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Thanks (0 LAser i

¥MInstalled at LAL since a few years
¥30 fs, 2.5 J pulses @ 10 Hz

¥/ ~ 800 nm
¥~ 1um position jitter at focus

¥Dedicated to
¥ X-ray laser pulses production

¥ aser-plasma acceleration tests
¥Others...

----

¥http://hebergement.u-psud.fr/laserix/en/
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Maxwell equations 1n continuous media

% 0D [ Z H eqDdfivnsare JinearE in vacuum

D= HE < Hand Pare CONSTANT
0 ?7L— Optical index £=1) is constant

{ B=RH VGa ¢=1)15 cons
Do notdependon externalfields

%, 0 D [ Z H éj0dtignsare notlinearin medium

D= 4E +P(EB)= HEB)E L S
B= AH+ AM(EB)= REB).H VY& A &,

mm) Optical indexis not constant bulependon externalfields E,B Y n(E,B)

Thereis a nonlinearinteractionbetweerthe electromagnetifields, throughthe medium

{ n(B) : Birefringencenducedby anexternalmagneticfield, first measuredby Faraday (1845)

n(E) : Refractiveindexincreasedy anelectricfield, first measuredy Kerr (1875)



What kind of medium 1s the vacuum
w.I.t. electromagnetic waves?



CEulerHeisenberd.agrangiarE & nonlinearQED

EulerHeisenberg (1935)nonlinearityinducedby thecouplingof thefield with the &/e virtual pairs in vacuum

Beautifully hand-calculated from 1927 Dirac equation HeisenbergandEuler, Z. Phys. 98, 714 (1936
‘ = 0 — 02[2( 2— 2 2) +72(- ) ] _1:45—“:31029J/m3
= o + =— 8[2(2-22 —7(. )] 423
chiral

Y Modification of theMaxwell’s equationsn vacuumY Vacuumis a nonlinearmedium

‘ The vacuum refractive index is not an absolute constant =1
It canbemodified on large scale (low energy whenit is stressedby intenses.m fields

Thisresulthas beemerivedlaterby Schwingewith the QED frame

J. Schwinger, Phys. Rev. 82, 664 (1951
2 3

Schwingercritical field : = = 1.3 %1018 V/m
= / =44x10°T




Remarks

¥ A single wave propagates linearly (E=cB, E.B=0 — no extra term)

¥For 2 same linearly polarized counterpropagating waves one has in some places
P = £€,2E°E = €¢,E

¥ The electrostatic energy density can be seen as extra virtual pairs trapped in the field:

2
€0 2 Pete-
s =4E—— = g X 4E X 2M C Pyt - = ,
& =4 2 €0 X 45 X 2MeCp 5 x 10* pair/m?3

which pictures the vacuum filled with about one pair per (12 fm)?

¥Several experiments are trying to measure these effects since decades:

¥ Mesoscale electrodynamics at low photon energy with very high occupation

number. Collective effects.



- R Q ékfidfimentL Q «

¥, Variation of the vacuumefractiveindex,independentelpf the
polarization has beetestedonly RQFH E\ 5 9 -RQHV LQ «

Described in "#$%&'("$)*"+"1,--."/"0$1)&(2"$)*"'&3&245,2"65.6&5(&™.7"$"89%$)49:";$299:Rep. Prog. Phys. <=(2013) 016401

¥, - R Q HeY N ment (1960): Magneticprismin vacuumwith a staticexternalfield B = 1 Tesla
Theoreticakexpectedsignal ¢a sreb7r f
Sensitivity 0.5picorad (!)

i R $°

||~ DeLLight with intense laseifield producedby LASERIX
2.5J, 30fs,w,=5n Y ~ uHs®%W/cm2 Y q1 UHUGY | n1UB

(ELaserix, BrLaserix) ~ 10_5 X (E¢, Be)



The DeLLight experiment ...triggered by the Battesti & Rizzo
2013 report

Xavier Sarazin <sarazin@lal.in2p3.fr> & B3 arch14juildéo 2 juillet 2014 3 1)43 -
Une idée de manip pour tester QED non linéaire en mesurant la déflection d'une impulsion laser Détails g
&: carlo rizzo <carlo.rizzo@Incmi.cnrs.fr>) Cc: Frangois COUCHOT <couchot@lal.in2p3.fr>

Bonjour Carlo

tu trouveras en piéce jointe une note résumant une proposition de manip qu'on aimerait démarrer prochainement avec LASERIX au LAL.

On propose de tester QED non linéaire en faisant contre-croiser deux impulsions laser et en cherchant a observer la déflection de 1l'une par
1l'autre.

Cette idée nous est venue grédce a la lecture de ton article ("Magnetic and electric properties of a quantum vacuum", écrit avec Rémy
Battesti), dans lequel vous mentionnez 1l'effet de la variation apparente de 1l'indice du vide en fonction de l'intensité du champ externe et
l'effet de déflection attendue.

Dans cette note, on a essayé d'estimer 1l'effet avec LASERIX et on a commencé a définir un possible setup.

On aimerait bien avoir un avis de ta part sur cette idée.

Merci beaucoup et bonne journée

xavier sarazin

Principle published: X. Sarazin et al., !&75%$2(.)".7"3,1>4"?@"3,1>4"))";$280t/'Phys. ). D, 70 1 (2016) 13
Now consolidated by Scott J. Robertson’s theory work, to be presented at the ABCD"E.53*".7"F>.4.),2"'+.)15&", Munich 2019
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Dellight

Probe pulse
~1mJ

PumpProbe interaction

Recentalculationsdone byScottRobertsonpostdoc LAL & LPT(R. Parentan)

Pumppulses
2.5J

UJTAJAVP L GHeeV,' §
vw &P
vUe 07
U &3, .depend®n the polarisation

GLYy vwhenA L
GLs whenA LT

a8 L

Nusr=-P

Uk, independent of thpolarisation

Averagedeflection
A}qp N U’ " f t
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Refraction measured with a Sagnac Interferometer

Refraction of the probe pulse = Transversal shift /* of the interference intensity profile

Signal
CCD
BS-2 T Dark Port Interaction
Area M3
/ — N
Probe-2
-
\/2 wmm— l 8
o
Delay Stage / + Only one probe sees the pump
Timing \ —
OAP-1
Probe Pulse OAP
~1mJ
BS-1
Low energy / Amplification
30 fs 25J,30fs

Dellight April 30th 2019 - Vacuum Fluctuations at Nanoscale and Gravitation - INFN - Orosei
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Refraction measured with a Sagnac Interferometer

Generic method described in:
P. Ben Dixol'#!$%8lfrasensitive Beam Deflection Measurement via Interferometric Weak Value Amplification,

PRL102, 173601 (2009)

Dellight

¥, Refraction of the probe pulseY Transversal shift o Zof the interference intensity profile

Ex G

¥ InterferenceY Amplification factor comparedo standargointingmethod(with transversal shiftls

AT S A
alL— L where' TPEJ? RE%Y v& and Lasymetnin intensityof thebeamsplitter
U tVTPEJ?PEKJ 70 ymetny y plitter)

C [OL 00U Y q2&+"%&b-0a70 0P ¥ :2501
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Refraction measured with a Sagnac Interferometer

Refraction of the probe pulse = Transversal shift /* of the interference intensity profile

Signal The beam pointing fluctuations are
CCD measured and suppressed thanks to the back-
Ref-1 Ref-2 reflexions on the beam splitter
BS-2 T Dark Port Interaction
Area M3
V —— AN
Probe-2
-
\/2 w— l 8
=
o
Delay Stage /
Timing \ |‘:
OAP-1
Probe Pulse OAP
~1md
BS-1
Low energy / Amplification
30 fs 2.5J,30fs

Dellight April 30th 2019 - Vacuum Fluctuations at Nanoscale and Gravitation - INFN - Orosei 13



Numerical Simulations - Scott

3-d (x,z) numerical simulation:

» Two pulses (30 fs, 800 nm) with ortogonal polarisation are counter-propagating (along z) and focused

» Transversal profiles of the beams are gaussian: £(x,z) = Aoe(‘xz/ W)
» Energy pump pulse E=2.5 J; Energy probe pulse is negligible (1 mJ)

» Minimum waist at focus: w,(probe) = 2 X w,(pump)

» Probe beam is shifted transversally by a distance 6,
» Vacuum refractive index is calculated in the interaction : dngygp(x,z,t) = 7¢¢ c?E%(x,z,t)

2TtC

= After interaction, the probe pulse is refracted by a phase @ogp(x,2z) = [ - Onggp(x, z,t)dt

» Gaussian propagation of the refracted and unrefracted probe pulses to a distance D, where they interfer

— Interference with an extinction F = 4€? (e = assymetry of the beam splitter)



Dellight

Effect of impact parameter, and tilt angle

0.015-

........

0.008 -
0.006
0.004 -

0.002 -

2 4 6 8 1o Osvitt (Hm) 2 4 6 8 10
Figure 5. Shift of the barycentre at the output of the Sagnac interferometer after introducing !
energy is fixed at 2.5J, and the walsts of the pump and probe at W = w = 5 um. We also assume d%es
a beamsplitter asymmetry € = 10™°, exactly as in Figs. 3 and 4. The solid curve reproduces the result w1th no tilt angle (that
on the right panel is exactly the same as the red curves in Fig. 4), while the dashed and dotted curves show results for a tilt
angle of 30°. If the pump and probe propagate in the (z, z)-plane, then the dashed curve shows the results when the relative
shift between the two pulses is in the y-direction, i.e. perpendicular to the plane in which they propagate. The dotted curve
instead shows the results when the relative shift is in the z-direction, i.e. in the same plane in which the two pulses propagate.
As indicated on the plots, the left panel is for the case of equal polarization of pump and probe, while the right panel is for the
case of opposite polarization; the two are related by a factor of 7/4.

April 30th 2019 - Vacuum Fluctuations at Nanoscale and Gravitation - INFN - Orosei
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NumericalSimulations

T E=25],

I Extinction=0.4 10 (6L sr’’)

T D = 50cm (limited by thebeamdivergence)
T wy(pump =5 An, wy(probe)=10 BAn

G wy2

¢CZN U U -

—)

Signal A Teduced by ~20% jitter pump r2.5Rn

KQI—HO&I;

(84 3+)) " Hy ans o

T x& 54

Intensities of pulses

20
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Expected sensitivity

Y2 Switch ON & OFF alternatively the pump beam (laser repetition rate = 10 Hz):
Y Barycenters of the intensity profile : T§ Cand T§ ¢é
Y Signal (ON-OFF) for the measurement G Tp L TEC F T§¢ ¢

% 04 g measurements collected Y !"#$%&#(&)%*+,+ TG & +/ 03 g =
-#$# 15 (" 1.#+01 D33+4%/(YBH#5%6/(5) 708*69() & "-'/#;%I/(8'

¥4 The sensitivity (number of standard deviations O ) ip :

T €."TN:T >,
ZTM..L— WrI‘H \/ f

ée\/ Oa@% (.Ué—f‘—:"].é?H Csr?gHiz:oop

Extinction a L r& sr’® (6L sr’
& L srnm Y Oxgu r&/ 6igst f > Y| 3 sigma discovery in 25 days
W, (pump) =5 Fn

6264 Sizeas With w, (pump) =20 Rn Y Oy 3 with 100 days of collected data
656 B ég (same as PVLAS birefringence sensitivity)
5 {

Dellight April 30th 2019 - Vacuum Fluctuations at Nanoscale and Gravitation - INFN - Orosei
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Experimentathallenges

9 Extinction: a L r& sr’® (6L sr’
O Spatialresolution é; L srnm

9 Waistatfocus adow as possible
+ stability of thepumpprobeoverlap

DelLight-O prototype

April 30th 2019 - Vacuum Fluctuations at Nanoscale and Gravitation - INFN - Orosei

18



DeLLight-0 prototype

CCD
Filter #H%# $ = #55%( »| Measurement of the extinction factor
Neutral density s
: : :
/ Probe-1 ]Q »! Measurement of the spatial resolution
BS-2 » | Measurement of the index gradient
Polarisation (A/2) e S0/50 induced by Kerr effet in silica window and in gas
?) => Validation of the methode
o)
09_ l Silica
Delay stage / window " Pump pulse
(time synchro) N 100 nJ - 10 pJ

® ~ 400 um @ interaction

Probe Pulse
~10 pJ I \ /

® ~ 800 pum

100 pJ
100 fs

Dellight April 30th 2019 - Vacuum Fluctuations at Nanoscale and Gravitation - INFN - Orosei 19



Del Light-0 demonstrator

v' BeamSplitter 50/50Semrocke (3mmthick)
v' Flatsilver mirror standard (@10)

v' BS and oppositenirror controledwith piezoadjuster
POLARIS K1S2P 5 nradmV

v Dark Output:
- Filter 'O 3 nm@ 800 nm
- CCD cameraBASLERe acA130060gm
1260x1080 pixels
pixel size = 5.3Mn
saturation s reelectrons/pixel
v Fusedsilicawindow (6mmthick)

Dellight April 30th 2019 - Vacuum Fluctuations at Nanoscale and Gravitation - INFN - Orosei 20



Extinction = vY°

YL + 4 LAsymetry
(intensity) of the beam
splitter

Ydepends upon the
polarization

Dellight

Extinction of thanterferometer

Rotation of thepolarization Y Extinction ~ 103

1000

900 - 3000

800

= 2500
700

600 '+ 2000
500

1500
400

300 1000
200
500
100

200 400 600 800 1000 1200
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Dellight

Extinction of thanterferometer

Signal : Extinction~ 10 °

1000
1 3500

900
800 1 3000
//

600

2000
500

400 1500

300 1000

200

500
100

200 400 600 800 1000 1200

Backreflectiong~ 103

April 30th 2019 - Vacuum Fluctuations at Nanoscale and Gravitation - INFN - Orosei
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Surfacedefectson
mirorsinsidethe
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Spatialresolution

Expected resolution limited by the photon statistic:

. ~ XU(")é
Y €a 3 =
Cor

Y2 Monte-Carlo: CCD BASLER » acA1300-60gm)
T Pixel size @ 5.415.4 AN?
1 Charge saturatio®3° ¢ s rBe /pixel

Y iz UU‘

¥, With betterCCD BASLER ¢ (acA4024-29um ).
T Pixel size @ 41.811.8 AN?
1 Charge saturatio®3° ¢ s rBe /pixel

Y I; UUe.




Beam pointing
fluctuation
correction

Spatialresolution

Beampointing fluctuations are well
measuredby the backreflections on BS
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Preliminaryanalysisbasedon abarycentercalculationin a simple squaranalysiswindow (Rol)

After beampointing correction
Y low frequency drift supressedoy ON-OFF subtraction

:_I 11 1 l L1 1 1 I 11 1 1 l L1 1 1 l 11 1 1 I L1 1 1 I 11 1 1 l L1 1.1 I 11 1 1 I 11

0 10 20 30 40 50 60 70 80 90 100

:_I 111 I L1 11 I 111 1 I L1 11 I L1 11 I L1 1 1 I L1 1 1 | L1 11 l L1 11 I L1 11

0 10 20 30 40 50 60 70 80 90 100

= ON-OFF o°" = 35 nm

- y

:_l 11 1 11 1 I 11 1 1 l L1 1 1 l 111 1 I L1 1 1 I 11 1 1 l L1 1 1 [ 111 1 ] 11

0 10 20 30 40 50 60 70 80 90 100
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Dellight

Observation of the non linear Kerr effect

Kerr effect induced in a fused silica window (6mm thick)

Xy LI,EIgHE .9
Jo: <Z<.NfHsr?% . 9w

Data taken in June & July 2018

T )(probe) 800 Rn (fwhm)

T )(pump) 400 Rn (fwhm)

T Duration of the pulses 't ~50 %100 fs

¥ Energy Pump varies from ~12 B down to ~300 nJ

April 30th 2019 - Vacuum Fluctuations at Nanoscale and Gravitation - INFN - Orosei
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Measurement of the Kerr signal in S10,

Maximal extinction Without pump
1000
900 - 3000
800
- 2500

700

600

2000

500
1500
400
300 1000
200

500
100

200 400 600 800 1000 1200

Intensity profiles in the dark output

of the Sagnac interferometer
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Measurement of the Kerr signal in S10,

Maximal extinction With pump 1~ 10" W/cm? Energy pump ~ 20 wJ

1000

900 < 3000

800

2500
700

600 | 2000

500

1500
400

300 1000
200
500
100

200 400 600 800 1000 1200

Intensity profiles in the dark output

of the Sagnac interferometer
Dellight April 30th 2019 - Vacuum Fluctuations at Nanoscale and Gravitation - INFN - Orosei
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Measuremenof the Kerr signal in SI©

Energypump~ 300nJ

~ 50 +100 fs
) (pump ~ 400 Fn

m) |~ 10 Wicny

=) | " " NPHUU®?

oYL UU@G Yépee

(200meas ON-OFF; 40 sec.)

INFN - Orosei

28



2.5

1.5

(;LE(;?EC;g, ()

0.5

Measuremenof the Kerr signal in Si®

T I T T T T ] T T T T I T T T T I T T

Preliminary Results

e, L e H seas

l 1 1 1 1 l 1 L 1 1 l 1 1 1 1 l 1 1

v
.
’
.
’
’
’
’
’
’
’

T ] T

1 l 1 1 1 1

T T T T T T T
’
’
’
’
’

1 2 3 4

EnergyPump( R)

5

9 SignalTu;@E . As proportionalto theenergy
of thepump asexpectedor the Kerreffect

9 Preliminaryresults work in progress...
T Simulationsof the Kerreffect
T Influence of theolarization
I «

9 Nextstep measur&err effectin gas



Kerr effectand plasma imesidualgas

e Ve ¥ Kerr effect in gas: Decoherencdimit ?
F Kerr Jg:%o fe sriPT YW . 9 . .
0 E o) 6 2 - L yHsr"“mbarY distancebetweeratoms &oxg:
- ony - =3x107 " em” /W VA
i — /s ,', ] . . R TR A~ ? "
10 °F "SED ~ 10 P em? /W @ ' p i YPlasma ¢Jdspoe50¢devy "LLt Hsri<e f
WXHE >/ Y
i 77 V8 $/
10k N2 i S N - ¥, Beampolarisation & orientatiomsedto distinguishthe
E &, E — '/ §
E N g : processes
8 oM S I
10 \n 1S 3 =
; Qf-’/ Y 5 Measurement ——» g e
10k ég*,// 4 -
E & ) E NL Vacuum T
10| / : . —
10 3 / | // _§
10 '“:_ _ NL Kerr in gas \>| Ps
020 ; _ Plasma Polar.Indepent
g A 257 E
: Jewy VHSI :
13F l,’l ,/ 5 - E
10

-12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1
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DelLLight for thenext3 years

Funded (~310keurog by ANR Oct. 2018+0Oct. 2021
2/3 Equipement
1/3 2years postloc (tartingspring2019)

Partners: LAL, LPGP, LUMAT, APC

Program:
1. DelLight-0 (2019):
T Kerr effectinsideSilicawindow oce A «N s 1’<
T Kerreffect& plasmainsidelow pressurggas ce A» N sr?°°

2. DelLight Phase 1 (2012020):Measuran vacuumwith 2 Joules & focusv,= 10 20 An

3. DelLight Phase 2 (202R021):Measurdan vacuumwith focusw,=5An ce A*Nt Hsr’>’



Dellight

Thank you ©
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