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In quantum electrodynamics, vacuum becomes a nonlinear optical medium: its optical index should be
modified in the presence of intense external electromagnetic fields. The DeLLight project (Deflection of Light
by Light) aims to observe this effect using intense focused femtosecond laser pulses delivered by LASERIX.
The principle is to measure with a Sagnac interferometer the deflection of a low-intensity focused pulse (probe)
crossing the vacuum index gradient induced by a high-intensity pulse (pump). A Sagnac interferometer working
with femtosecond laser pulses has been developed for the DeL.Light project. Compared to previous prototypes,
the interferometer now includes the focusing of the probe beam in the interaction area. In this article, we
measure and characterize the critical experimental parameters limiting the sensitivity of the interferometer,
namely, the extinction factor, the spatial resolution, and the waist at focus of the probe pulse. We discuss future

improvements.
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I. INTRODUCTION

The vacuum described by quantum electrodynamics
(QED) should behave as a nonlinear optical medium, akin to
all other optical media: the light velocity in vacuum should
be reduced when the vacuum is stressed by intense electro-
magnetic fields. In other words, the vacuum optical index is
expected to be increased when intense fields are applied to
vacuum. This was predicted initially by Euler and Heisenberg
[1], who derived an effective electromagnetic Lagrangian with
nonlinear terms induced by the coupling of the fields with
the electron-positron virtual pairs present in vacuum. This
was later reformulated by Schwinger in the QED framework,
showing that the Maxwell equations become nonlinear in the
presence of intense constant (or slowly varying) fields [2].
Experimental efforts to observe a direct manifestation of a
nonlinear optical effect in vacuum have mainly consisted in
testing vacuum magnetic birefringence in the presence of
an external magnetic field, with an expected change of the
vacuum optical index along the polarization of the applied
field [3—6]. However, no signal has yet been observed, and
the best sensitivity to date has been achieved by the PVLAS
experiment, which is searching for vacuum birefringence with
an external continuous magnetic field of 2.5 T. After 100 days
of collected data, the experiment reached a noise level (1o
confidence level) 7 times higher than the expected QED signal
[3].

The DeLLight experiment (Deflection of Light by Light)
seeks to measure optical nonlinearity in vacuum using the
ultra-high electric and magnetic fields contained in intense
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ultra-short (femtosecondes) laser pulses. The current ex-
perimental developments are being carried out using the
LASERIX facility (IJCLab, Université Paris-Saclay), which
delivers femtosecond laser pulses of energy up to 2.5 J per
pulse and a repetition rate of 10 Hz. The initial idea was pro-
posed in [7]. The experimental method and the calculation of
the experimental sensitivity were described in [8]. The sensi-
tivity depends upon three critical experimental parameters: the
extinction factor of the interferometer, the spatial resolution of
the measurement, and the probe beam size at focus inside the
interferometer. Results of a preliminary Sagnac interferome-
ter prototype with unfocused femtosecond laser pulses were
presented in [8].

In this paper, we present the results of the sensitivity
measurement obtained with the recent DeLLight pilot interfer-
ometer, including the focus of the probe beam and a reduction
of the phase noise. We first recall in Sec. II the experimental
principle of the DeLLight measurement and summarize the
expected sensitivity and the related critical parameters. We
then describe in Sec. III the pilot interferometer. The mea-
surements of the extinction factor and the spatial resolution
are presented in Secs. IV and V, respectively. The challenge
to reach a small waist at focus and the resulting optimization
of the parameters are discussed in Sec. VI. We then conclude
in Sec. VIIL.

II. EXPERIMENTAL METHOD

A. Interferometric measurement

The DeLLight interferometric method to measure the de-
flection of a probe laser pulse by an intense pump laser pulse
is as follows, and schematized in Fig. 1. A low-intensity laser

©2024 American Physical Society
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FIG. 1. Optical scheme of the DeLLight Sagnac interferome-
ter. The pump beam is in red. The probe and reference pulses
counterpropagating inside the interferometer are in dark blue. The
destructive interference is in light blue. The back-reflections on the
rear side of the beamsplitter, used for the beam-pointing suppression,
are given in the dashed line. See text for details.

pulse, of intensity ;, and duration At¢, is sent into a Sagnac
interferometer via a 50/50 beamsplitter BS, generating two
daughter pulses (referred to as probe and reference pulses)
that circulate in opposite directions around the interferome-
ter. Both pulses are focused in the interaction area via two
optical lenses, L-1 and L-2, inserted in the interferometer,
with a minimum waist at focus wy. The two counterpropa-
gating pulses are in opposite phase in the dark output of the
interferometer and interfere destructively. The beamsplitter is
never perfectly symmetric in reflection and transmission, and
the extinction of the interferometer is never total. Therefore,
a residual interference signal in the dark output, of intensity
Loy, 1s measured by a CCD camera. The degree of extinction
of the interferometer is characterized by the extinction factor
F, defined as F = I /Iin. The stronger the extinction is, the
lower the value of F is.

The intense pump pulse of energy Epump, and same dura-
tion At as the probe pulse, is now focused in the interaction
area with a minimum waist at focus W, in time coincidence
and counterpropagating with respect to the probe pulse. Its
nonlinear coupling with the probe generates in the vacuum
an optical index gradient dnggp proportional to the inten-
sity profile of the pump. As calculated in [9], the index
variation dnggp is maximal when the pump and the probe
are counterpropagating and becomes null when they are
copropagating. It is also shown in [9] that dnggp is maxi-
mal when the polarizations of the pump and the probe are
perpendicular, and is ‘71 smaller when the polarizations are
parallel.

The probe is then refracted by the index gradient dnggp,
while the reference pulse is not in time coincidence with the
pump and is therefore unaffected. The axis of the pump is

vertically shifted with respect to the axis of the probe, by a
distance b termed the impact parameter, so that the pertur-
bation of the probe is asymmetric and its mean deflection
angle 60qgp is nonzero. For Gaussian pulses, the deflection
is maximal when the impact parameter b is equal to b =
bopt = v WO2 + w(z) /2. After recollimation by the second lens,
the refracted probe pulse is vertically shifted with respect
to the unrefracted reference pulse by an average distance
8yqep = f X 80gep, where f is the focal length. The probe
is also delayed by the index gradient induced by the pump,
generating a phase delay signal §¥qgp.

When the deflected probe pulse interferes destructively
with the unperturbed reference pulse, the transverse intensity
profile of the interference signal in the dark output is vertically
shifted by a distance Ayqgp, which is amplified as compared
to the would-be direct signal dygep obtained when using a
standard pointing method. We will show in the following
that the amplification factor, defined as A = Ayqep/8YQED,
scales as F~!/2. In other words, the greater the extinction
is, the greater the amplified signal is. This amplification of
the deflection signal is the basis for the use of the Sagnac
interferometer.

B. Amplification factor of the deflection signal

Let us take a closer look at how the amplification factor
A depends upon the asymmetry of the beamsplitter and the
quality of the interferometer.

The intensity asymmetry of the beamsplitter is parameter-
ized by the small quantity éa, as

T =3(1+38a), R=3(1-3éa), (1)
where T and R are the transmission and reflection coefficients
in intensity of the beamsplitter. Moreover, the two counter-
propagating pulses interfering in the dark output are never
perfectly in opposite phase, either because of a possible resid-
ual constant phase induced by the beamsplitter itself, denoted
8¢, or because of a surface phase noise, denoted §¢s(x, y),
induced by the surface defects of the optics inside the inter-
ferometer and which depends upon the transverse coordinates
(x,y). We assume that the transversal dependence of éa and
8¢ 1is negligible, and both parameters can be considered
as uniform. We denote §¢(x, y) = 6¢o + d¢(x, y) the total
phase noise in the dark output.

In the absence of the pump (referred to as an OFF mea-
surement), the transverse intensity profile Iopp(x,y) of the
interference of the probe and reference pulses measured in the
dark output is given by [10]

Iore(x, y) = {(3a)* + [86(x, P} X ln(x, ), (2)

and the extinction factor F is thus equal to
F = a) + [3¢(x. ). 3)
When the pump is now active and interacts with the

probe (referred to as an ON measurement), the trans-
verse intensity profile Ion(x, y) of the interference is equal
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to [10]
Ton() = (8a) x 1, Ga=1 s
=(a) X Iyl y — —— x
oN(Y y 25a YQED
S 2
+ <8¢(y) + @)
2 3yQED
x [1—=(a) ] x Lin|y — > ) “4)
For a high extinction, da < 1 and Eq. (4) becomes
)
Ton(x, ¥) = (8a) 2k ( x, y + 22D
28a
8 2 8
. <8¢(x,y)+ l/f;)ED) I,-n(x,y— y(;ED)

(&)

In vacuum, the phase signal §¥qgp is extremely small and
8YoEp << 8¢. Moreover, when the contribution of the phase
noise is at first order negligible compared to the asymmetry
parameter (8¢)* < (8a)?, then Egs. (2), (3), and (5) become

Iorr(x, y) = (8a)* x Ly(x,y), (6)

)
Ion(x, y) = (8a)® x I (x, v+ ;‘;‘;") )
F = (8a)*. (®)

As a result, when the probe is deflected by its interaction
with the pump, the barycenter of the interference intensity
profile in the dark output is then vertically shifted by a
distance Aygep = dyqep/(28a). The vertical displacement
signal Ayggp is thus amplified as compared to the would-be
direct signal dyqgep when using a standard direct pointing
method. The amplification factor defined as A = Ay/dy is
then inversely proportional to ~/F:
1 1

A= 2%a " adE ©)]
For an extinction factor F = 4 x 10, as measured in our
current pilot interferometer (see Sec. IV), the displacement
signal is amplified by a factor |A| = 250.

C. Expected sensitivity
As calculated in [8], when b = by, and (§¢)* < (8a)?, the
expected QED signal Ayqgp (in pm) is equal to
Epump(J) X f(m)
3/2
[w2(pum) + W2(um)]”? x VF

Aygep(pm) = 9.0 x X Tiilt,

(10)

where r;; 1S a correction factor which takes into account
the tilt angle 6, between the probe and the pump beam in
the horizontal plane. Its value, calculated in [8], depends on
the time duration At (fwhm) of the pump and probe pulses and
is shown in Fig. 2, for a tilt angle 65, = 10° corresponding to
the realistic minimum angle taking into account mechanical
constraints. The dependence of the tilt angle on the expected
signal is presented in [8].
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FIG. 2. Correction factor r;, as a function of the duration At
(fwhm) of the pump and probe pulses, for two different values of the
tilt angle between the probe and the pump beam. The expected signal
is around 20% smaller with a pulse duration of 200 fs, compared with
30 fs.

With an energy Epymp = 2.5 J for the pump pulse (as
designed for the LASERIX laser), a waist at focus Wy =
wo =5 wm, and as justified later in this article, assuming
an optimal extinction factor F = 4 x 10~® (an amplification
factor A = 250), a focal length f = 250 mm, a tilt angle
O = 10°, and an optimal pulse duration Ar = 180 fs for both
the pump and the probe pulses, the expected deflection signal
is then Aygep = 6 pm. It corresponds to a deflection angle
80gep = 0.13 prad. The signal is measured by alternating
measurements with positive +bg,; and negative —bg, im-
pact parameters of the pump beam (Up-Down measurements),
corresponding to a measured signal Ay(up — down) = 2 x
Aygep = 12 pm. With a spatial resolution of the CCD readout
of 0, = 15 nm (corresponding to the shot noise of commercial
CCD cameras, as measured in Sec. V), and with the 10 Hz
repetition rate of LASERIX (corresponding to 5 Hz Up-Down
measurement frequency), the expected sensitivity (1o confi-
dence level) to measure the QED signal could be reached after
about 4 days of collected data.

So regardless of the features of the laser that delivers the
pump pulses, the capacity to observe a signal depends upon
three critical parameters of the interferometer: the extinction
factor F, the spatial resolution oy, and the pump and probe
beam sizes at focus wy, with the following goal values: F =
4 x 1079, oy, = 15 nm, and wy = 5 um.

III. DESCRIPTION OF THE DELLIGHT PILOT
INTERFEROMETER

A Sagnac interferometer, called a pilot interferometer, was
developed in order to measure and characterize the three
critical experimental parameters: the extinction factor of the
interferometer, the spatial resolution of the interference sig-
nal measurement, and the probe beam size at focus inside
the interferometer. A simplified scheme of the DeLLight
pilot interferometer setup is given in Fig. 1. The Sagnac
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FIG. 3. (a), (b) CCD images recorded in the dark output of the DeLLight interferometer at maximal extinction, with a spectral filter
and without spatial filter (the white dotted area corresponds to the Region of Interest (Rol) of the expected interference signal): (a) raw
intensity profile; (b) same image with saturated back-reflections in order to visualize the residual intensity pattern of the interference signal;
(c) distribution of the extinction factor in the Rol shown in the left panel.

interferometer is in a right-angled isosceles triangle config-
uration, composed of a beamsplitter BS, two mirrors M-1 and
M-2, and two lenses L-1 and L-2 to focus the pulses in the
interaction area.

Before entering the interferometer, the transverse waist of
the incident beam is set to w >~ 1 mm by an afocal telescope
composed of two lenses and a pinhole at focus, which acts as
a spatial filter in order to obtain a nearly Gaussian transverse
intensity profile. For the measurements presented in this arti-
cle, the duration of the laser pulses is about 70 fs. The central
wavelength is about 815 nm with a bandwidth of about 40 nm.
The energy of the incident beam may vary from to 2 to 20 uJ
per pulse, with a repetition rate of 10 Hz. The p polarization
of the incident beam is precisely adjusted just before entering
the Sagnac interferometer, by using a motorized half-wave
plate rotation stage. This polarization adjustment is done in
order to maximize the extinction in the dark output of the
interferometer.

The beam is then split in two by the 50/50 femtosecond
p-pol beamsplitter BS (Semrock FSO01-BSTiS-5050P-25.5):
the transmitted pulse corresponds to the reference (Ref), and
the reflected pulse corresponds to the probe (Probe). The in-
terferometer is formed by the beamsplitter (BS), two dielectric
mirrors positioned at a 22.5 incident angle (M-1 and M-2),
and two best form spherical lenses (L-1 and L-2) of focal
length 100 mm (Thorlabs LBF254-100-B), which focus both
Probe and Ref in the interaction area. The transverse intensity
profile measured at focus is Gaussian with a minimum waist
wo =~ 25 um. The beamsplitter BS, the mirror M-2, and the
lens L-2 of the interferometer are controlled by static piezo-
electric adjusters with nanometric accuracy. The thickness of
the beamsplitter is 3 mm. An antireflective coating has been
deposited on the rear side of the beamsplitter. The high reflec-
tive coating (R = 99.99%) of M-1 and M-2 was produced by
the Laboratoire des Matériaux Avancés (LMA, IP2I-Lyon).

The interference signal of the Probe and Ref is read in the
dark output of the interferometer by a CCD camera (Basler
acA3088-16gm, pixel size 5.84 x 5.84 um?), which is in-
stalled outside the vacuum chamber. A spatial filter is placed
in the dark output in front of the CCD in order to suppress the

interference phase noise induced by diffusion on the surface
defects of the optics inside the interferometer. The spatial
filter consists of a focusing best form optical lens L-3 of focal
length f = 200 mm and a pinhole PH of diameter 200 um at
focus. The CCD camera is placed at exactly 2f so as to have
a magnification of 1. An interferential multi-layer dielectric
spectral filter SF of spectral width AA = 3 nm, centered at
808 nm, is optionally installed in the dark output before the
spatial filter. By rotating the incident angle of the spectral
filter, we can select the wavelength from 808 down to 800 nm
to optimize the extinction factor in the dark output.

IV. EXTINCTION IN THE DARK OUTPUT
OF THE INTERFEROMETER

A. Measurement of the extinction factor

A typical transverse intensity profile of the interference
signal, recorded by the CCD camera in the dark output of
the interferometer after optimization of the extinction factor,
is presented in Fig. 3. The incident energy of the laser pulses
entering the interferometer is about 20 wJ. This image has been
recorded with the spectral filter placed in the dark output of the
interferometer. However, no spatial filter is installed here. Two
spots, with approximately equal intensities Ixg, are clearly
observed on opposite lateral sides of the central destructive in-
terference signal. As detailed in Appendix B of Ref. [10], and
as illustrated in dashed lines in Fig. 3, one spot corresponds
to the direct image of the incident intensity after a single
reflection on the rear side of the beamsplitter, while the second
spot is a superposition of four distinct reflected waves. The
intensity of the direct reflection is Iar = Rar/2 X In, where
Rar is the reflectivity coefficient (in intensity) of the antire-
flective coating deposited on the rear side of the beamsplitter.
It has been measured with a photodiode and a set of calibrated
neutral densities, and its value is Rag = (1.1 £0.1) x 1073,

The interference signal is located in the central part,
delimited by the dotted white square in Fig. 3. The resid-
ual phase noise of the interference signal is shown in the
lower left image of Fig. 3 by increasing the sensitivity scale
of the display. Two types of phase noise pattern can be
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FIG. 4. Same as Fig. 3 but with both a spatial filter and a spectral filter in the dark output of the interferometer.

distinguished for the interference signal: interference rings
with large transverse size and hot spots in the central area of
the expected intensity signal. The diffraction rings correspond
to a surface defect (flatness) on the mirrors at large scale
(low spatial frequency), compatible with the surface flatness
specifications of A/10. The hot spots in the central area corre-
spond to small surface defects due to roughness (high spatial
frequency).

The extinction factor F of the interferometer is then calcu-
lated by measuring the intensity of the interference signal I,y
relative to the intensity g, of the direct back-reflection on
the rear side of the beamsplitter:

Lo _ Rar

= X

1)

The extinction factor is plotted in the right panel of Fig. 3
for each pixel (i, j) in the delimited square region of interest
(represented by the dashed white square), where one can ob-
serve the hot spots of the phase noise pattern ¢ (x, y). The
extinction factor measured in the central area is about F =~
4 x 107>, From Eq. (3), it corresponds to a difference of phase
which is at maximal 6¢p < 6 mrad (i.e., when da < 6¢), and is
equivalent to a difference in the optical path lengths lower than
8l <8¢ x Ao/(2mr) =8 A. Such value is within the tolerance
of the surface quality of the lenses and the beamsplitter used
here.

The extinction is then measured by adding the spatial filter
in the dark output in front of the CCD camera. The recorded
image of the extinction with the spatial filter is presented
in Fig. 4. The phase noise pattern induced by the diffusion
is now well suppressed by the spatial filter. The extinction
factor measured in the central area is now F =3 x 107°,
The extinction is limited by the beamsplitter asymmetry
sa=1.7x1073.

In order to measure the influence of the broadband spec-
trum of the laser, the extinction is then measured without
spectral filter, i.e., with the full wavelength spectrum of the
laser pulse. The spectral filter is replaced by a set of neutral
densities which are placed in front of the CCD camera, in
order to match the intensity attenuation provided by the spec-
tral filter. The spatial filter is kept installed in front of the CCD

camera. The result is presented in Fig. 5. The interference
signal is now clearly observed, with a limited extinction factor
F ~ 6 x 1073 which corresponds to an average beamsplitter
asymmetry §a = 8 x 1073,

B. Development of new beamsplitters

The goal value of the extinction factor F = 4 x 107 has
been successfully achieved due to the insertion of a spatial
filter. However, it has been measured with only a part of
the spectrum. A new beamsplitter with a dielectric coating
ensuring the goal extinction factor over the full spectrum is
therefore required. Moreover, high photon statistics in the
interference signal in the dark output is needed to reach a good
spatial resolution (see Sec. V) while maintaining the high
extinction factor. To do this, the intensity of the incident pulses
entering the interferometer must be increased. However, the
intensity of the back-reflections would then saturate the CCD
camera. Additionally, the tail of the back-reflection intensity
distributions would pollute the interference signal.

The development of a new beamsplitter with a larger
thickness (in order to increase the distance between the inter-
ference signal and the back reflections), and which includes
a dedicated antireflective coating with lower back reflectiv-
ity coefficient, is underway at the Laboratoire des Matériaux
Avancés (LMA, IP2I Lyon, IN2P3). A first beamsplitter pro-
totype (6.35 mm thickness) has been produced using an ion
beam sputtering (IBS) technique, and we have measured over
the full spectrum an excellent reflectivity coefficient of the an-
tireflective coating Rar = 1072, but a limited extinction factor
F = 10~*. A beamsplitter with a lower extinction factor is in
development.

C. Limitations of the extinction factor

The optical Kerr effect inside the fused silica substrate of
the beamsplitter may limit the extinction factor of the interfer-
ometer. Indeed, the intensities of the probe (reflected) pulse
I, and the reference (transmitted) pulse /; are different when
they first pass through the beamsplitter, due to the beamsplitter
asymmetry da and to the fact that the probe pulse first reflects
on the beamsplitter and the two mirrors and passes through the
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FIG. 5. Same as Fig. 3 with a spatial filter and no spectral filter in the dark output of the interferometer.

two lenses before passing through the beamsplitter.! Noting
R, =1 — T, the reflectivity coefficient of the mirrors and
Rar 1 the reflectivity coefficient of the antireflective coating
of the lenses as well as [, the intensity of the incident pulse,
we have

Iin
I = > X (1 4 da),

Iin

L=2
2

X (Ry)* x (1 = Rar.2)* x (1 — 8a)

Iin
~ > x (1 =2T,,) X (1 =2Rar,1) X (1 —8a). (12)
The difference of intensity 5/ between the probe and reference
pulses when passing for the first time through the beamsplitter
is then

SI =1 — I, ~ Iy x (8a+ T, + Rar.1)- (13)

In the pilot interferometer, 7,, ~ 10~* « 8a and with an ap-
propriate antireflective coating on the lenses, we can also
neglect Rar; < da. Equation (13) becomes simply 6/ =~
Iin x 8a. This difference of intensity 8/ generates a relative
difference of the optical index in the beamsplitter §n induced
by the optical Kerr effect in the silica substrate, such as

én >~ I, X 8a X ny, (14)

where 1, ~ 3 x 1076 cm?/W is the Kerr index in fused sil-
ica. This produces a phase shift §®k between the probe and
the reference pulses in the dark output, equal to

2 e
SdDK:TZxan:TxnszmxSa,

15)
where A is the wavelength of the laser, z is the traveled dis-
tance by the beam in the beamsplitter, and e the thickness of
the beamsplitter (z = 1.15 x e ~ e for an incident angle of
45°). This extra phase limits the extinction factor given now

'The Kerr effect is negligible in the second transmission of the
beamsplitter since the two pulses interfere destructively. Therefore
the intensity is strongly reduced.

by
Fx = (8a)* + (8Pk)?

2e x ny\°
=.7-'x|:1+(TZ> xliij|,

where F = (8a)? is the extinction factor only limited by the
beamsplitter asymmetry §a.

In order to validate this formula, the extinction factor
has been measured as a function of the increasing incident
intensity of the pulse I;,, using the beamsplitter prototype
mentioned above with a thickness e = 6.35 mm, and with the
spatial filter and the spectral filter in the dark output of the
interferometer. The measurements are presented in Fig. 6 and
show that Eq. (16) is in good agreement with the data.

(16)

—— ny;=2x10"1% cm?/W, At=75fs
e Data

K18
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FIG. 6. Extinction factor F as a function of the intensity [, of the
incident pulse entering the interferometer. The extinction factor has
been normalized to 1 for the lowest intensity value. Measurements
have been performed with a beamsplitter of thickness e = 6.35 mm,
a incident beam size w = 1 mm, and a pulse duration Ar =~ 70 fs.
Data (red dots) are in good agreement with the expected value (blue
curve) calculated using Eq. (16) with n, =2 x 1071 cm?/W and
At =75 fs.
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FIG. 7. CCD images of the intensity profiles of the interference
signal and the back-reflections in the dark output of the interferome-
ter. (a) Intensity profiles at maximal extinction (interference signal in
the white dotted area), with Fp.x 22 3 x 1076, (b) Intensity profiles
with a degraded extinction Fz >~ 5 x 107

From this study, we define an upper limit on the intensity
of the incident pulse in order to maintain an extinction factor
only limited by the beamsplitter asymmetry da. For that, we
require §®x < da, which gives

A

Iin\—
27T X ny

X l . (17
e
We note that the upper limit on the intensity is independent of
the extinction factor.
Conversely, for a given intensity, the thickness is inversely
proportional to that intensity and we obtain an upper limit of
the thickness of the beamsplitter:

A

egemaxzznxn
2

1
X —. (18)
Iin
Both conclusions will be used for the optimization of the
parameters in Sec. VI.

D. Reduction of the interferometer extinction

With the current available beamsplitter, the presence of the
back-reflections means we have to reduce the extinction of the
interferometer in order to obtain an interference intensity of
the same order as the back-reflection intensities, correspond-
ing to an extinction factor F =5 x 107*. A typical CCD
image recorded in the dark output with a degraded extinction
is shown in the lower panel of Fig. 7.

Two different methods were used to degrade the extinction
leading to two different configurations of the interferometer
with either a low- or a high-amplification factor A.

1. Low-amplification configuration

In the first configuration, the polarization of the incident
laser pulse is slightly rotated by a small angle 8 with a half-
wave plate placed on the probe path, just before entering the
interferometer. The electric field Em of the incident pulse can

be split into two orthogonal p and s polarization components:
Ein = Einp + Ein,s with |Eqy p| = |Ein| x cos(8) and |Ey 5| =
|Ein| x sin(B). The degraded extinction becomes dominated
by the s component of the beam, due to a large value of
the asymmetry coefficient da; of the beamsplitter for the s
polarization, with an extinction factor Fg =~ (8ay)? x sin®(B).
The da; coefficient has been calculated by measuring the
transmission and reflection coefficients in intensity 7" and R of
the beamsplitter with a pure s polarized incident beam: T =
77.5% and R = 22.5%, which corresponds to da; = 0.55.
Rotating the polarization of the incident beam by an angle
B =40 mrad leads to the desired reduced extinction factor
Frot =5 x 107*. In this configuration, the interference inten-
sity in the dark output is dominated by the s component of the
incident beam, and the amplification factor given in Eq. (4) is
strongly reduced, such as A = (1 — 8a,)/(28a,) >~ 1/2.

2. High-amplification configuration

In the second configuration, the polarization of the incident
beam is now unmodified and maintained purely p. The beam-
splitter of the interferometer is rotated by 1° in the horizontal
plane, changing the incident angle of the laser pulse from
45° to 46°. At this incident angle, the measured transmission
and reflection coefficients are R = 51% and T = 49%, cor-
responding to the asymmetry coefficient da, = 0.02, and an
extinction factor Fx = (8a,,)2 =4 x 10~*.In contrast to the
previous configuration, we now have a higher amplification
factor A = (1 — 8ap)/(28a,) ~ 1/(28a,) =~ 24.

V. SPATIAL RESOLUTION

The spatial resolution for the measurement of the barycen-
ter of the intensity profile of the interference signal is limited
by three components: the beam-pointing fluctuations (which
are suppressed by the monitoring of the back-reflections), the
phase noise generated by the mechanical vibrations of the
interferometer, and finally the inherent shot noise of the CCD
camera. These three issues are studied in this section.

A. The shot noise limit

The intrinsic shot noise (or quantum noise) is related to
the statistical fluctuations of the average number of photoelec-
trons N, detected by the CCD camera. As detailed in [8],
the spatial resolution limited by the CCD camera shot noise
is independent of the beam width and scales as dpix/+/Ne,
where dix is the side length of the pixels and N, is the
full well capacity of the CCD camera, which corresponds to
the maximum number of detected photo-electrons per pixel
before saturation.

A dedicated test bench has been developed to measure
the shot noise of CCD cameras and to measure the ultimate
spatial resolution which can be achieved. It uses a continuous
laser diode beam with a Gaussian transverse intensity profile
shaped by a spatial filter. The beam is split into two secondary
beams which are sent to the CCD camera. The second beam
is used to correct the beam-pointing fluctuations and the low-
frequency drifts. The measurement of the spatial resolution
takes into account both the corrections of beam-pointing fluc-
tuations and the ON-OFF subtraction procedure defined in
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FIG. 8. Spatial resolution oy, as a function of the intensity of
the pulses I,.x, given in adu content of the pixel at maximum of
the intensity profile, measured with the Basler CCD camera model
acA4024-29um. The red points correspond to the measured values
from data. The cyan points correspond to the expected shot noise
values calculated by Monte Carlo simulations. The fitted cyan line
corresponds to the expected variation of the shot noise as a function
of the square root of the number of detected photo-electrons.

Sec. V B. The measured value is therefore directly related to
the DeLLight spatial resolution o,. Details of the test bench
and the measurement method are given in [11].

Figure 8 shows the measured spatial resolution o, as a
function of the beam intensity. Measurements have been per-
formed with the best selected commercial Basler CCD camera
which minimizes the ratio dpix/+/N, (model acA4024-29um
with pixel size dpixel = 1.8um and N, = 1.1 x 10* electrons
per pixel). The measured spatial resolution is in good agree-
ment with the expected shot noise seen in Monte Carlo
simulations. When the number of photo-electrons recorded in
the pixel at maximum of the intensity profile is equal to 3/4
of the full well capacity (typical condition for the DeLLight
measurements), we measure a spatial resolution o, = 13 nm.
It is very close to the goal value of 10 nm for the DeLLight
project. For the Basler CCD used in the current pilot (model
acA1920-40gm with pixel size dpixe) = 5.86 um and N, =
3.2 x 10* electrons per pixel), the measured spatial resolution
is oy, = 30 nm, again in agreement with the expected Monte
Carlo shot noise.

1. Requested energy of the incident pulse

When limited by the shot noise of the CCD camera, the
spatial resolution oy is then proportional to the transverse
beam size w and inversely proportional to the square root
of the number of detected photons N, on the camera: o,
w/ \/NT, . Noting Ej, the energy of the incident pulse entering
the interferometer, QF the quantum efficiency of the CCD
camera, and SA the detected bandwidth of the full bandwidth
of the pulse AA, we have

SA
N, E, xAx F E x —. 19
y X X A X F x QF x AR (19)

and the spatial resolution o, limited by the shot noise is then
proportional to
w? 1 AM
2

O‘yO(—

X ——————— X —. (20)
E; FXQE x X S

For the current pilot interferometer, we have o, = 30 nm with
En>~2u,w=1mm, F=5x10"% QF ~0.15, A = 800
nm, A >~ 3 nm, and AL >~ 30 nm. We obtain a condition on
the surface energy density in order to reach the shot noise
limit:

Ei, 1 1 1 1 Ax
—2=4.7><10 X — X = X == X = X ——.

w oy F  QE A A

Thus, with the goal parameters F = 1073, QF = 0.8, and
81 = AM (no spectral filter) with A = 800 nm, we need an
incident surface energy Ei,/w? ~ 25 uJ/mm? entering the
Sagnac interferometer to reach the shot noise spatial resolu-
tion o, = 10 nm in the dark output.

21

B. Suppression of the beam-pointing fluctuations

In the presented measurements, no system of laser beam
stabilization is used, and significant beam-pointing fluctua-
tions are present, leading to fluctuations of the transverse
position of the intensity profile in the dark output of the
interferometer. However, an important feature of the Sagnac
interferometer is that the extinction factor in the dark out-
put does not change in the presence of small beam-pointing
fluctuations. Fluctuations of the beam-pointing produce only
a simple translation of the intensity profile on the CCD
camera, which can be measured and suppressed by moni-
toring the position of the interference intensity profile with
respect to the back-reflections from the rear side of the
beamsplitter.

Here we recall the method, which is similar to the one
applied with former prototypes without focusing the beams
[8]. Data of successive odd (2i + 1) and even (2i) laser shots
are arbitrarily separated into OFF and ON data in order to
define an “ON-OFF” measurement i (but without pump) using
two successive laser shots, at a 5 Hz repetition rate. The
barycenters of the intensity profiles of the interference sig-
nal s, and the back-reflection y..¢ are calculated along the
vertical axis, using a square analysis window (or Region of
Interest, Rol) of size wger. As explained in Sec. V C, the
presence of the phase noise in the interference signal requires
us to reduce the Rol size in order to minimize the phase noise.
However, the reduction of the Rol-size tends to decrease the
capacity to measure the real displacement of the barycen-
ter. We define the efficiency e;(wgror) of measuring the Ay
signal as €;(Wror) = AYmes(Wror)/Ay. In the following, we
use Wrel = Wy,y/2, where wy , is the width (FWHM) of the
transverse intensity profile, and €, = 0.12.

The beam-pointing fluctuations are suppressed for each
ON and OFF measurement using the correlation of the
barycenters of the signal ¥, and the back-reflection ¥.r. One
obtains the corrected positions:

Yg}f = iggF - (aOFF X ?ﬁfF + bOFF),
Fom = Fon — (aorr x 3% + borr). 22)
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FIG. 9. Measurement of the spatial resolution obtained with 4000 successive laser shots at 10 Hz. (a) Distribution of the barycenters in
intensity of the interference signal as a function of the ON-OFF measurement i (with wgo = w/2). Upper plot: Raw barycenter position for

the OFF data 50" (i) without any pointing correction. Middle plot: ON-OFF subtraction of the raw barycenter positions 733 (i) — 33,

O

Lower plot: corrected signal Ay(i), after beam-pointing correction. The achieved spatial resolution is o, (wrer = w/2) = 32.5 £ 0.7 nm and
the average signal is Ay = (Ay(i)) = 890 % 730 pm, which is compatible with the expected zero value. (b) Corresponding frequency spectra.

where aopr and bopr are obtained by fitting the linear correla-
tion, using only the OFF measurements. The signal Ay(i) of
the “ON-OFF” measurement i is

Ay(i) = 7ON(2i + 1) — 75T (2i).

Yeorr Yeorr (23 )
We present here the measurement of the spatial resolution,
obtained with 4000 successive laser shots (corresponding to
almost 7 minutes of measurement at a 10 Hz repetition rate),
collected with the pilot interferometer with degraded extinc-
tion in the low-amplification configuration. The distribution
of the raw barycenter position of the interference signal for
the OFF data, yggFFQi), is presented in Fig. 9 as a function of
the “ON-OFF” measurement number i. Beam-pointing fluc-
tuations are clearly observed with a poor spatial resolution of
about 1.6 um (rms). The corresponding frequency spectrum
shows a typical 1/f drift noise at low frequency and a har-
monic peak at 2.4 Hz. The “ON-OFF” subtraction (at 5 Hz) of
the raw barycenter positions yor (2i + 1) — Qi (2i) acts as
a lock-in measurement, suppressing the low-frequency noise.
However, the beam-pointing fluctuations are still large with a
poor spatial resolution of about 300 nm. Finally, the distribu-
tion of the signal Ay(i), after correction of the beam-pointing
fluctuations according to Egs. (22), exhibits an excellent spa-
tial resolution oy = 32.5 4+ 0.7 nm, which is in agreement
with the CCD shot noise limit as measured with a dedicated
test bench and detailed in Sec. V A. The average value over
2000 ON-OFF measurements is Ay = (Ay(i)) = 890 &+ 730
pm, which is compatible with the expected zero value, with
subnanometer accuracy. The frequency spectrum is flat, as
expected for the stochastic shot noise of the CCD camera.

C. Interferometric noise induced by mechanical vibrations

The presence of mechanical vibrations may degrade and
limit the spatial resolution. For a Sagnac interferometer, the
interference signal is unaffected by any translation of the
beamsplitter or mirrors. However, a rotation of the mirrors or
the beamsplitter (or a lateral shift of the optical lenses) by
an angle §6y0ic along the y axis, generates a relative lateral
displacement §yy,se in the dark output of the interferometer of
the probe and the reference, and by geometric considerations,
we have

8yn0ise =2x Lopt X 80noise (24)

where Loy is the effective optical path length between the
beamsplitter and the closest optical lens. We have Loy ~
35 cm in the experimental setup.” The rotation of the mirror
also produces a rotation of the wavefronts of the two coun-
terpropagating pulses in the dark output, with a relative angle
equal to 2 X §6yise- It produces a phase noise 6 P ;5 (y) Which
is a function of the vertical coordinate y:

4
(Sq)noise(y) = )\_T[ X 60noise X y+ 8@0, (25)

0
where X is the central wavelength of the laser. Finally, us-
ing Egs. (4), (24), and (25), the intensity profile in the dark
output for the measurement i, in the presence of mechanical

2Since the distance 2 f between the two lenses is of the same order
as Loy, we can assimilate a lateral displacement of the lens into an
effective rotation of a mirror.
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FIG. 10. Spatial resolution o, as a function of the Rol-size wgo
(in FWHM unit) with the low-amplification configuration. (Red)
Data. (Blue) Monte Carlo simulation with an angular mechanical
vibration oy = 50 nrad. (Green) Shot noise of the CCD camera (5.86
um) measured on a dedicated test bench.

vibration, is given by

1—46a

Low,i(y) = (Ba)2 X I (y + X Lopt X 89n0ise,i>
+ (477 86hoise, i
Ao

X Iin(y - Lopl 56noise,i)~ (26)

Since the rotation angle &6, fluctuates between suc-
cessive laser shots, the spatial barycenter of Iopp(y) also
fluctuates, and the spatial resolution is degraded. In the
low-amplification configuration, the amplification factor is
A= (1 —6a,)/(28as) ~ 0.4 and the barycenter fluctuations
are strongly sensitive to the fluctuations of the phase noise
8 ®Ppoise(y). Conversely, in the high-amplification configu-
ration, the amplification factor is A = (1 — 8ap)/(28a,) ~
1/(28a,) ~ 25 and the barycenter fluctuations are dom-
inated by the fluctuations of the amplified displacement
O ¥noise/(28ap).

In order to estimate the mechanical vibration 86,4, We
measure the variation of the spatial resolution o, of the inter-
ference intensity profile, as a function of the Rol size wgor.
The measurements obtained in the low-amplification config-
uration are presented in Fig. 10. In the same figure is also
plotted the shot noise resolution measured with the dedicated
test bench, as described in Sec, V A. The spatial resolution oy
is equal to the shot noise limit for a Rol size wrer < wy /2,
where w,, is the beam width (FWHM) of the transverse
intensity profile. However, for larger Rol sizes, we observe
a degradation of the spatial resolution. This degradation is in
good agreement with the expected spatial resolution calcu-
lated by Monte Carlo simulation, where we have simulated
mechanical vibrations of a mirror with angular gaussian fluc-
tuations 86,isc = 50 nrad (r.m.s.). The same measurements
obtained in the high-amplification configuration are presented

2
Xy+8<l>o) x (1 —8a*)

High Amplification
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FIG. 11. Same as Fig. 10 but in the high-amplification configura-
tion and an angular mechanical vibration oy = 70 nrad for the Monte
Carlo simulation.

in Fig. 11. As expected, the fluctuations are now amplified and
the spatial resolution is strongly degraded, even for small Rol
sizes. We verify that the measurements are still in good agree-
ment with the expected spatial resolution calculated by Monte
Carlo simulation, with rotational vibrations on the mirrors
with angular Gaussian fluctuations 86,0ie = 70 nrad (r.m.s.).
The measured mechanical vibrations are due to the fact that
the current interferometer optical board is not isolated from
external vibrations. A new setup with an improved vibration
isolation is under development. In order to reach the shot
noise resolution, while using a large Rol size (for instance,
Wror = 1.5 x w, ,, corresponding to an efficiency €, = 70%),
the requested angular fluctuations must be of the order of
oy ~ 1 nrad, i.e., a reduction of the vibrations by a factor of
approximately 100.

We are also developing a method of high-frequency phase
noise suppression. The principle is to split the incident pulse
before entering the interferometer into two identical pulses,
one being delayed by about 10 ns. We then have two pulses
passing through the interferometer, a prompt and a delay
pulse. A Pockels cell set in the dark output allows us to record
the two pulses spatially separated but simultaneously on the
same CCD. At such a high frequency (100 MHz), the phase
noise induced by the vibrations is identical for the prompt
and the delay pulse. The delay pulse is then used to monitor
the phase noise, which is suppressed off-line. This is similar
to the monitoring and suppression of the beam-pointing fluc-
tuations using the back-reflections from the rear side of the
beamsplitter.

VI. FOCUSING THE PROBE BEAM:
OPTIMIZATION OF THE PARAMETERS

Ensuring a small probe waist at focus, wy, is one of the
most critical challenges facing the DeLLight experiment. For
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a Gaussian beam, the waist at focus is given by

onf
T rxw’

wo (27)

where w is the waist of the incident collimated probe beam
before focus and f is the focal length. With the current
interferometer, we have w = 1 mm and f = 100 mm, and
the minimum waist measured at focus is wy ~ 25 um. The
goal value to reach the expected sensitivity of the DeLLight
experiment is wy = 5 um. A smaller focal length is usually
used to reduce the waist at focus, but the DeLLight signal is
itself directly proportional to the focal length [see Eq. (10)].
Moreover, f also needs to be long enough to guarantee suffi-
cient space for the pump beam to pass through.

Therefore, reaching the requested small waist at focus
while keeping a large focal length requires to work with
a large incident waist w for the incident collimated beam
entering the Sagnac interferometer. This requires a large
beamsplitter thickness e, typically e =2 x w, in order to
separate sufficiently the residual back-reflections from the
interference signal in the dark output of the interferometer.
However, we have seen in Sec. IV C, Eq. (17), that the thick-
ness of the beamsplitter is limited by the nonlinear Kerr effect
inside the beamsplitter substrate. Writing the intensity of the
incident pulse I, as Iy, = Ei,/ (Qw?At), and by replacing e =
2 x w, Eq. (18) can be written as an upper limit on the waist
of the collimated probe beam:

Ax At (En\"'
w< —x|—) , (28)
27 X np w?
which can be also written as an upper limit on the incident
surface energy density entering in the interferometer:

E; A X At
<

—_ < 29
w? 2w XmXw (29)

Moreover, in Sec. V A, Eq. (21), we have calculated the re-
quested surface energy density Ej,/w? in order to reach the
shot noise limit o,. By setting QF = 0.8 and 6A = A (no
spectral filter), Eq. (21) becomes

E; 1

L =59x1070x ——— . 30
w? x x F x oyz X A (30)

So we have conflicting constraints:

(i) We need a high extinction (i.e., a low extinction factor
F) in order to achieve a high-amplification factor.

(i) But we need a high intensity of the interference signal
in the dark output to reach the shot noise spatial resolution.
This is achieved by entering high incident intensity inside the
interferometer, given by Eq. (30).

(iii) However, a high incident intensity is going to induce
nonlinear Kerr effects inside the beamsplitter, limiting the
extinction. This gives a limitation of the incident intensity
given by Eq. (29).

The optimization of these constraints is obtained by com-
bining Egs. (29) and (30). It gives the optimum value of the
extinction factor Fy, needed to reach the shot noise spatial
resolution while avoiding saturation of the extinction due to
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FIG. 12. Expected deflection signal Ay(Up-Down) (in red) mea-
sured in the dark output of the DeLLight interferometer and optimum
extinction factor F( (in blue) as a function of the pulse duration
(fwhm), with Epypp =2.5J, Wo = wo =5 um, f =250 mm (w =
12.5 mm), o, = 15 nm, and O, = 10°.

the Kerr effect in the beamsplitter:
na

=37x100Px ——— . 31
o x Xayzx)ﬁxAtxw (D

Combining this equation with Egs. (10) and (27), we finally
obtain the expected signal Ay as a function of the incident
beam size Wmax:

Wo
(wg + Woz)S/2
x oy X 1 (At) X v/ At x Jw. (32)

Aygep = 3.1 x 10" x Epymp X

Figure 12 shows the expected signal Ay(Up-Down) =2 x
Ayqep, and the corresponding optimum extinction factor F
as a function of the pulse duration A¢, for a minimum waist
at focus Wy = wo = 5 um for the pump and the probe beams,
for a focal length f = 250 mm (corresponding to an incident
beam size w = 12.5 mm), a tilt angle 6, = 10°, and a spa-
tial resolution o, = 15 nm (corresponding to the shot noise
measured with our most appropriate CCD camera). The sig-
nal reaches a maximum value Ay(Up-Down) >~ 12 pm when
the pulse duration is Ar ~ 180 fs. The associated optimum
extinction factor is F, = 4 x 107°.

Another option is to reduce by a factor of 2 the wavelength
of the incident laser pulse using second harmonic genera-
tion (from A = 800 nm to A = 400 nm) before entering the
interferometer. The expected signal given in Eq. (32) is inde-
pendent of the wavelength. However, from Eq. (31), it allows
one to work with an extinction factor 4 times larger. Another
advantage is to reduce by a factor of 2 the diameter w of the
probe beam, while maintaining the small waist at focus.

It is also worth noting from Eq. (32) that the sensitivity of
the signal measurement, given by the ratio Ay/o,, does not
depend on the spatial resolution o,,. However, from Eq. (31),
working with a degraded spatial resolution (a larger o, value)
would require the use of a stronger extinction (a lower extinc-
tion factor ) in order to maintain the same sensitivity.

043526-11



AURELIE MAX MAILLIET et al.

PHYSICAL REVIEW A 109, 043526 (2024)

TABLE I. Expected QED DeLLight signal Ay(Up-Down) and
required duration of measurement T, in order to reach 1 o sensitiv-
ity for various laser facilities.

Repetition Ay Tops
Laser Energy rate (Up-Down) (1o sensitivity)
LASERIX 2517 10 Hz 12 pm 4 days
KALDERA 3] 1 kHz 15 pm 36 min
HAPLS 301 10 Hz 0.15 nm 36 min

Finally, we compare in Table I the expected sensitivity of
the DeLLight experiment using the LASERIX facility, with
two other femtosecond laser facilities under development:
the KALDERA laser (DESY) with an energy of 3 J per
pulse with 1 kHz repetition rate [12], and the HAPLS Ilaser
(ELI Beamline center) with an expected energy of 30 J per
pulse with 10 Hz repetition rate [13]. While the expected
sensitivity (1 o confidence level) to observe the QED signal
could be reached after about 4 days of collected data with the
LASERIX facility, it could be reached in only half an hour
with the KALDERA or the HAPLS lasers.

VII. CONCLUSION

A Sagnac interferometer working with femtosecond laser
pulses has been developed for the DeLLight project, whose
aim is to measure by interferometry the deflection in vac-
uum of a low-energy probe pulse crossing the vacuum index
gradient induced by the interaction with a high-energy pump
pulse. This new pilot interferometer includes the focus of the
circulating probe pulses needed for the pump-probe interac-
tion. In the present study, we have measured and characterized
the critical experimental parameters limiting the sensitivity of
the DeLLight experiment, namely, the extinction factor F, the
spatial resolution o, and the minimum waist at focus wy of the
probe beam inside the interferometer.

An extinction factor F = 3 x 107® has been successfully
obtained thanks to the addition of a spatial filter in the dark
output of the interferometer. It corresponds to the optimal
extinction to reach the expected sensitivity. However, it has
been obtained for a restricted spectral bandwidth and it is
still limited by the back reflections of the beamsplitter. The

development of a new dedicated beamsplitter is in progress
to solve these limitations. We have also measured that the
extinction is inherently limited by the optical nonlinearities
inside the beamsplitter.

We have shown that the spatial resolution in the dark output
of the interferometer is currently limited by the phase noise
fluctuations induced by mechanical vibrations of the interfer-
ometer. The phase noise must be reduced by two orders of
magnitude in order to reach the ultimate shot noise resolution.
To achieve this, a method of high-frequency (100 MHz) phase
noise suppression is being developed. It consists of splitting
the incident pulse, before entering the interferometer, into
two identical prompt and delay pulses. The delay is used to
monitor and suppress the phase noise in a similar way to the
monitoring and suppression of the beam-pointing fluctuations
already used in the DeLLight interferometer.

With the current interferometer, the minimum waist mea-
sured at focus is wy ~ 25 wm. It is 5 times larger than the
requested value wy = 5 um to reach the expected sensitivity
of the DeL.Light project. This can be achieved by increasing
the transverse size of the incident beam entering the Sagnac.
However, we have shown that two conditions constrain the ex-
perimental parameters: the extinction limited by nonlinearities
inside the beamsplitter and the required number of detected
photons on the CCD to reach the shot noise spatial resolution.
After optimization of the parameters we have shown that the
expected sensitivity (1o confidence level) to observe the QED
signal could be reached after about 4 days of collected data
with the LASERIX facility, while it could be reached in only
half an hour with the KALDERA or the HAPLS lasers.

We finally mention that a proof of concept of the DelL-
Light experiment has been recently achieved by measuring,
with the current DeLLight interferometer, the deflection of
a probe pulse induced by a low-energy pump pulse via the
Kerr effect in air. Results of these measurements, presented in
a separate article [10], validate the Del.Light interferometric
amplification method.
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