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No signal yet:
The elusive birefringence of the
vacuum, and whether
gravitational wave detectors
may help
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Yacuum

The physical vacuum:

What is left when all that can
be removed has been removed
(J.C. Maxwell)

Heisenberg:

Non-zero ground
state of EM field,
The quantum and virtual
vacuum particles

Credit:
G. Ruoso



The guantum vacuum

Examples that can be associated:

-Lamb shift

-Anomalous magnetic moment of e and L
-Casimir force (though other interpretations

exist)

External field

Here:
-Properties of the quantum
vacuum in the presence of an

external field

Credit:
G. Ruoso



The guantum vacuum

Examples:

-Lamb shift

-Anomalous magnetic moment of e and L
-Casimir force

External field

Here:

-Properties of the quantum
vacuum in the presence of an
external field

-Study with light

An>07? Credit:

G. Ruoso



Morley and Miller (1898)

Part II.

EXPERIMENTS ON THE VELoCITY OF LIGHT 1N A MacgNeETIc FIELD.!

By Epwarp W, MorLEY AND Davrox C. MILLER,

Phys. Rev. 7, Vol. 5, 283

Light source: Bunsen burner
colored with sodium
Light polarized with Nicol prism

Magnetic field solenoidal B = 0.165 T
NOT IN VACUUM

Faraday rotation + change of velocity
Looking at fringes by eye, sensitivity:

An(110-8 Credit:

G. Ruoso

Fig. 1. Diagram, showing arrangement of optical parts.




Watson - 1929

Motivated by the search for a photon magnetic moment

o

The Effect of a Transverse Magnetic Field on the Propagation of Light in ST
vacuo

William H. Watson

Proceedings of the Royal Society of London. Series A, Containing Papers of a
Mathematical and Physical Character, Vol. 125, No. 797 (Sep. 2, 1929), 345-351.

No effect measured: An <4 10-7 T-1

Credit:
G. Ruoso



Consequences ol Dirac’s Theory of the Positron

W. Heisenberg and H. Euler in Leipzg?

22, December 1935

Abstract
According to Dirac’s theory of the positron, an electromagnetic field
tends to create pairs of particles which leads to a change of Maxwell's
equations in the vacuum. These changes are calculated in the special case
that no real electrons or positrons are present and the field varies little
over a. Compton wawelength., The resulting effective Lagrangian of the
field reads:
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The expansion terms in small fields (compared to & ) describe light-light
scattering. The simplest term is already known from perturbation theory.
For large fields, the equations derived here differ strongly from Maxwell's
equations. Our equations will be compared to those proposed by Born.




QED Prediction

Light slows down in vacuum Iin the presence of
a magnetic field (perpendicular to the direction
of light propagation) .
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Vacuum is birefringent: An_ | =4% 1024 4 BE[ l#.f"'TE]






Light propagation in QED

Without
external Favavavavas
field
Real photon Bare photon Virtual pairs
propagation propagation interaction
External B,E External B,E
With
external gy
field

Real photon Bare photon Virtual pairs Higher order corrections
propagation propagation interaction

c depends on external field!

Credit:
G. Ruoso
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The quantum vacuum as the origin of the speed of light
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m]
Abstract. We show that the vacuum permeability po and permittivity en may originate from the magneti-
zation and the polarization of continuously appearing and disappearing fermion pairs. We then show that
if we simply model the propagation of the photon in vacuum as a series of transient captures within these
ephemeral pairs, we can derive a finite photon velocity, Requiring that this velocity is equal to the speed
of light constrains our model of vacuum. Within this approach, the propagation of a photon is a statistical
process at scales much larger than the Planck scale. Therefore we expect its time of flight to fluctuate. We
propose an experimental test of this prediction.

€ o and p_o may be conseguences of ephemeral (virtual) particles,
...and so may c !




QED

Not tested much in weak field, low energy limit

But some people try hard...
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Emilio Zavattini
(1927 -2007)

Ellipsometer Method

polariser magnetic field Mod analyser
ITr'

Ellipticity modulator

P(t) at 2wy,, ™IOr (M) at Wy

Volume 85B, number 1 PHYSICS LETTERS 30 July 1979

EXPERIMENTAL METHOD TO DETECT THE VACUUM BIREFRINGENCE
INDUCED BY A MAGNETIC FIELD

E. IACOPINI and E. ZAVATTINI
CERN, Geneva, Switzerland

Received 28 May 1979

In this letter a method of measuring the birefringence induced in vacuum by a magnetic field is described: this effect is
evaluated using the non-linear Euler—Heisenberg - Weisskopf lagrangian. The optical apparatus discussed here may detect an
induced ellipticity on a laser beam down to 10711,

Absolute phase shift is hard to measure, study anisotropic
Changes of refractive index instead. (birefringence, dichroism)



PVLAS Legnaro (1992-2008)

Photodiode

[ ]

Amplifier

P2

QWP [
M2 [

Y —
]
1

Sine Generator

Trigger

Lock—in

Y y

Slow ADC| |Fast ADC

] box
1
i
1

' Interaction
| .

i Region

1

_PIE

Data storage

Yacuum

Chamber
Mirr&

(Gas line
Gas
Bottle

Factor 5000 away from QED prediction

photon
detection
region

upper
vacuum
chamber

cryostat and
superconducting <
magnet

reinforced
concrete
beam

T

lower
vacuum
chamber

lower optical <

table

sand bed

/ laser beam

_, upper optical

= quartz tube

granite tower

rotating
7 table

remnforced
—= CONncréete

raft




New PVLAS layout (Ferrara)

Pherw Beam Dump Granite optical table r s
$ 00 Laser = Lens
Optical WPs @ - Beam sampler or splitter
Isolator & = Mirror
PEXT
To low noise amplifier
Fabry Perot
Dipole magnet 1 Dipole magnet 2

Finesse 700 000



Isolated optics table

Credit:
G. Ruoso



3.75 Hz spinning...
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Guido Zavattini Baffles




PVLAS: recent progress

Ferrara
Test

This work

1990 1995 2000 2005
Year

Limited by currently unexplained noise:
One suspect: birefringence of mirror coatings



BMV: temporal B-field modulation
with pulsed magnets
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BMV, new setup (Jan. 2015)

X-coll

Nd:YAG
A=1064 nm




PVLAS, BMV, and others

Measure polarization variation of laser beam
Induced by a varying magnetic field. The B-field
variation can be spatial (PVLAS) or temporal
(BMV).

Typica

Best u

0

oroblem: Bi-refringence of mirror optics ?

ner limit today by PVLAS collab.:

factor 10-50 away from QED prediction
(new PVLAS EXxp., improved factor ~100 in 2014)



Field modulation vs. measurement

technique

Rotate B-field

Measure polarization PVLAS, others

Measure phase

GW detectors?

Modulate strength of
B-field

BMV

GW detectors?

(Get refractive indices for
par. and perp. direction
independently!

— More implications for
particle physics)




Connection to particle physics

Milli charged particles:

Hypothetical particles with mass < m(e),
->virtual pairs at lower energy, would show up
as ellipticity in addition to QED prediction

Axions: Effective absorption of photons
(due to coupling to axions) would show up as
dichroism (linear polarization rotation)




1979: Proposal to use Laser

Interferometers

19,

FPHYSICAL VEVIEW D VOLUME

NUMBER & 15 APRIL 1979

Testability of nonlinear electrodynamics

A. M. Grassi Strini, G. Strini, and G. Tagliaferri
Institure of Physical Sciences of the University and Sezione dell’LN.F.N., 20133 Milano, Italy
(Received 21 April 1978; revised manuscript received 9 November 1978)
Laser interferometry combined with present-day electronic techmigues now make it possible to test
nonlinear-electrodynamics predictions in the weak-field limit, up to a sensitivity of 107" in the relative
variation of the velocity of light. The significance of such tests in regard to QED predictions is noted.

REFLECTORS

I. INTRODUCTION equations predicted by QED should be o

some testable case. For clarity, we pr

In the past, nonlinear eguations for electromag- report the procedure followed rather th

MAGNETIC FIELD
netism have often been proposed, on the basis of

1
stating the resulting figures, __R_‘,\EGIGNS
theoretical motivations of a widely varying nature. The equations of electromagnetism m
Such proposed nonlinearities are either intrinsie the inclusion of nonlinear terms read’ = |~ "
or represent the interaction with other fields such 1 = .
. — P - L "._
as, for instance, the effects of vacuum polariza- V= E = B=0, ¥xH - D=0, \
tion deriving from the interaction of the electro- ——
magnetic field with the electronic field,. However, v.B=0, v.D=0, ><
as far as experimental confirmation is concerned, = = . - - LASER ) E——
there is a nearly total lack of direct information D=E +y[a(E’ - F)E+p(B- BB,
because the theoretically anticipated nonlinearities H=B+y|[a(E* - F)B-3(B. E)E], /
are exceedingly small. 50/50 BEAMSPLITTER
By ) where all symbols conform to common | /
The purpose of the present paper is to suggest o . |
] , , the coefficients o, B,y have the followin |
that the progress in instrumentation and experi- QED: \
mental techniques in recernt years now makes it ) ',l / >__G
PHOTO - ~DIFFERENTIAL
DETECTORS AMPLIFIER

FIG. 1. Bketch of laser interferometer with magnetic
field perturbation.



2002: Proposal to use GW detectors.

NIKHEF /2002-00

Exploring the QED vacuum with laser interferometers

Daniél Boer' and Jan-Willem van Holten'+

Y Division of Physics and Astronomy, Vrije Universiteit, De Boelelaan 1081

NL-1081 HV Amsterdam, The Netherlands
2 NIKHEF, P.O. Bor {1882, NL-1009 DB Amsterdam, The Netherlands

February 1, 2008

It is demonstrated that the nonlinear, and as yvet unobserved, QED effect of slowing down
ligh

ght by app on of astrong magnetic field may be observable with large laser interferometers
like for instance LIGO or GEOGOO.

12.20.Fv, 07.60. Ly, 41.20.0b, 42.25.Le, 41.25.Bs, 95.75. Kk

-too optimistic in assuming possible increase in sensitivity
with increasing cavity Finesse
-neglecting possible integration of signal over time



2009: Virgo / Electro-Magnets

Eur. Phys. I. C {2009) 62: 459466 THE EUROPEAN
DOI 10.1140/epjc/s10052-009-1079-y PHYSICAL JOURNAL <

Regular Article - Experimental Physics

Probing for new physics and detecting non-linear vacuum QED

effects using gravitational wave interferometer antennas

P PRy B . ~ o3
Guido Zavattini'*, Encrico Calloni-

E_INFN_, Sezione di Ferrara and Dipartimento di Fisica, Universitd di Ferrara, Polo Scientifico, Via Saragat 1, Blocco C, 44100 Ferrara, Italy
“INFN, Sezione di Napoli and Dipartimento di Scienze Fisiche, Universitd “Federico 11", Mostra d"Oltremare, Pad. 19, 80125, Naples, Italy

Received: 28 April 2000 / Published online: 27 June 2009
© Springer-Verlag / Societa Italiana di Fisica 2009

-pointing out new physics potential



2009: LIGO/GEOQO Pulsed Magnets

A LETTERS JourNaL ExpLorING
riL FronTiCRS or Puysics

July 2009

EPL, 87 (2009) 21002 www.epljournal .org
doi: 10.1209/0255-5075/87/21002

Interferometry of light propagation in pulsed fields

B. DoricH™ and H. GiEs

Theoretisch-Physikalisches Institul, Friedrich-Schiller- Universitdt Jena
Maox-Wien-Platz 1, D-07743 Jena, Germany, EU

received 16 April 2009; accepted in final form 30 June 2009
published online 28 July 2009

PACS 12.20.Fv ~ Quantum electrodynamics: Experimental tests
PACS 14.80.-3 — Other particles (including hypothetical)

Abstract - We investigate the use of ground-based gravitational-wave interferometers for studies
of the strong-field domain of QED. Interferometric measurements of phase velocity shifts induced
by guantum fluctuations in magnetic fields can become a sensitive probe for nonlinear self-
interactions among macroscopic electromagnetic fields. We identify pulsed magnets as a suitable
strong-field source, since their pulse frequency can be matched perfectly with the domain of
highest sensitivity of gravitational-wave interferometers. If these interferometers reach their future
sensitivity goals, not only strong-field QED phenomena can be discovered but also further
parameter space of hypothetical hidden-sector particles will be accessible.

© EPLA, 2009
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-assumes aperture of O~cm




2015: Feasibility / Magnet design

PHYSICAL EEVIEW D 91, (L2002 (2015)

On the possibility of vacuum QED measurements with gravitational
wave detectors

H. Grote
Muax-Planck-fnstitul jilr Ceravi
Ll I IHATFars: a0 (1 . g PRy
(Recewved 17 September 20014; published 7 January 2013)

CJuantum ele w25 virtual particle
index of the vacuum larger than unity m the presence of a mag
measured to date, even after considerable effort of a numbe
other authaors

give this proposal some new consideration m this paper. In particular, we look at possible source field

magnet designs and further constraints on the mplementation at a gravitational wave detector. We conclude
that such an experiment seems to be feasible with permanent magnets, vet still challenging i s
implementation.

DOE T TTOYPhysRew Y10 PACS mumbers: 04.80.Nn, 42,50 X, 95.55.¥Ym, 95.75 Kk

L INTRODUCTION All of the ongoing experiments make use of the differ-
ence Any_, ol the predicted refractive mdex changes for

Corrections to the Maxwell equations that emerge In
Comections to the Maxwell equations that emerge from o : — :
different angles of the magnetc held with respect W the

the quantum properties of the vacuum have been proposed
many decades ago: see. e.e.. [1]. Quantum electrodynamics  Polanzation direction of the hght; re.. they attempt to

=




Integration time for sinusoidal signal

)
lsNR=1 = ( —

SrM S, || Displacement noise
Ampl. spectral density

Displacement signal
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Measurement time as function of
displacement sensitivity
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Displacement Sensitivities
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Here: Is it feasible?
And with what kind of magnet?

IFO aspect: smallest acceptable aperture:
~3 times beam size ( < 1ppm loss)

—— Clipping and Diffraction
- = =-Clipping only

Energy in magnetic field:

Aperture size [Ar/w]




Some IFO beam sizes

Interfero- Beam Minimal aperture radius Realistic aperture
meter radius at (3 x waist radius) radius, including
waist vacuum tube

GEO (noarm 9 mm 27 mm 40 mm
cavities)

Virgo 10 mm 30 mm 45 mm
LIGO 12 mm 36 mm 55 mm
KAGRA 16 mm 48 mm 70 mm
ET-LF 29 mm 87 mm 130 mm

Beam waist near middle of arm cavity

!




Linear magnet

current drive

Reduced aperture
beam tube

r,

Linear conductor Laser beam

Simple scaling law:
B2D~PA/M2




Continuous operation of a linear magnet

ForBM2 D=1T"2 m:
(r=55mm, A~r"\2)

P =300 kW ( thermal dissipation only )
Pr=2.5 MW ( reactive power, f=25 Hz )
1 MW with ferro-magnetic material surrounding the conductor

Electricity:
lyear*1 MW =8.76 MkWh~2 M €



Intermittent operation of a magnet

P =20 kW ( average power )

P =100 MW ( pulse power, 10ms pulse length )
E =1MJ, 240g TNT

1 pulse every 50 s.

600000 pulses for SNR=1 (1 year)



Magnet Aspects

Electro-magnets: very difficult due to high
energy in B-field. Perhaps better with new
alloys and lower frequencies. Very large
dissipation.

Pulsed magnets: Limited lifetime seems the
main problem. Large apertures do not exist yet.
(see 'X-coll' for BMV, long development time)

Permanent magnets: Field energy does not
have to be shifted around...



Magnet as Halbach Cylinder

Magnetic domain
orientations NeFeB Magnet

Laser beam

rotation

B = Br * In(ro/r)
Br ~ 1.3T for NeFeB

Example: B = 1.0T for ro=121mm, ri=55mm - m=328kg for D=1.2m
NeFeB: 150% / kg —» 50k$ / Magnet




Nested Halbach cylinders
for ampl. Modulated B field

Advanced QED measurement !



IFO assembly with valves and baffles

Chamber for baffle suspension at entry to
small-aperture tube

IFO main beam tube  Suspended baffle

) Pre-vacuum (1 Pa)
. Ultra-high vacuum (<0.5pPa) |
Laser beam | g (<0-5uPa)

[
-,

Gate valve Protection / vaccum chamber Magnet assembly  Non-conducting beam tube
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Low displacement noise hard to reach with small beams
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A QED calibrator ?

Magnetic field excitation stable over years, can
be determined to sub-% level

Only need magnetic excitation and QED
prediction (and good vacuum)

Long integration time:
3% accuracy for ET-HF after 1 year

47



Conclusion

VAC QED at GW-IFO:

Different method (phase lag signal rather than
polarization shift signal)

Maybe ambitious, yet still looks feasible
Quasi-parasitic addition to existing facility

Permanent magnets seem to be an option for
now
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