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Interferometric measurement of the deflection of light by light in air
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The aim of the DeLLight (deflection of light by light) experiment is to observe optical nonlinearity in
vacuum, as predicted by quantum electrodynamics, by measuring the refraction of a low-intensity focused
laser pulse (probe) when crossing the effective vacuum index gradient induced by a high-intensity focused laser
pulse (pump). The deflection signal is amplified by using a Sagnac interferometer. Here, we report a measurement
performed with the DeLLight pilot interferometer, of the deflection of light by light in air, with a low-intensity
pump. We show that the deflection signal measured by the interferometer is amplified, and is in agreement
with the expected signal induced by the optical Kerr effect in air. Moreover, we verify that the signal varies as
expected as a function of the pump intensity, the temporal delay between the pump and the probe, and their
relative polarization. These results represent a proof of concept of the DeLLight experimental method based on

interferometric amplification.
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I. INTRODUCTION

In the vacuum of classical electrodynamics, the linearity
of Maxwell’s equations forbids any self-interaction of the
electromagnetic field. The permittivity and permeability of
free space—and, consequently, the speed of light—do not
depend on the presence of other electromagnetic fields. How-
ever, in quantum electrodynamics (QED), vacuum is filled
with fluctuations of both photons and electron-positron pairs,
with the latter inducing a weak effective interaction between
real photons. The QED vacuum is thus expected to behave
as a nonlinear optical medium when it is stressed by intense
electromagnetic fields, as predicted initially by Euler, Kockel,
and Heisenberg [1,2] and formulated later within the QED
framework by Schwinger [3] as photon-photon scattering
(four-wave interactions).

Different occurrences of the photon-photon scattering pro-
cess have already been observed in the sense of particle
scattering (at the Stanford Linear Accelerator Center [4] and
at the Large Hadron Collider [5,6]) and it is still the subject
of intense research involving the scattering of electron beams
with intense laser pulses [7-10]. However, no experiment has
yet been able to demonstrate the nonlinear optical signature
of the vacuum on a macroscopic scale, i.e., a coherent phe-
nomenon corresponding to a pure undulatory process at large
scale and treated classically in the long-wavelength limit. The
optical nonlinearity of the vacuum gives rise to a number of
new optical effects, still to be observed: vacuum birefringence
[11-14], harmonic generation in vacuum [15,16], and inter-
ference effects [17,18] (see also references in [19-21]). Up
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to now, the main experimental efforts have involved testing
vacuum magnetic birefringence in the presence of an external
magnetic field [22-25]. In particular, the PVLAS experiment,
using a 2.5-T magnetic field, has achieved the best sensitivity
so far, reaching an experimental uncertainty about one order
of magnitude above the predicted QED effect after about 100
days of collected data [22].

In order to observe the optical nonlinearity of the vacuum,
the DeLLight collaboration aims to directly observe a change
of the vacuum refractive index using strong electromagnetic
fields contained in high-intensity ultrashort laser pulses deliv-
ered by the LASERIX facility (1.5 J per pulse, each of 40-fs
duration, with a 10-Hz repetition rate). This phenomenon
is similar to the optical Kerr effect in an optical material
medium, corresponding to a variation §n of the refraction
index of the medium, induced by the intense field of the laser
pulse passing through the medium, where 67 is at first order
proportional to the field intensity / [26].

The principle of the DeLLight experiment, as reported
in [27,28], is to measure the refraction of a low-intensity
focused laser pulse when crossing the vacuum optical index
gradient produced by an intense focused counterpropagating
laser pulse. As the expected deflection angle is challengingly
small, the deflection signal is amplified by using a Sagnac
interferometric measurement. The amplification is based on
the so-called weak value amplification method, proposed by
Aharonov et al. in 1988 [29,30], and more recently developed
to measure subpicoradian rotation of a mirror in a Sagnac
interferometer using a continuous laser beam in the search for
gravitational anomalies at short distance [31,32].

Before starting the DelLight measurements in vacuum
with intense laser pulses, a pilot experiment has been devel-
oped, running in air with relatively low-intensity laser pulses.

©2024 American Physical Society
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FIG. 1. (a) Schematic view of the interaction between the probe pulse (in blue) and the copropagating pump pulse (in red), seen from the
side. The reference pulse is not represented in this figure as it is not in time coincidence at the interaction point and thus remains unaffected
by both the pump and the probe. The lines inside the probe pulse correspond to the wave fronts, which are gradually rotated by the Kerr index
gradient induced by the pump. (b) Schematic view of the DeLLight pilot experiment setup.

The goal is to demonstrate the feasibility of the DeLLight
experimental method, by measuring, via a Sagnac interferom-
eter, the refraction of a probe pulse crossing the optical Kerr
index gradient induced in air by a low-energy pump pulse. In
particular, the current paper aims to verify the principle of in-
terferometric amplification in the framework of the DeLLight
experiment by measuring the well-known optical Kerr effect
in air. In this paper, we report the results of these measure-
ments. We show that the deflection signal is well amplified,
thanks to the interferometric measurement, and in agreement
with the expected amplification factor. We also measure the
amplified deflection signal as a function of the pump energy,
the temporal delay between the pump and the probe, and their
relative polarization.

II. DESCRIPTION OF THE DELLIGHT
PILOT EXPERIMENT

A. Interaction area

In vacuum, the nonlinear QED modification of the vacuum
optical index is maximum when the pump and the probe
pulses are propagating in opposite directions, as shown for
instance in [33]. On the other hand, in an optical material
medium like air, the nonlinear optical Kerr effect generated
by the contribution of two synchronized laser pulses is lo-
cally independent from their relative direction of propagation.
Therefore, in order to maximize the interaction length Liy
of the probe and the pump pulses and thus maximize the
deflection of the probe pulse in air, the pump and the probe
are here copropagating. The deflection of the probe induced
by the pump is then integrated along the interaction length,
until the two pulses are spatially separated due to the tilt angle
Oui; between the pump and the probe beam.

As shown in Fig. 1(a), the probe pulse propagating simul-
taneously with the pump will react to the refractive index

OnKerr = N2 X Ipump induced by the pump, where Ipymp is its
intensity in W/cm? (integrated over the pulse envelope), and
ny is the Kerr index of air. The pump beam is shifted ver-
tically with respect to that of the probe beam by a distance
b, named the impact parameter, such that the refractive index
profile generated by the pump is transversely asymmetric as
seen by the probe. This will result in an average deflection
of the probe pulse through an angle (6,) in the direction of
increasing optical index, i.e., towards the pump beam axis.
As shown in [28], for Gaussian pulses, the deflection angle is

Jwi + W§/2 where wy and Wy
are the waists at focus of the probe and pump, respectively.

maximum when b = by =

B. Sagnac interferometer

The setup of the DeLLight pilot experiment, shown in
Fig. 1(b), uses a Sagnac interferometer in order to amplify
the vertical shift of the deflected probe pulse §y.

The initial laser pulse used for the pilot experiment is
first filtered by a spatial filter composed of two lenses and
a pinhole at focus in order to obtain a transverse intensity
profile close to a Gaussian profile. The pulse duration is
At ~ 70 fs, the central wavelength is A = 8§10 nm with a
bandwidth AA >~ 40 nm, the transverse diameter full width
at half maximum (FWHM) is about 1 mm, the repetition rate
is 10 Hz, and the energy E is at most 50 wJ. This pulse is split
upstream by a beamsplitter (BS-1). The transmitted pulse is
used as the pump pulse. The reflected pulse, referred to as the
incident pulse, is sent into the Sagnac interferometer with an
energy of 2 uJ per pulse and an intensity . It is split at the
input of the interferometer by a 50 : 50 beamsplitter (Semrock
FSO01-BSTiS-5050P-25.5; BS-2 on Fig. 1), which generates
two pulses (the probe and the reference) propagating into
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the Sagnac interferometer along the same path in opposite
directions.

The Sagnac interferometer is in a right-angled isosceles
triangle configuration, formed by the beamsplitter and two
dielectric mirrors (M-1 and M-2). Both counterpropagating
pulses are focused in the interaction area, then recollimated
via two optical lenses (L-1 and L-2) of equal focal length
f =100 mm separated by the distance d = 2f. The lenses
are placed between the two mirrors. The pump pulse is also
focused in the interaction area by a separate optical lens (L-3)
of the same focal length f.

In this design, the probe pulse copropagates with the pump.
A delay stage (DL in Fig. 1) ensures the time coincidence
of the probe and the pump pulses in the interaction area.
The reference pulse (Ref) is not in time coincidence at the
interaction point and is therefore unaffected by the pump.

In the absence of the pump and with a perfectly aligned
Sagnac interferometer, the two counterpropagating probe and
reference pulses are in opposite phase in the dark output of
the interferometer, and interfere destructively. However, the
beamsplitter of the interferometer is not exactly symmetric
in reflection and transmission, and the phase noise is never
totally null. Therefore the extinction of the interferometer
is limited and the residual interference intensity profile Ioy
in the dark output is measured by a CCD camera (Basler
acA3088-16gm, pixel size 5.84 x 5.84 um?). The extinction
is quantified by the extinction factor F, defined as F =
Iow/Iin. A spatial filter is placed in the dark output in front
of the CCD in order to suppress the high spatial frequency
components of the signal, induced by the diffusion on the
surface defects of the optics inside the interferometer being
responsible for a large amount of the phase noise. The filter is
composed of an optical lens (focal length f = 200 mm) and
a pinhole of diameter 150 wm placed at the focus of the lens,
corresponding to an angular cutoff of 375 yrad.

When the pump pulse interacts with the probe pulse, the
wavefront of the later is refracted by the induced Kerr index
gradient én, while the reference pulse is unaffected. After rec-
ollimation by the second lens, the refracted probe pulse is then
transversally vertically shifted with respect to the unrefracted
reference pulse by an average distance (8y) = (6)f, where
(6y) is the average deflection angle of the refracted probe
pulse due to dn. The probe pulse is also phase shifted by
an average phase delay 8y = 2w dénL;iy /A, with respect to the
reference pulse. The interference of the refracted probe pulse
with the reference pulse in the dark output produces a trans-
verse vertical displacement Ay of the interference intensity
profile, which is measured by the CCD camera. As explained
in the following part, the advantage of the interferometric
measurement relies on the amplification of the displace-
ment signal Ay as compared to the direct signal §y which
would be measured by using a standard pointing method.
This is the guiding principle behind the use of the Sagnac
interferometer.

C. Amplified signal in the dark output

In the absence of pump interaction (“OFF’ measurement),
it is shown in Appendix A that the intensity profile Iopp in the

dark output of the Sagnac interferometer is given by

Torr(x, y) = ((8a)* + (8¢ (x, )M (x, y). (1)

The parameter da characterizes the asymmetry between the
reflection R and transmission 7 coefficients in intensity of
the beamsplitter, with R = (1 — §a)/2 and T = (1 + §a)/2.
The parameter 8¢ (x, y) is the phase noise between the probe
and the reference in the dark output of the Sagnac interfer-
ometer. It is either related to an intrinsic asymmetry of the
beamsplitter or a phase noise induced by the surface defects
of the optics inside the interferometer with a transversal de-
pendence (x,y). The extinction factor is then equal to F =
(8a)* + [8¢(x, )T

When the pump interacts with the probe (“ON” measure-
ment), it is shown in Appendix A that the intensity profile Ion
in the dark output becomes (when da < 1)

1
Ion(x,y) = (8a)*In [ x, y + =38y
28a

s\’ Sy
+ <8¢(x,y) + 7) Im(x,y — 7). )

The first term of Eq. (2) is the deflection signal and cor-
responds to the amplified displacement of the interference
profile barycenter by a distance dy/(28a). The second term
is related to the phase delay 61 induced by the pump, which
produces an intensity variation of the interference signal.

If the contribution of the phase term is negligible [(§¢ +
81 /2)* < (8a)?], the intensity profiles become

1)
Iox(x.,y) = (8a)*L, (x, v+ ﬁ) 3)
Iorr(x,y) = (8a)*In(x, ), )
F = (8a)*. (3)

Hence, the probe is deflected and transversally shifted by a
distance dy, and the interference intensity profile barycenter
in the dark output is vertically shifted by a distance Ay =
—38y/(28a). The signal is therefore amplified by an amplifi-
cation factor A given by

A v ©

8y 28a 2WF

The amplification factor is large when §a < 1, corresponding
to a high reflection/transmission symmetry of the beamsplit-
ter and a strong extinction of the interferometer.

When the contribution of the phase noise is not negligible,
the second term in Eq. (2) can shift the barycenter of the
intensity profile. Indeed, the measured displacement signal
Ay is no longer solely due to the deflection [i.e., equal to
8y/(28a)] but becomes biased by the phase noise transverse
distribution, and the amplification factor is reduced.

D. Extinction factor

A typical transverse intensity profile recorded by the CCD
camera in the dark output of the interferometer, after align-
ment of the interferometer, is shown in Fig. 2. The central spot
corresponds to the interference signal. The two other spots
observed on opposite lateral sides are due to back reflections
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FIG. 2. Intensity profile recorded by the CCD camera in the
dark output of the interferometer. The observed intensity has been
normalized by the maximum intensity of the input pulse such that
the observed intensity corresponds to the extinction factor.

on the rear side of the beamsplitter. Their respective intensi-
ties are Iar.1 = Iar.2 = (Rar/2)En, Where Ry = 1073 is the
back-reflection coefficient of the beamsplitter. As explained in
Appendix B, one back reflection (/ar, 1) corresponds to the di-
rect back reflection of the probe pulse. This beam is therefore
deflected by the pump interaction and is used to measure the
direct deflection signal dy. The second back reflection (/g »)
is not deflected by the pump and corresponds to the direct
image of the incident beam. It is used to measure and suppress
the beam pointing fluctuations, as detailed below.

With the current available beamsplitter, the extinction fac-
tor is limited by the presence of the back reflections. The
extinction is tuned in order to obtain an interference inten-
sity of the same order of magnitude as the back-reflection
intensities. It is done by rotating the beamsplitter of the inter-
ferometer 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 =
49% and T = 51%, corresponding to the asymmetry coeffi-
cient 8a = 0.02, an extinction factor F = (8a)> = 4 x 1074,
and an expected negative amplification factor Ar = —25 in
the case of a negligible phase noise. Here, Ax is defined by

the extinction factor such that Ar = —#f unlike A which

is defined as A = ?—yy. For a negligible phase noise, we have

Ar = A

E. Signal analysis method

The analysis method to measure the deflection signal has
been described in [28]. We summarize here the method. The
deflection signal is measured by alternating laser shots with
and without interactions between the pump and the probe
pulse (ON and OFF measurements). This is done by the use of a
fast iris motorized shutter which is synchronized at 5 Hz with
the laser shots. For each measurement, the barycenters ¥, and
Vet Of the intensity profiles of the interference signal I, and
the back reflection Iag » respectively, are calculated along the
vertical axis, using a square analysis window (or region of
interest), whose size is equal to half the width (FWHM) of
the transverse intensity profile.

The beam pointing fluctuations are suppressed for each ON
and OFF measurement 7, by using the correlation of yg, and

Vret. One obtains the corrected positions

T () = (@) — (O FUT (@) + bOT),

Tomr (D) = 390 (1) = (™5 @) + 5°T) (M
where a®FF and hOFF are obtained by fitting the linear correla-

tion, using only the OFF measurements. The amplified signal
Ay(i) of the ON-OFF measurement i is then given by

Ay(i) = FON (i) — 32 (7). (8)

The amplified deflected signal (Ay) is obtained in the
presented results by averaging 200 successive ON-OFF mea-
surements Ay(7), corresponding to 400 successive laser shots
and a 40-s measurement duration (10-Hz repetition rate).

The direct deflection signal (8y) is measured following the
same procedure but using the barycenter of the back-reflection
intensity profile /ar | instead of the barycenter of the interfer-
ence intensity profile.

III. RESULTS

We have measured the deflection as a function of four
different parameters: the delay between the arrival at focus
of the pump and probe pulses, the pump intensity, the relative
polarization of pump and probe, and the impact parameter.
These sets of measurements have been carried out to validate
the interferometric amplification of the deflection signal and
to characterize the possible sources of systematic measure-
ment bias, particularly the impact of the residual phase noise

Sp(x,y).

A. Parameters in the interaction area

Measurements presented in this paper have been performed
with waists at focus in the interaction area wy >~ Wy =~ 35 um
for both the probe and the pump, and may vary from 25 to
40 um according to the set of measurements. Exact values are
specified for each result. They correspond to a Rayleigh length
zg = Tw} /X = 3 mm. The tilt angle is set to Oy = 5.3°. This
corresponds to an average interaction length Ly, ™~ wq /6 =~
400 wm, which is a factor 8 smaller than the Rayleigh length.
This means that the beams are collimated in the interaction
zone. It has been verified that the transverse intensity profiles
of the probe and the pump are Gaussian along the interac-
tion area with a width in agreement (within 10%) with the
expected width in the case of a Gaussian beam propaga-
tion. It has also been verified that the impact parameter is
constant along the interaction length. Details of the measure-
ments of the transverse intensity profiles at focus are given in
Appendix C.

For all the measurements, the energy of the probe pulse
is equal to Epope = 1 ul, corresponding to a peak intensity
of the probe in the interaction area equal t0 Ipope = 1.2 X
Eprobe/ (w(z)At) ~1TW/ cm? The intensity of the pump in the
interaction area is around lyump >~ 5 TW /em?, except for the
set of measurements of the deflection signal as a function
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FIG. 3. Distributions of 200 successive ON-OFF measurements
(corresponding to 400 laser shots) of the direct deflection signal 8y (i)
(blue) and the amplified deflection signal Ay(7) (orange). Data were
taken with a peak intensity of the pump at focus of 4.7 TW/cm? and
with the pump and the probe in time coincidence.

of the pump intensity where the pump intensity has been
increased up to 20 TW/cm?.!

It has been verified with the numerical simulation (see
Appendix D) that the contribution of the plasma is negligible
for a pump intensity below 20 TW /cm?. It has also been
verified with the numerical simulation that the contribution
of the probe field (i.e., its interference with the pump field) is
negligible in the deflection signal, when the pump intensity is
above 5 TW /cm?.

B. Amplification and sensitivity

We first present in Fig. 3 an example of the distributions
of the ON-OFF measurement of the direct deflection signal
8y(i) and the amplified deflection signal Ay(7), obtained when
the pump and the probe pulses are in time coincidence. The
measurements have been performed with a pump energy of
2 wJ, with pulse durations At >~ 70 fs, and transverse waists
at focus wp x = 35 um and wy, = 40 um for the probe, and
Wo.x = 24 um and Wy , = 30 um for the pump corresponding
to a peak intensity of the pump at focus of about 5 TW/cm?.
The pump and the probe were in time coincidence and the
impact parameter b was set to its optimal value b = bgy.
The pump was vertically shifted below the probe. This cor-
responds to a negative direct deflection signal and a positive
amplified signal (since the amplification factor is negative).
The average measured value of the direct deflection signal is
(6y) = —16 £ 4.75 nm, while the average amplified signal is
(Ay) =171.3 £ 12.4 nm.

We observe here a clear amplification of the deflection
signal when measuring the interference intensity profile.
The measured amplification factor is A = (Ay)/(8y) ~ —11.
While its sign is negative as expected, its amplitude is lower
than the expected value Ax = —25. This difference can be ex-
plained by the presence of a nonuniform phase noise §¢(x, y),
with a nonzero barycenter as explained in the previous section,
and discussed in more detail below.

I'The exact energy, waists at focus, and intensity of the pump will
be specified for each set of measurements in the following.

The errors given for the measured values of (6y) and (Ay)
are purely statistical and equal to o,/ VN, where N is the num-
ber of ON-OFF measurements, and o, is the standard deviation
of the distributions and corresponds to the spatial resolution.
The measured values are o, = 55 nm for the direct deflection
signal and o, = 175 nm for the amplified signal. On average,
the spatial resolution of the amplified measurements carried
out in the pilot experiment can vary between 150 and 300 nm,
while the ultimate shot noise resolution of the present CCD
camera is 0P = 30 nm, as measured in [34]. The relatively
poor observed resolution for the amplified interferometric
signal is due to the phase noise fluctuations induced by the
mechanical vibrations of the interferometer [35]. Let us note
that the interferometer could not be isolated from external
vibrations during these measurements. Details of the current
spatial resolution of the interferometer and the description
of the method being developed to measure and suppress the
phase noise at high frequency are given in [35].

The direct deflection signal dy has been calculated by
a three-dimensional numerical simulation, including the ex-
perimental parameters of the present measurements (see
Appendix D). The calculated signal is equal to the measured
direct deflection signal when the value of the optical Kerr
index is set to 1, = (1.0 £0.2)107'" cm?/W (only statisti-
cal errors). This value is in agreement with the value n, =
(1.240.3)107! cm? /W reported by Loriot et al. in [36,37].

Finally, we may estimate the sensitivity of the current
interferometric measurement. The amplified signal (Ay) =
171.3 £ 12.4 nm, presented in Fig. 3, has been measured
in 40 s of collected data, with a statistical significance of
171.3/12.4 = 13.80. It has been carried out with a pump
intensity 7 = 5 TW /cm? producing an optical index variation
8n =ny x I ~5 x 1077, This means that the DeLLight pilot
experiment can measure an index variation n = 5 x 1077 x
V40 / 13.8 =23 x 1077 at 1o confidence level in 1 s of
collected data.

C. Time delay

The direct and amplified deflection signals have been mea-
sured as a function of the time delay At between the arrival
of the pump and the probe pulses at focus, using the de-
lay stage (DL in Fig. 1) of the pump beam. For this set of
measurements, the impact parameter b was set to its optimal
value b = b,y We have verified that the value of the impact
parameter does not change when we vary the time delay of
the pump. Figure 4(a) shows the measured deflection signals
(6y) and (Ay), as a function of the time delay At. A positive
time delay corresponds to a pump pulse in advance. We verify
that both the direct and the amplified deflection signals are
maximum when the pump and the probe pulses are in time
coincidence (At = 0; this measurement corresponds to the
measurement presented in the previous section in Fig. 3).
We measure an average amplification factor A ~ —11. We
also verify that the width of the deflection profile is in good
agreement with the pulse duration of 70 fs (FWHM) for both
the pump and the probe. We also note that the amplitude of the
signal decreases when the pump is ahead in time, confirming
the absence of plasma induced by the pump. A dedicated
measurement was carried out with the pump pulse delayed

053510-5



ADRIEN E. KRAYCH et al.

PHYSICAL REVIEW A 109, 053510 (2024)

200

> 50 A
g
0% ¥ ....,w....... o
200  -100 0 100
(a)
AT (fs)
2000 -
£ 1500 - e
< '
= -
2 1000 - e
~ o
—_—— ,4
2 500 7~
~ /,
A//
0—/............ eol®
o 0 10 20 30
lpump (TW/cm?)
250
/\
= 200 b Y
£ \ { 3
£ 15014, ! ’
N \\ II “\
Q 100 A ) 3 k
e \v 1 \
> ; :
< 50 \\‘ /| 3
-\\ /I \\
0 1 et pdegoe ’O.o'..'.°°o°....

50 100 150 200 250
Bpol (deg)

FIG. 4. Amplified deflection signal Ay (orange stars) and direct
deflection signal dy (blue dots) measured as a function of (a) the
time delay between the probe and the pump pulses, (b) the pump
intensity, and (c) the relative polarization angle « between the pump
and probe pulses. Pump and probe pulses have a pulse duration of
about 70 fs (FWHM). (a) Measurements have been performed with a
pump energy of 2 uJ and a waist at focus of the pump Wy, = 24 um
and Wy, = 30 um corresponding to a peak intensity of the pump at
focus of about 4.7 TW/cm?. (b) Measurements have been performed
with a waist at focus of the pump Wy, = 30 um and Wy , = 33 um.
(c) Measurements have been performed with a pump energy of 2 uJ

(c)

by 250 fs, so that the pump and the probe do not interact, in
order to verify the absence of signal. The average measured
deflection is (Ay?) = —7.8 5.5 nm, in agreement with the
expected null value.

D. Pump intensity

The direct and amplified deflection signals have been mea-
sured as a function of the pump intensity at focus in the
interaction area. The energy of the pump pulse is varied by
using a rotating half-wave plate followed by a linear film
polarizer (set to the p polarization of the probe), maintaining
the time coincidence of the probe and the pump. The mea-
surements have been carried out first by increasing the pump
intensity, then by decreasing it. The complete scan took about
90 min. Results are presented in Fig. 4(b). The amplitude of
the direct and amplified signals increases linearly with the
pump intensity, as expected for a signal induced by first-order
optical Kerr effect. However, we measure a small difference
of the amplification factor when we compare the results of
the first part of the scan when the intensity is being increased
(A ~ —17, solid orange stars in Fig. 4) with the results of the
second part of the scan when the intensity is being decreased
(A >~ —20, empty orange stars in Fig. 4). This difference is
due to the fact that the transverse spatial distribution of the
phase noise has slightly drifted during the intensity scan, with
the consequence that the value of the amplification factor is
changed by about 15%.

E. Relative polarization

The deflection signal (Ay) was then measured as a func-
tion of the relative polarization angle 6, between the pump
and the probe. 6,, was tuned by rotating the polarization
of the pump pulse with a half-wave plate. Results are pre-
sented in Fig. 4(c). The measured amplified signal is in good
agreement with the fitted function Ay = Aymax X cos2(9p01)
(dashed gray line in Fig. 4). The amplified signal is maximum
when the relative polarization angle is null, i.e., when the
probe and pump polarizations are parallel, and the signal is
minimum when their polarizations are orthogonal. Here, we
measure an amplification factor A = Ay/§y >~ —13.

F. Impact parameter

Finally, the direct and amplified deflection signals have
been measured as a function of the impact parameter b, which
was varied by rotating vertically the mirror along the pump
beam before focusing it (M-3 in Fig. 1). The purpose of this
measurement is to analyze more precisely the influence of the
phase noise on the measurement of the amplified signal Ay.

The direct signal §y is by definition insensitive to the in-
terference phase noise. It is maximum when b = by and null
when b = 0, and varies as [28]

2
b (-(s)), o)

) (b):8 max
y yabopt

and a waist at focus of the pump Wy, = 24 um and W, = 29 um,
corresponding to a peak intensity of about 4.9 TW /cm?.
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FIG. 5. Measurements (in blue dots) of the direct deflection signal §y (a) and the amplified deflection signal Ay (b) as a function of the
normalized impact parameter b/b,p,.. Measurements have been performed with a pump energy of 6 ulJ, a pulse duration of 250 fs (FWHM),
and a waist at focus Wy , = 29 um and W, , = 33 um corresponding to a peak intensity of the pump at focus of about 3 TW /cm?. (a) The solid
orange curve is the result of the fit of the function given by Eq. (9), where §yma is the only free parameter. (b) The solid orange curve is the
result of the fit of the function given by Eqgs. (2) and (10) where the phase noise §¢(x, y) = 8¢y is the only free parameter, and §a and 5y
are fixed to their measured values with a = 0.02 and 8y = 270 urad. The fitted value of the phase noise is 8¢y = 2.0 x 107> mrad/nm. The
dashed green curve is plotted as a comparison in the absence of phase noise (8¢9 = 0).

On the other hand, when the phase noise is not negli-
gible, the amplified deflection signal is not only related to
the deflection of the probe but is also sensitive to the phase
noise transverse distribution (8¢ (x, y) + 8¢ /2)2 in Eq. (2), as
discussed in Sec. II C. However, the phase delay §¢ induced
by the pump on the probe is now maximum when b = 0 and
varies as [28]

$Y(B) = SYrman ¢ (i) |

(10)
where §1,x 1s directly related to Symax [28] by
27b 1
‘Swmax == SymaxTopteiiv (11)

where f is the focal length of lenses L1 and L2 and X is the
wavelength of the probe pulse.

We can therefore characterize the influence of the phase
noise by measuring separately the variations of the direct §y
and amplified Ay deflection signals as a function of the impact
parameter b.

Figure 5(a) shows the results of the measurement of the
direct deflection signal §y as a function of the normalized
impact parameter b/bo. The normalization b/bgy is obtained
by fitting the function given in Eq. (9), where 6yn.x is the
only free parameter. The result of the fit, shown in Fig. 5(a),
is in good agreement with the data and the fitted value is
8Ymax = 27.4 nm. From Eq. (11) it corresponds to a phase
delay signal 8, = 270 prad.

The measurement of the amplified deflection signal as a
function of b, shown in Fig. 5(b), is then fitted using Eqgs. (2)
and (10). For this fit, we set da to its measured value da = 0.02
and §Ymax = 270 urad. The phase noise ¢ (x, y) is then the
only free parameter. We have assumed for simplicity a phase
noise that varies linearly along the vertical axis of the beam:
S3p(x,y) = d¢gy, where d¢y is the only free parameter of the
fit. The result of the fit is in good agreement with the data
with a fitted value ¢ = 20 yrad/um. For comparison, we
have also presented the result of the expected function when

the phase noise is null [6¢(x, y) = 0]. By comparing the two
cases, we see that the presence of a phase noise with a linear
transverse distribution reduces the amplitude of the amplified
interferometric deflection signal with a reduction factor which
increases with b. Since the direct deflection signal is unaf-
fected by the phase noise, the amplification factor A can be
reduced from its expected value Ap. This explains why the
difference between the expected and measured amplification
factors observed in the data presented in Figs. 4(a) and 4(c)
is attributed to the phase noise. It should be noted here that,
while the behavior of the amplified signal is in agreement with
the expected result, there is still a residual discrepancy at large
impact factor. This can be explained by the technical difficulty
of modifying the impact parameter without changing other
parameters such as the temporal coherence or the crossing
angle between the pump and the probe.

IV. CONCLUSION

In this paper, we have reported measurements performed
with the DeLLight pilot interferometer of the deflection of
light by light in air with a low-energy pump pulse. We have
shown that the deflection signal is in agreement with the
expected signal induced by the optical Kerr effect in air.
Moreover, we have verified that the signal varies as expected
as a function of the temporal delay between the pump and
the probe, the intensity of the pump, the relative polarization
angle between the probe and the pump, and the impact param-
eter. Furthermore, these measurements validate the DeLLight
interferometric amplification method, with an amplification
factor |.A| ranging between 10 and 20, slightly lower than the
expected amplification |Ax| = 25. We have shown that this
difference can be explained by the presence of a nonuniform
residual phase noise in the interferometer. The measured 1o
sensitivity of the DeLLight pilot experiment is én >~ 2.3 x
1077 in 1 s of collected data. This sensitivity is limited by the
current amplification factor delivered by the interferometer,
and by the spatial resolution o, ~ 200 nm of the amplified
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interferometric signal in the dark output of the interferometer.
Both the amplification factor and the spatial resolution are in
turn limited by the phase noise fluctuations induced by the
mechanical vibrations of the interferometer. We are develop-
ing a method using a secondary delay probe pulse to monitor
and suppress the phase noise at high frequency, in a similar
way as the monitoring and suppression of the beam pointing
fluctuations.

The DeLLight collaboration is preparing to launch a series
of measurements in vacuum with intense pump pulses deliv-
ered by the LASERIX facility. Note that this initial series of
measurements in vacuum will also provide the opportunity to
test the effect of residual gas, as discussed in [28]. With the
energy of 2.5 J for the pump pulse and with a minimum waist
of the probe and the pump at focus in the interaction area
wo = Wy = 5 um, the expected variation of the vacuum op-
tical index is dnggp = 3 x 10713 [28]. With an amplification
factor of the interferometer |.4| = 250 (corresponding to the
best extinction factor achieved with the pilot) and a spatial
resolution o, = 15 nm (corresponding to the shot noise of
available CCD cameras), the expected QED deflection signal
could be observed at a 5o confidence level with about one
month of collected data. We explain in greater detail in a sep-
arate paper [35] how such amplification and spatial resolution
can be achieved. From a technological perspective, no show
stoppers have yet been identified for achieving the required
sensitivity.
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APPENDIX A: ANALYTICAL CALCULATION OF THE
INTENSITY PROFILE OF THE INTERFERENCE SIGNAL
IN THE DARK OUTPUT OF THE INTERFEROMETER

Denoting by Ej the incident field entering the interferom-
eter, the electric fields of the probe and the reference in the

J

dark output of the Sagnac interferometer are defined by

Eprobe(x, y) = Eo(x,y — 8y)e V(1 — 8a)/2

Ert(x,y) = Eo(x, y)e*** (1 + 8a)/2¢™7 (A1)

38y is the unamplified deflection signal of the probe caused
by the interaction with the pump. The electric field of the
probe includes the effects of the Kerr signal deflection 8¢
and phase shift §¢ due to the interaction with the pump in
the Sagnac interferometer. The probe is reflected two times
on the beamsplitter on each side of the beamsplitting coating,
hence the term in r*> = %(1 — 8a) whereas the reference is
transmitted two times [term in #> = %(1 + 8a)]. We arbitrarily
choose to put the phase noise term 8¢ (x, y) in the electric field
of the reference. The term e~ in E,.; comes from the 77 phase
shift between the probe and the reference.

In order to simplify the calculations, we will note the
derivative of the initial electric field Ey(x, y) in amplitude such

SEyp(x,y) .
as Ej(x, y) = 255

2Eprone (X, ¥) = (Eo(x, y) — 8YE)(x, »))(1 — 8a)e "

2Eres(x, y) = Eo(x, )e*® (1 + 8a)e™™ (A2)

The intensity profile I,y (x, y) of the interference between the
probe and the reference in the dark output of the Sagnac
interferometer is

Lo (x, y) Z(Eprobe(xv ¥) + Eret(x, y))(Eprobe(xv »)

+ Ere (x, y))". (A3)

Using Eq. (A2), the intensity profile /,,(x, y) becomes
Aoui(x, y) = [(Eo(x, y) — 8yEg(x, m))(1 = sa))*
+ [Eo(x, y)(1 4 8a)]* — 2cos(8y + 28¢)

X Eo(x, y)(Eo(x, y) — 8yEg(x, »))(1 — (8a)*).
(A4)

Considering the small angles approximation, the cosine term can be simplified such as cos(8y + 28¢) ~ 1 — (8 + 28¢)?/2.
The parameter §a corresponds to an asymmetry in amplitude between the probe and the reference, while the parameters §y and
8¢ correspond to a phase difference. Hence, we separate these two effects and define the amplified intensity profile / ampl (x,y)in

phase
I out

the dark output and the phase term (x,y), such as

out

Mo (x,y) = [(Eo(x, y) — 8yE)(x, y))(1 — 8a)]* + [Eo(x, y)(1 + 8a)]* — 2Eo(x, y)(Eo(x, y) — SYEj(x, y))(1 — (8a)*)

+ (8¢ + 28¢)*Eo(x, y)(Eo(x, y) — SYE{(x, »))(1 — (8a)*).

I (x.y)

(A5)

has:
Igm“e()f,y)

To simplify, we note that f, (x, y) = Eo(x, y)* and I, (x, y) =

n

(see [38] for details) to finally obtain

ampl
Ioutp (x,y) = (sa)zlin (xay + 28a

- 5“5y>, P22 (x, y) = (8¢ + 89 /2)%(1 — (8a)in(x, y — 8y/2).

Mnlen) — 2Ey(v)Eg(x, y). We develop Ia® (x, y) and I26™ (x, y)

8y out out

(A6)
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Iar,2
A

Isig

FIG. 6. Schematic view of the ray tracing of the Probe and Ref
pulses providing the main interference signal /i, used to measure the
amplified deflection signal Ay (continuous red line), the direct back
reflection Ixr,; used to measure the direct deflection signal §y (red
dashed line), and the second back reflection /xg » used to measure
and suppress offline the beam pointing fluctuations (green and blue
dashed line).

The final expression of the residual intensity profile in
the dark output of the Sagnac interferometer is obtained by
substituting Eqgs. (A6) in Eq. (A5) and considering da < 1.
It corresponds to the intensity profile obtained when the probe
interacts with the pump (ON measurement), so it will be named

Ion(x, y):

> 1 59 \?
Ion(x,y) = (8a) I <x,y + —5)’> + | do(x,y) + —)
28a 2

1)
X Iin(x,y— ?y)

When the pump is OFF (OFF measurement), the phase shift
8¢ and the deflection signal dy are null (§¢¥ = §y = 0) and
the OFF intensity profile, named Iopp(x, y), is

Torr(x, y) = ((8a)* + (8¢ (x, y) ) (x, ¥).

(AT)

(A8)

APPENDIX B: DESCRIPTION OF THE MAIN BACK
REFLECTIONS ON THE REAR SIDE OF THE
SAGNAC BEAMSPLITTER

The ray tracing scheme of the back reflections on the rear
side of the Sagnac beamsplitter is given in Fig. 6. One back
reflection, named IR |, corresponds to the direct reflection of
the probe pulse on the rear side of the beamsplitter. Since
it is the direct image of the probe beam after circulating in
the interferometer, it is also deflected by the pump pulse in
the interaction area, but its deflection signal is not amplified
via interference with the reference pulse in the dark output.
Therefore the measurement of its position on the CCD allows
us to measure the direct deflection signal 8y of the probe.
The second back reflection, named Iag», results from the
constructive interference of two back reflections plus the

destructive interference of two other back reflections. Their
intensities are

Inr1(¥) = (rar % 1)* x Io(y + 8), (B1)
Inr2(y) = (rar X rt* 4+ rar x rt2) ()
(1 )
+ (rag X 1* = rar X tr) Ip(y)  (B2)

(3)

where r and ¢ are the reflection and transmission coefficients
in amplitude of the beamsplitter, rar is the back-reflection
coefficient in amplitude on the rear side of the beamsplitter,
and Iy is the incident intensity. Since PR | /2, and if
we neglect the phase noise, the intensities of the two back
reflections are equal: Iar,| = Iar2 = 1% X Iy.

Let us detail the mechanism producing Iag . When the
incident pulse Iy has been transmitted through the entrance
face of the beamsplitter, it is reflected on the rear side, it
returns on the entrance face of the beamsplitter, and it is
then partly transmitted (blue ray in Fig. 6) and partly re-
flected (green ray in Fig. 6), producing two laterally offset
beams (on each side) inside the interferometer (blue and green
beams in Fig. 6). These two beams interfere constructively
when they return to the beamsplitter, giving the two first
terms in Eq. (B2). The third term is simply produced by the
back reflection of the main destructive interference beam Io
followed by the reflection on the entrance face. This third
destructive interference term is therefore negligible. There-
fore, the back reflection I5gr » corresponds to the constructive
interference of the two laterally offset beams (blue and green
in Fig. 6) which are not in coincidence with the pump (de-
layed). This second back reflection is not affected by the
pump and is therefore used as a reference for beam pointing
correction.

APPENDIX C: MEASUREMENTS OF THE TRANSVERSE
INTENSITY PROFILES AT FOCUS

This Appendix details the features of the pump and probe
pulses at the focus of the interaction area. First will be pre-
sented their transverse intensity profiles at focus, and then the
longitudinal variation of their waists during the interaction.

1. Transverse intensity profiles at focus

To measure the transverse intensity profiles of the pulses,
we insert a mirror between the focusing lens of the probe (L-1)
and the interaction area at focus. The mirror reflects the probe
and pump pulses before focalization, which are then collected
off axis onto a high-resolution CCD camera with a small pixel
size (Basler acA2500-14gm, pixel dimension 2.2 x 2.2 um?).
The CCD camera is first placed at the focal point of the
probe beam where the width of its transverse intensity profile
is minimum. This longitudinal position of the CCD camera
is labeled as z = 0. The longitudinal position of the lens
used to focus the pump beam (L-3) is then adjusted in order
to minimize the width of the transverse intensity profile of
the pump.
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FIG. 7. CCD images of the intensity profiles in the interaction
area of the pump (a) and the probe (b) in the Sagnac interferometer.
A two-dimensional Gaussian fit delivers the beam waists in x and y
direction.

Figure 7 shows an example of the pump and probe intensity
profiles recorded at z = 0 after completing the measurements
of the deflection signal as a function of the time delay At [i.e.,
those shown in Fig. 4(a)]. For each pulse, a two-dimensional
Gaussian profile is fitted to the data to measure the transverse
horizontal w, and vertical w, waists at focus of both pump
and probe. Note that the profiles at focus are well described
by two-dimensional Gaussian profiles. In practice, for all mea-
surements performed with the DeLLLight pilot experiment, the
probe and pump waists at focus range from approximately 25
to 40 wm.
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FIG. 8. Evolution of the probe (top) and pump (bottom) waists
at focus in the x (left) and y directions (right), as a function of the
longitudinal position z of the CCD camera (with z = 0 the position
at focus). The dashed lines correspond to the expected waist at focus
for an ideal Gaussian beam.

2. Waists as a function of the longitudinal position

In order to measure the variation of the pump and probe
waists as a function of the longitudinal position z, the CCD
camera is longitudinally translated, along the bisector of the
two beam, by steps of Az = 100 um from —300 to 400 um,
corresponding to a longitudinal scan twice longer than the
interaction length Li >~ 300 um. For each z, we measure the
horizontal and vertical waists w, and w, of the pump and
the probe. Results are presented in Fig. 8. In the same figure,
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(X;"""e, ng“’be) and the pump (X", YP'"™) pulses at focus in the
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FIG. 10. Deflection angle (6,) (in urad) of the probe pulse in-
duced by the pump pulse, as a function of the pump intensity Zyump
(in TW /cm?), calculated by DeLLight three-dimensional simulation
code, including the experimental parameters of the measurements
presented in Fig. 3: 0y, = 5.3 deg, Ar =70 fs, transverse waists
at focus Wy, = 24 pm and Wy, = 30 um for the pump, and wy, =
35 um and wy , = 40 um for the probe.

we plot the theoretical waist value w(z) for a Gaussian beam
propagation, given by w(z) = wg/1 + (z/zz)%, where wyq is
the minimum waist at focus (z = 0) and zz = nw% /A =~ 3 mm
is the Rayleigh length. The measured values are in good
agreement with the expected one, with a relative difference
lower than 5%. We also verify here that the pump and probe
beams are collimated (constant waist) along the interaction
length Lip =~ 300 um.

3. Fluctuations of the probe and pump positions at focus

The pump and probe pulses are delivered [via the beam-
splitter (BS-1) in Fig. 1] from the same incident beam. Their
beam pointing fluctuations are therefore correlated. As a con-
sequence, the relative position fluctuations of the pump and
probe intensity profiles at focus must be negligible. In order
to test that out, we record a dedicated set of measurements of
the pump and probe intensity profiles at focus during 50 min
(3000 events with an acquisition rate of 1 Hz).

Figure 9 shows the variation of the relative horizontal and
vertical positions of the two beams at focus (i.e., the impact
parameter by .. and bhnes Tespectively) as a function of time. A
vertical drift of the relative vertical position between pump

and probe of about 750 nm is measured after 50 min of
data collection, corresponding to approximately 3 um after
about 3 h, which is typically the duration of a measurement
campaign for DeL.Light measurements in air. It is one order
of magnitude smaller than the waist of the pulses at focus for
the pump and the probe, which are around 35 wm. This drift is
therefore negligible.

APPENDIX D: NUMERICAL SIMULATION CODE AND
CONTRIBUTION OF THE PLASMA

The DeLLight three-dimensional simulation code solves
the Maxwell equations of the propagation of the probe pulse
crossing the effective refractive index (optical Kerr index and
plasma index) induced in air by the pump pulse. The con-
tribution of the probe field can be added by interfering the
amplitudes of the probe and pump fields. However, it has
been verified that when the intensity of the pump is at least a
factor 4 higher than the probe, then the value of the calculated
deflection signal is unmodified if we ignore the contribution
of the probe field. Details of the simulation are given in the
DeLLight internal note [39].

For the optical Kerr effect, we consider only the first-order
effect, with a Kerr index variation Sng proportional to the
intensity of the field: ng = ny x I, with n, = 1071 W/cm?.

For the plasma, we use the ionization rate r of oxy-
gen and nitrogen calculated by Couairon and Mysyrowicz
[40], computed from the full Keldysh—positive partial trans-
pose (PPT) formulation with a determined prefactor for
diatomic molecules developed by Mishima et al. [41]. The
generalized Keldysh-PPT formula describes the ionization
rate of a gas in the multiphoton regime (below ~ 10
W/cm?), and the tunnel regime (above ~ 103 W/cm?).
The index variation 8n, due to the plasma is negative and
equal to én, = —/T — n./n, where n. = (w’m,)/(yyc*e*) =
1.7 x 10?” m~3 is the critical density and 7, is the ionization
electron density.

Figure 10 shows the deflection angle (6,) of the probe
pulse induced by the pump pulse, calculated by the DeLLight
three-dimensional simulation code, when we take into account
the optical Kerr effect and the plasma. Here, the intensity of
the probe is negligible compared with that of the pump. We
verify that for a pump intensity lower than about 25 TW /cm?,
the deflection is only induced by the optical Kerr effect with an
expected deflection angle proportional to the pump intensity.
Above 25 TW/cm?, the plasma index is not negligible and
becomes even the dominant process above 40 TW /cm? with
a negative deflection angle.
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