interferometry

[38], the phase sensitivity is lower bounded by Apsyy =1/ V/N. In order to detect a VB signal,
we need to impose

Nk ApsnL < 0Pged (10)
leading us to the required minimum number of probe photons N > 1/ (5g0qed)2 ~ 106, This limit
applies, for example, if one uses a laser probe beam (i. e. classical input or coherent light in
quantum optics (QO) parlance). From equation (9) we obtain the minimum shot-noise-limited
probe power,

_fewp (11)
(&Pqed)QTp

For ELI-NP’s 10 PW pump laser we obtain the range of minimum probe powers P, ~ [0.01, 5]
TW for wg < 5 pum in order to reach the target phase sensitivity. We will return to this subject
shortly. Quantum metrology, however, can provide a much more convenient scaling via the
so-called Heisenberg limit (HL), Apyy = 1/N [38, 39]. We need to impose this time

1

ﬁ = Appr < 590qed <12)

and this constraint leads us to a minimum of N > 1/(5g0QED ~ 10® probe photons and

P, >

P, > &’ZWT’;TP. While theoretically possible, this limit is completely out of reach given today’s
technology. In order to emphasize this, we can consider two quantum states of light known to
be able to reach the HL in an interferometric scheme. Consider first the so-called NOON states
[40]. After decades of evolution, the current record is still below N ~ 10%, thus a mere 6 orders
of magnitude below the requirements for this experiment. A more realistic state would be the
popular coherent plus squeezed vacuum input [41]. However, for a HL scaling we need equal
number of coherent and squeezed photons, in the order to ~ 0.5 x 10® . While for the former
there is no technical problem, the latter would imply a squeezing factor » = 9.5, which is totally
unrealistic with today’s technology (current record r = 1.15 [42]). To these problems one has to
add losses in a realistic scheme, their effect further degrading the quantum advantage [43].

However, one does not have to chase the elusive HL, achieving sub-SNL phase sensitivity
being sometimes sufficient in order to reach the goal, as eloquently proved by the LIGO and
Virgo collaborations [44]. For example, by employing a coherent plus squeezed vacuum input
state in the realistic high-coherent regime (Ja|? > sinh?r) results in the phase sensitivity

6—7"

Ap = ~

Vi VN

and for current squeezing factors (r < 2) we have Ay ~ 0.1/v N. Application of this input state
to the VB interferometric measurement is discussed in references [32, 33].

(13)

3.83. Two collision geometries
We now define the ideal probe pulse duration (7,), assumed to be adjustable. The actual factor
determining it is the exact collision geometry. Starting with the “at an angle” geometry (see
Fig. 5), the relevant probe duration is

Tp R T (14)

because in this scenario meaningful pump-probe overlap happens only over a distance z;,; = c7p.
For a fully counter-propagating geometry (see Fig. 6), we have an ideal pulse duration (see also

the discussion in reference [33])

b 2zp
et 1

: (15)

Ty ~
P &
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Figure 5. “At an angle” pump-probe
collision geometry. Details are given in
the main text.
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Figure 8. The minimum required probe
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for ELI-NP’s 10 PW laser. for ELI Beamlines’ 10 PW laser.

where the depth of focus (b = 2zg) and the Rayleigh length zp = w3 /A1, are defined as usual.
For ELI-NP’s laser parameters and assuming a depth of focus in the range wy € [2,5] pm we get
a range of ideal probe pulse durations 7, € [100, 700] fs.

We can now plot the minimum needed probe power versus the pump focus waist radius both
for ELI-NP’s 10 PW laser (see Fig. 7) and ELI-Beamlines’ Aton 10 PW laser (see Fig. 8). We
consider both “at an angle” and fully counter-propagating collision geometries as well as two
probe wavelength, namely A\, = 800 nm (red curves) and its SHG (second harmonic generation)
Ap =400 (blue and light blue curves).

Since ELI-NP’s pump pulse is rather short, the ideal probe duration from equation (15) is
Tp > 71, hence there is a noticeable difference between the “at an angle” and fully counter-
propagating collision scenarios. This assertion, however is no longer true for ELI-Beamlines’s
Aton laser (see Fig. 8). Indeed, plugging 77, = 150 fs into equation (15), for wy < 5 pum results
in 77, ~ 7p, it thus becomes irrelevant what collision geometry one chooses in this case.

4. Detailed discussion of a Mach-Zehnder interferometer-based proposal

A Mach-Zehnder-based all-optical VB experiment was proposed in reference [32]. The schematic
is depicted in Fig. 9. A counter-propagating laser creates a vacuum-disturbed region (gray blob)
where the counter-propagating probe beam will experience an extra phase shift (compared to
the upper arm), d@geq. Throughout this work we consider both beam splitters balanced (50/50)
and ignore internal as well as photo-detection losses.
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counter-propagating pump laser disturbs tion scheme (modelled via the operator
the vacuum around its focus (gray blob), f14). The QED-induced phase shift §pgeq
hence the probe beam experiences a is complemented by the user-introduced
slower propagation in the lower arm, phase shift ¢ whose role is to bring the
compared to the upper one. MZI to its working point.

4.1. MZI phase sensitivity with a single coherent input
We consider the interferometric scheme fed by a coherent input, we can thus write the input
state as [45]

W}m> = ’a100> (16)

and the average number of photons for our input state is given by N = |a|? [45]. We split
the internal phase shift into two components, the tiny QED-induced phase shift dpgeq and the
experimentally controllable ¢, so that ¢ = dpgeq + ¢ (see Fig. 10). As we will discuss shortly,
by adjusting ¢ to ¢.p we can put the MZI in its optimum working point (i. e. “sweet spot”).
The phase sensitivity of an MZI with classical input state has been discussed at length in the
literature [43, 45, 46, 47]. The optimum phase sensitivity one can expect is given by the so-called
quantum Cramér-Rao bound® (QCRB) and for our setup it found to be [48]

1
ApgcrB = ﬁ (17)

and one recognizes here the SNL. Given the input state we consider, a suitable detection scheme is
the so-called direct detection or single-mode intensity detection®. One finds the phase sensitivity

1
Ay = —=——
P9 N sin 2

with the optimum working point being obviously ¢,,; = 7. Ne note that and by imposing ¢
(recall that 0pgeq < 1) into equation (18) we reach the QCRB (17), our setup is thus optimal.

Since our detection is modelled by the photon number operator in output port 4 (denoted
n4), by employing standard QO methods (see e. g¢. [43, 46, 47, 49]), we get the average number
of photons at output port 4,

(18)

(fg) = cos? gN (19)

3 Bquation (17) should actually read Apocrp = \/%1\7 where N is the number of repeated measurements [48].
However, for simplicity, we consider A" = 1 in this work.
4 For a more detailed discussion about detection schemes in QO, the reader can consult references [43, 47, 49].
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and the variance of the same operator yields A%f, = cos? %]\7 . The working point is ¢opr = 7
and the QED induced phase shift obeys |d¢g4eq| < |¢|. One thus finds from equation (19) an
average number of photons in the output port 4 near the optimum working point given by
(fg) = (1 — cos 6p4eq) N /2 and applying a Taylor series® development we have

(s} = 3 (Gqea) . (20)

Using the same arguments, we get a similar result for the variance, A?ny = i(dgoqed)QN and as
a quick check, by applying the error propagation formula (see e. g. [43, 47]) we get

A2hy 1
Ap = = — 21
v )6<ﬁ4) VN (21)

dp

and this is indeed the QCRB from equation (17), confirming once again that our detection
scheme is optimal at its working point.

4.2. Realistic considerations with disturbances

In equation (20) we ignored the fact that in a realistic experiment small mis-alignments or
vibrations (coming from the optical components, the optical table, vacuum systems etc.) will
cause small offsets from the ideal working point. Let us denote ¢4 these unwanted signals, so
that we can write equation (19) as

1.
GabpqealN + ;63N (22)

[N

. 1 -
(N4) = 1 (0pged + a)° N ~

and in the last step we ignored the ((5<pqed)2 term. Two scenarios open here: i) we have ¢4 2 d¢@geq
and ii) ¢gq > dpgeq. In the scenario i), the output signal can be approximated to

1 i
<n4> ~ i(squed(bdN- (23)

We find a linear dependence on the desired signal i. e. (fi4) ~ d@geq, however in order to
determine (fn4) one needs to estimate ¢4 for each PW laser shot, too. One can propose a setup
that does not need to estimate ¢4, though. Indeed, for a probe beam linearly polarized at
45° relative to the pump beam, by employing a PBS separating the two output detectors (see
Figs. 11 and 12) ones measures the ratio

(at) e (24)
<ﬁ47“ > 462

and thus directly obtains the ratio of the coefficients from the Lagrangian (1). This contrasts
will all proposed polarimetric schemes where one measures a phase shift 6 ~ (4dco — ¢1) [24].
In scenario ii), one needs to compensate ¢4. This scenario will be addressed in a future work.

® From equation (19) we have (f4) = (1 +cosp) N/2 = (14 cos (§¢gea +m)) N/2 = (1 — cos §pgeq) N/2 and
the Taylor series expansion for cosine cos (0¢ged) = 1 — (0¢ged)?/2! + (3pgea)?/4! + .... Since the expected
0pged ~ 108 we have ((5<pqed)4 ~ 10732 and we totally disregard all terms beyond (6g0qed)2. Due to the smallness
of the neglected terms, we used the equal sign in equation (20) instead of the approximative one.
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4.83. Example implementations for the two collision geometries
Although several experimental setups can be proposed, we only illustrate two, in order to
highlight the collisions geometries described in Section 3.3.

Let us start the discussion with the “at an angle” collision geometry depicted in Fig. 5. An
example implementation is illustrated in Fig. 11. The probe beam polarization is set to 45°
(by the block denoted “Pol”). This will result in the possibility to simultaneously detect via
the polarizing beam splitter (PBS) the ratio of the Lagrangian’s coefficient from equation (24).
In this setup, one has the choice of using — or not — a SHG stage for the probe beam. The
advantage of frequency doubling the probe beam results in a higher phase shift (see Fig. 7) and
a much better filtering at the detection stage. The disadvantage lies in the conversion efficiency
of the SHG stage.

A feature of employing high-intensity 10 PW pump lasers is the availability of a phase signal
0Pged ~ 1078 rad. Another one is the possibility of collision geometry optimization for efficient
interaction and via an adapted probe pulse duration (see Fig. 6). Thus, the longer interaction
time with the pump pulse decreases the required peak probe power as done in the fully counter-
propagating geometry (see Fig. 7). However, in this scenario, the SHG stage for the probe
beam becomes compulsory. This brings us to the experimental setup from Fig. 12. The dichroic
mirrors (DM) separate the two frequencies and the detection stage is similar to the one discussed
previously. The disadvantages of this option originate mainly from the use of DMs in the MZI.
Indeed, they can create non-trivial phase shifts while the probe light passes though dielectric
coating.

Both setups are expected to suffer from the same parasitic signals including mechanical
vibrations and the effect of residual gas in the focus area [33]. Both the estimation and the
mitigation of these issues will be addressed at length in a future work.

5. Conclusion
In this paper we addressed the feasibility of an all-optical, vacuum birefringence experimental
setup driven by a 10 PW pump laser. Although the expected phase shift is rather small (~ 1078
rad), by using an interferometric scheme with a GW to TW probe laser, the QED-induced signal
should be detectable at the shot-noise limit.

While many technical challenges still lie ahead, the theoretical feasibility of this setup
motivates us to further explore all-optical, interferometric VB measurement schemes.
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