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Abstract

In this report we summarize the main physics and experimental points relevant to PVLAS activities. First
we cover the elements of physics interest concerning QED and the potentialities in respect to QCD and to
very high energy physics. We recall the orders of magnitude of the experimental observables, the basic
experimental approach, the main outputs of the measurements performed with the Legnaro set-up at
LNL, the needs in terms of sensitivity to achieve measurements of the magnetic birefringence of vacuum
within realistic time periods and the needs of absolute calibration of the zero and of the scale of the
ellipticity axis in order to be able to reject false signals. We describe the test set-up assembled and
running in Ferrara, where the solutions to the aforementioned needs have been implemented and
validated. The Ferrara test set-up is a model in reduced scale of the new PVLAS apparatus dedicated to
make the first observation of magnetic birefringence of vacuum, for which we are asking the financing
for 2011-12. References are given to the most recent papers (or reports we are aware of) concerning the
competing experiments BMV in Toulouse, OSQAR at CERN and Q&A at Taiwan.
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1- Physics of magnetic birefringence of vacuum

Non-linear effects for the propagation of light in vacuum in the presence of electric and/or magnetic
fields are absent in classical Maxwell equations, but were predicted already long time ago in the Euler-
Heisenberg-Weisskopf Lagrangian [1,2]. Magnetic birefringence of vacuum (MBV) was computed in the
framework of quantum field theory in 1971 [3], but so far it has not yet been observed due to the
smallness of the effect. In the QED framework MBV is a consequence of polarization, under the
influence of the magnetic field, of pairs of virtual charged particles and antiparticles bubbling in vacuum.
In terms of Feynman diagrams the dominant term is the light-by-light (Ibl) scattering diagram with
electrons and positrons in the loop. The contribution of loops of higher-mass virtual lepton pairs (LW
,T'T) is negligible since it scales with the fourth inverse power of the mass. If they exist, light scalar and
pseudoscalar particles coupled to photons (e.g. axions, which are potential candidates for light cold dark
matter) could contribute to MBV in an observable way, depending on the magnitude of their coupling to
two photons [4]. The inverse of the coupling constant to two photons gives the mass scale of the new
high-energy physics that would become accessible in this way with low energy optics experiments. The
contribution to MBV of Ibl scattering terms with a loop of light quarks might become appreciable when
experiments will be able to provide precise measurements. The hadronic contribution to MVB might
restrict the capability of observing new high energy physics with low energy optics experiments, but
uncertainties in the calculation of these QCD effects are large [5].

Observation of MBV is qualitatively important because it would make directly visible at a macroscopic
scale a property of physical vacuum. Notice that in MBV the responsible (mainly QED) effects result from
interactions distributed coherently in space over long macroscopic distances (as it is the case in g-2
experiments) and not in confined microscopic volumes as it is the case in Delbruck scattering of high
energy photons off atomic nuclei. Notice also that the Ibl term is the dominant effect in vacuum
magnetic birefringence experiments, while in g-2 experiments it is only a correction.

Direct observation of properties of the physical vacuum is important already at a qualitative level
because vacuum appears to feature at the microscopic and at the cosmological levels properties whose
consequences appear dramatically contradictory: vacuum has the property of expanding on large
cosmological scales and of featuring creation and annihilation of virtual particle antiparticle pairs at the
microscopic quantum level. The vacuum energy density computed on the basis of the present quantum
mechanical description of microscopic vacuum, when integrated over cosmological scales, results in an
enormous energy that would cause or should have already caused a big crunch of the universe. This is in
violent contradiction with the observations nearly a century old that the universe is expanding and even
more with recent observation that the expansion of the universe is accelerating [6].



In absence of light scalars and pseudoscalars coupled to two photons (Fig. 1e)), precise measurements
of MBV would provide valuable tests of QED and, depending on the relevance of the contribution of
hadronic Ibl loops (Fig. 1d)), might contribute to exploit future high precision muon g-2 measurement to
spot high energy effects. Hadronic loops contribute to the g-2 effect of the muon in a significant way and
therefore it has been necessary to evaluate their contribution in order to assess if discrepancies
between the theoretical and experimental results were due to new high energy physics or not. A
sophisticated procedure that exploits dispersion relations has permitted to extract the hadronic vacuum
polarization contribution from a combination of QCD calculations and measurements of e‘e’
annihilations as a function of c.m. energy [7]. The hadronic Ibl contributions to the muon g-2, instead,
cannot be related at present to any measurable quantity and calculations have to rely on models. The
estimated Ibl contribution amounts to about three times the experimental muon g-2 error [8].

Bakalov has reviewed in 1994 the various methods utilized to calculate MBV (Figs. 1a)-c)) starting from
QED [9]. MBV and low energy gamma-gamma scattering cross sections are correlated (see refs.4-11 in
our ref. 10). The PVLAS experiment has published the lowest upper limit to the Ibl scattering cross
section [10] using the data of the set-up installed at INFN-LNL (Legnaro National Laboratory). However
the 10° s'/? operational sensitivity of the vertical ellipsometer coupled with the 5 T 1m long
superconducting dipole magnet of the set-up installed at INFN-LNL are not sufficient to observe to the
Ibl scattering cross section.

Rafelski has discussed in 1994 the hadronic Ibl contributions to MBV (Fig. 1d)). He has emphasized that
large uncertainties are present in the estimation of the contributions from light quark loops, with
differences up to tree orders of magnitudes depending on whether non-perturbative or perturbative
approaches are utilized [5]. We are not aware of further theoretical work on the subject. This may be
explained by the absence so far of an experimental observation of MBV and by the focusing of
theoretical interest in recent years on models to account for the anomalous results reported by PVLAS
on the apparent rotation of the polarization plane of a light beam traversing a magnetic field based on
2002-2006 data [11] that were disproved by 2007 data with an improved apparatus [12].

Finally, concerning the possibile existence of scalar/pseudoscalar bosons coupling to two photons (Fig.
le)), measurements by the CAST collaboration [13] and model dependent assumptions on the possible
production of such particles from the sun exclude a large sector of the parameter space (spin zero
particle mass m, coupling of the particle to two photons 1/M) where light spin zero particles would
contribute in an observable way to MBV.



Fig.1: Different contributions to photon-photon interactions. The second order radiative contribution to
magnetic vacuum birefringence (diagram c)) is 1.45 % of the first order contribution. The hadronic
contribution is extremely difficult to calculate and cannot be estimated from other experiments.

2- Orders of magnitude of the ellipticity signals

An initially linearly polarized light beam which traverses a region of length L with birefringence An, will
acquire an ellipticity W proportional to the length L of the birefringent region: W = t An L/A.

In quantum field theory vacuum magnetic birefringence results from the interaction of photons of the
incoming beam with virtual photons of the magnetic field. As mentioned before, these interactions are
essentially mediated in the QED framework by ee” virtual loops (Fig. 1b)). The energy density of a
magnetic field is proportional to the square of the field intensity B> so also the density of the virtual
photons is proportional to B, and indeed the birefringence effect, which results from the collisions of
photons of the incoming light beam with the virtual photons of the magnetic field, is proportional to B.

An = 3A. B> where A, = 1.32:10 % T2



To fix the orders of magnitude, consider that the ellipticity generated by the passage through a 2 m long
2.3 Tesla magnet (A = 1064 nm) is of the order of 1.2:10*°.

The MBV effect is additive if the light propagates back and forth through the magnetized region by
undergoing N reflections [14].

Gases immersed in a static magnetic field feature birefringence. The effect is known as Cotton-Mouton
effect [15]. The Cotton-Mouton coefficient of many gases has been measured by several experiments
[16]. PVLAS has provided the most accurate measurements for noble gases [17-20]. Depending on the
nature of the gas, the induced ellipticity can be positive or negative. The CM effect can be used very
effectively to calibrate a MBV experiment by providing the absolute phase of the effect and the
amplitude calibration. In absence of MBV, at zero pressure, zero ellipticity is expected. At extremely low
pressures, when the CM effect due to residual gases becomes marginal, still unforeseen apparatus
effects may mimic an ellipticity signal. A signal phase not aligned or antialigned with that observed for
the CM of gases gives unmistakeably an alarm that a spurious effect is occurring.

If N is the number of passes through the magnetic field region
W =N nAn, L/AB?

where An, is difference between the indices refraction for parallel and orthogonal polarized light (of
wavelength A) per (Tesla)’. Some numerical values for An, are:

An P =4.010% T2
An,"(1 atm) = 1.8-10™° T
An (1 atm) = 6.9-10° T
An (1 atm) =-2.4.10 T2
An (1 atm) = -2.5-10"2 T2

An°(1 atm) = 2.1-10M T2

3- The PVLAS experimental approach

In the experimental approach of PVLAS [21] an heterodyne technique is adopted in order to enhance the
signal over background level, and the light is reflected back and forth N times through the magnetized
region in order to enhance the effect to be observed.

The ellipticity signal due to MBV is modulated by rotating periodically the direction of the magnetic field
in a plane orthogonal to the direction of propagation of the light. This is obtained with a set-up where
the dipole magnets that provide the magnetic field normal to the direction of propagation of the light
have their bore aligned along the optical axis and rotate around it. The ellipticity signal is modulated at



twice the rotation frequency of the magnets, since it depends on the square of the modulus of the
magnetic field orthogonal to the light propagation direction.

In order to maximize the number of reflections the light is reflected back and forth N times by the
mirrors of a Fabry-Perot interferometer (FP) that embraces the magnetized region. F being the finesse of
the FP, the effective number of reflections is N = 2F/n.

This procedure requires to lock the laser frequency to the FP in order to have stable conditions of
measurement. An original method based on the Pound —Drever technique is employed to this purpose
[22].

In the adopted experimental approach it is imperative to have the system of the rotating magnets well
decoupled mechanically and electromagnetically from the laser, the FP and the ellipsometer, in order to
avoid modulations of the ellipsometer response generated by the couplings.

For comprehensive presentations see refs. [10,25].

4- Results with the LNL apparatus (2002-2007 data

The PVLAS set-up at Legnaro had a long development starting in 1992. It features an ellipsometer with a
vertical FP with mirrors spaced 6 m apart. A superconductive dipole magnet about 1 m long rotates
around the FP axis and is operated with field intensities up to 5.5 T. Running periods after fill of the
magnet cryostat with liquid He lasted up to 4 hrs. The optical bench extended vertically for about 8 m
and included two black granite optical benches (one above and the second one below the magnet)
supported by the same thick floor concrete slab. The top optical bench is supported by four granite
pillars. Access to the optical bench above the magnet and to the magnet services was provided before
2007 by a structure of iron tubes. At the end of 2006 the iron structure was removed and an aluminum
access structure was installed.

Data from science runs performed before 2007 featured persistent signals that could be interpreted as
apparent rotation due to differential absorption [11] and as ellipticity [23-25]. The rotation signals
generated quite an interest since, if authentic, would have been the signature of new physics.

After an extended upgrade, the rotation signals disappeared [12]. Also the ellipticity signals at low field
(2.3 T) disappeared, while at high field signals were still present but not well reproducible and not
compatible with the upper limit derived from the 2.3 T data and the B’ scaling law [10] and were
therefore considered as systematic.

The 2.3 T ellipticity data have provided the best limits for the total cross section of low energy gamma-
gamma interactions [10]. Limits on both birefringence and dichroism were also derived respectively as

An<1.1.10"==>A,.<6.6-10*

Ak £0.9-10°



To appreciate the quality of the optical setup one can translate such limits into an ellipticity and a
rotation per pass (to be compared with the values obtained with the Ferrara set-up, Fig. 8):

q)PVLAS < 3.1'10-13 1/paSS

Qpyias < 2.7-10™ rad/pass

1/2 1/2
/ 65/

The operational sensitivity of the LNL set-up over long runs was 10° rad s'/*for rotations and 10° for

ellipticities.

Calibrations of the ellipsometer have been made repeatedly. They have provided the most accurate
measurements of the CM parameters for light noble gases [17-20]. Runs with He have been made at
pressures as low as 0.04 mbar [18].

Concerning the calibration of the ellipticity scale, the LNL set up is still at present the one with the best
performances, because it has measured CM of noble gases in pressure windows lower than any other
ellipsometer. However the zero of the ellipticity scale in the LNL set-up was typically obtained by
extrapolation to zero pressure of CM measurements made at pressures where the signal due to the gas

ellipticity was at least one order of magnitude larger than background signals. These background signals
present at the exact frequencies where the ellipticity signals appear are due to uncontrolled couplings of
the optics to the rotating parts of the apparatus and can fake MBV signals. The use of two twin magnets
in the new PVLAS set-up aims at overcoming this weakness of the previous apparatus.

5- The Ferrara test set-up of the new PVLAS apparatus

The experience with the LNL apparatus has demonstrated that two main features are necessary for a
reliable observation of MBV. 1) A high sensitivity of the ellipsometer is required to measure the MBV
effect in a reasonable time. 2) A direct measurement of the absolute zero of the ellipticity scale is
mandatory in order to check against apparatus artifacts that can produce peaks at the frequencies
where the MBYV effect is expected .

Work at the end of 2008 in Ferrara with a compact ellissometer with no magnet including a 50 cm long
FP cavity and all the optical elements installed inside a common vacuum enclosure supported by a

-8 _1/2
85/

single seismically isolated optical bench has shown that a sensitivity of 2:10 can be obtained with

a FP finesse F=414000 [26-29] as can be seen in figure 2.

After the successful results with the compact 50 cm long ellipsometer, the test set-up described below
has been designed to ascertain and optimize the compatibility of a high finesse high sensitivity
ellipsometer with an extended FP long enough to host two rotating magnets along the FP axis. Each
magnet is 0.25 m long (field strength > 2 T for L = 0.2 m, max field strength 2.4 T at the center) with a 1.5

cm diameter bore.
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Fig. 2: Ellipticity spectral density around the modulator's carrier frequency. The ellipticity noise is flat for

frequencies above about 6 Hz from the carrier.

Fig. 3: Picture of the present set-up in Ferrara. The FP is 140 cm long and is supported by a two stage
seismic isolation system. The Pyrex tube, 7 mm inner diameter, can be seen passing through the
magnets.



All the components of the optics are fixed either directly onto a single seismically isolated optical bench
2.4 m long and 1.2 m wide or inside two rigidly connected and communicating vacuum chambers, which
in turn rest on the optical bench.

The laser and steering optics are installed directly onto the optical bench. The other optical components
are hosted in a vacuum enclosure that consists of three components: a) the Polarizer Vacuum Chamber
(PVC) that hosts polarizer and first cavity mirror, b) the Analyzer Vacuum Chamber (AVC) that hosts
second cavity mirror, photo-elastic modulator (PEM) and analyzer and c) the Pyrex Glass Tube (PGT) that
traverses the bore of the two magnets and connects the two vacuum chambers.

Vacuum in the chambers is ensured by means of turbo and ion pumps. PVC and AVC are bolted onto two
4 cm thick triangular stainless steel plates that are rigidly connected by three stiff stainless steel tubes 5
cm in diameter. Both PVC and AVC are equipped with leak valves for the injection of Cotton-Mouton
calibration gases

The PGT has an internal diameter of 7 mm compared to the waist of the beam at the center of the cavity
of 0.5 mm. The PGT is sealed 'in situ' and is connected to the PVC and the AVC through two high vacuum
gate valves.

Analyzer vacuum chamber Polarizer vacuum chamber

lonic pump lonic pump

Ul v]

turbo

Spacer rod
triangular blade pirex glass pipe

V high vacuum valve g Vvacuum gauge

Fig. 4 shows a schematic drawing of the components of the apparatus.

The two identical magnets are permanent dipoles with length 20 cm external diameter 19 cm and 15
mm bore. They are supported by a heavy structure made of extruded aluminum profiles which is totally



disconnected from the seismically isolated optical bench and rests directly onto the lab floor. Each of the
two magnets is supported by ball bearings at its extremities. The magnet on the analyzer side is
connected with a coaxial electric torque motor which puts the magnet in rotation around the axis of its
bore. The magnet on the polarizer side is connected mechanically to the other magnet by a custom
made joint which couples mechanically the two magnets so that they rotate at the same angular velocity
with fixed relative phase. The joint contains a slider made of Teflon that compensates faint
misalignements of the rotation axis of the two magnets. The mechanical connection so to allow the
magnets to rotate together with their magnetic field orientation parallel or at 90°. When the magnetic
fields are parallel or antiparallel the ellipticity generated in both magnets add up, while when the
magnetic fields are perpendicular the two ellipticities cancel. We remark that with the magnets at 90°
vibrations and potential sources of background signals are the same as in the configuration with parallel
fields.

The entire magnet assembly is being encased in a mu-metal enclosure. Furthermore, above the PVC and
the AVC we are installing two laminar flow hoods to generate a flux of clean air when the vacuum
chambers are opened for interventions.

6- Results of the Ferrara test set-up

After completion of the entire test set-up at the end of April some preliminary test measurements were
performed.

Firstly measurements have been performed without the optical FP cavity in order to test the quality of
the setup and vibration isolation. A sensitivity of 6-10° s was stably obtained at 6 Hz (twice the
rotation frequency of the magnets) with the magnets in rotation. This sensitivity coincided with the
expected sensitivity obtained considering the known noise sources. After integrating for about 30
minutes, no spurious peaks appeared at the frequency of interest with an ellipticity noise floor
of 2 -:10™™°. This is shown in figure 5.

Fig. 5 Ellipticity noise floor measured without the FP cavity mirrors inserted.



Measurements were then performed with the 3000 finesse cavity and a test was performed to check the
CM peak suppression by comparing measurements with the magnets aligned and at 90°. The result is
shown in figure 6 demonstrating the absolute zero measurement concept.

Fig. 6 Comparison of the CM signal with aligned (grey) and perpendicular magnets (black).

Finally the high reflectivity mirrors were installed. Initially a finesse of 245000 was obtained and a first
ellipticity run with the magnets in rotation was performed for T = 400 s. The result, shown in figure 7,
demonstrates that the present set-up is already better than the old LNL set-up.

After some degassing, due to vacuum, a slightly better finesse of 285000 was obtained as can be seen in

figure 8.

Fig. 7 Ellipticity noise floor with the FP cavity mirrors inserted. Finesse = 245000. A comparison with the
best ellipticity limit obtained with the Legnaro set-up is made showing that a significant improvement of
the optics has effectively been made. The present measurements sets a 1 sigma limit of An < 1.3-10™".



Fig. 8 Decay curve for the high finesse cavity with a superimposed exponential fit, resulting in a finesse
of F =285000.

7 - The new experimental apparatus

During the May-June 2010 meeting, the INFN committee approved the financing of 2 permanent
magnets for the new experimental setup. At the end of July the document for starting the bidding
process was sent to the INFN central administration for approval. The main parameter requested is that

fBzdl =11 T?m over the whole length of the two magnets. The total expected length will be between
1.4and 2 m.

During the July meeting of the Ferrara INFN section it was agreed that PVLAS could use the clean room
located in the big hall of the Ferrara Physics Department. This clean room is large enough to host the
whole experimental setup, it will provide also a temperature stabilized and acoustically isolated
environment. The clean room will be available for PVLAS with the end of 2010.

The new experimental apparatus will be a scaled-up version of the test set-up in operation in Ferrara.

The design of the final project is being completed. The axis of the FP will be horizontal, all the optics will
be supported by a seismically isolated optical bench 4.8 m long. The 4.8 m long seismically isolated
optical bench is a commercial item. Some of the main differences/problems we will encounter are the
following:

* =2.8 mlong cavity

¢ Slightly larger vacuum chamber for hosting the optics



* Large optical table

* Magnet supports

* Logistics for installing the table and magnets

* Use of a 1.8 W Nd:YAG laser available from the Legnaro setup
Furthermore, as much of the equipment already available to the collaboration will be used.
Following these guides, we filled out the funding requests for the new setup to INFN in July.

An important aspect is the chronological order in which the various parts of the apparatus will be
procured. This may help for the funding process:

1. Order magnets (by end of 2010)

2. Order optical table + isolation system (could be anticipated to 2010)
3a.Vacuum chambers for optics

3b.Support mechanics for optics

3c. Support system for magnets

4. Movements for ultra high vacuum

5. Optical elements

If point number 2. in the above list can be anticipated to 2010, then a reasonable time schedule could

be the following:
2011
* February 2011 - Place orders for the vacuum chambers and UHV movements
* March 2011 - Installation of optical table
* March 2011 - Complete design of magnet support system
* April 2011 - Installation of vacuum chambers
* July 2011 - Begin installation of vacuum movements and rest of optics
If, instead, point number 2 cannot be anticipated to 2010, the above schedule would be:
2011

* February 2011 - Place order for the optical table and the isolation system



* March 2011 - Place orders for the vacuum chambers and UHV movements
* March 2011 - Complete design of magnet support system

* May 2011 - Installation of optical table

* June 2011 - Installation of vacuum chambers

* September 2011 - Begin installation of vacuum movements and rest of optics

Tables of the requested funding for 2011 for the different sections are reported below:



We will describe in detail the requests following the order in which they appear:
FE

- Specchi: these are the Fabry-Perot high finesse cavity mirrors. The cost was estimate from a 2007 batch
procurement. In 2007 a batch of high finesse coating with antireflective coating on the backside cost
6300 USD. Substrate costs varied from 150 USD/piece for standard radii of curvature whereas for
custom radii the cost was 500 USD/piece. A coating run batch consisted of 17 mirrors. Considering 8
standard and 9 non standard substrates the total cost is 12000 USD corresponding to about 10 keuro +
IVA.

TOTAL per batch = keuro 12 keuro

Our intention is to use substrates of different materials (Zerodur, ULE, or SF57T, Suprasil and other more
exotic materials) to reduce thermal effects which cause stress and/or variations in index of refraction.
We expect these to have a higher cost. This is the reason for the request of 20 keuro instead of 12
keuro. Below is a scatter-plot showing the Stress-Optical coefficient from Schott Glass for different
materials



Fig. 9: Stress Optical coefficient for various Schott glasses

Attached is an e-mail with the costs delared above



- Polarizzatori: this request is for 2 high exctinction (1e-7) vacuum mounted polarizers with 14.5 mm
aperture and antireflective coating from Bernhard-Halle. An offer dating from 2008 is attached. As
mentioned in the offer, points 3) and 4) are incompatible.

2 such polarizers will be needed: Total = 6854 euro + IVA = 8220 Keuro. With a slight price increase we
are asking for 10 keuro.



- Lamine quarto d'onda e mezz'onda: these are zero order plates. Their price can be found on the CVI
website and are attached below:

Each plate (half wave and quarter wave plates have the same costs) costs 452 euro + IVA. Considering 4
of each one finds 4330 keuro. This justifies the S5keuro request.

- Testa PEM: this is for a new photoelastic modulator with antireflective coating, vacuum compatible
and magnetic compatibility. | hope to recieve a written price soon. During 2009, TS bought a PEM with
the Dotazioni2, with a cost of 5900 euro. | suspect the Trieste pem is not vacuum, nor magnetic nor
antireflective. For this reason we estimate 10 keuro.

- Isolatore Faraday: An offer for a 60 db two stage isolator is shown below. The cost is 4500 euro + IVA =
5.5 keuro. The offer is attached below and is from a year ago and we are asking for 7 keuro.






- Banco ottico: the optical bench is a 4.8 m x 1.5 m x 45 cm antimagntic bench with a 6 post leveling-
isolation system (also non magnetic). The offer is shown below. By adding points 1, 3 and 4 one gets
40.6 keuro + IVA = 48.7 keuro.

This justifies the 50 keuro request



- 5 x rotazioni per UHV: the 5 rotation motorized mounts for UHV are necessary for the 2 polarizers, 1
PEM, 1 mirror and 1 quarter wave plate (necessary for dichroism measurements instead of ellipticities).
An offer for mounts for 1e-6 mbar are attached below (2.07 keuro each). The critical part is the motor
which will increase the cost to about 3 keuro each. For 5 mounts this results in 15 keuro + IVA = 18
keuro. This justifies the 20 keuro request with a slight overhead.



- 4 attuatori per allineamento cavita': 2 of each of these actuators will be mounted on each of the cavity
mirror mounts. These are motorized with controllers. We have an offer for 1e-6 mbar actuators from
Thorlabs. It is attached below:



The cost of these, including the controllers, is 2 keuro + IVA. Equivalent actuators for 1e-8 mbar are not
available from Thorlabs and more expensive ones will be needed. Prices for similar items range from 1
keuro - 1.5 keuro each + controllers. This is the justification for the 10 keuro for these actuators.

- Controlli motori: this is for the rotation mounts (not the actuators). Each controller costs 3065 euro.
With IVA the total cost is 7356 euro. We rounded to 10 keuro.

LNL

- 2 camere da vuoto per ottiche FP: the cost of these is estimated from the offers below. The request is
for slightly larger (DN250 mm) vacuum chambers sustained by robust supports as shown in figure 11
below. In figure 11, the cylindrical vacuum chamber has been virtually removed to show the inside
mechanics. We will be using viewports with antireflective coatings. The relative offer for these is also
attached.

For the present test set-up in Ferrara the cost of the 2 chambers is principally due to POS A, POS B and
POS D of the offer below without considering the viewports which will be discussed below. The cost for
the 2 chambers including the end caps was about 5 keuro. Passing to a DN250 size, the price doubles: 10
keuro.



As for the supports and viewports with antireflective coating the cost can be estimated from the the
next offers. Each viewport costs about 2.7 keuro + IVA for a total of 4.1 keuro on a DN200 flange. With

the slightly larger flange, but maintaining the same window size, the cost will increase. We estimate 6
keuro.

As for the supports an estimate can be made from the 'consuntivo PRIN'. In the right most column one
can read the highlighted entry regarding the two triangles on the Ferrara setup made by CINEL. We will

need 4 equivalent structures instead of the present 2: a total of about 8.6 keuro. A bit of overhead gives
10 keuro.






The total for the large vacuum system pieces adds up to an estimated cost of 26 keuro. This accounts for
the first 2 voices under LNL.

- Passanti: these are electrical feedthroughs for the numerous motors

- 2 valvole per sezionare il tubo da vuoto: these are 2 small gate valves with roughing port to isolate the
vacuum tube and flux clean gas using the roughing ports. An offer for these is given below. We
estimated 4 keuro including IVA.



- Sistema di supporto per i magneti: the cost of the permanent magnet support is estimated from the
cost of the present system supporting the two small permanent magnets of the Ferrara test setup
apparatus. Each magnet currently weighs about 60 kg and are each about 30 cm long and 20 cm in
diameter. The future magnets will weigh at least 5 times as much and will be between 4 to 5 times
longer. This leads to a significantly larger system. The present system cost 5300 euro + IVA = 6.4 Keuro
(see offer below from 2009). We estimate about 20 keuro. This is due to the higher (factor 2) and wider
(factor 4) structure which will need to support heavier (factor 5) magnets (see figure 10 below).



- Motori per rotazione magneti permanenti: we will need 2 motors capable of rotating the 2 permanent
magnets at about 5 Hz. In the present Ferrara setup we ordered 2 motors with controllers which should
be have the torque necessary to keep the new magnets in rotation. The total costo was 7.7 keuro (see
highlighted 'consuntivo PRIN' below). A slight overhead leads to 10 keuro and justifies our request.



- Schermatura magnetica per magneti permanenti: lastly we estimated the cost of the magnetic
shielding for the magnets to be 10 keuro. An aluminum structure supporting the mu-metal sheets
(already available from PVLAS) will be built. Here we present only an estimate of the cost.

2011 will therefore be the year in which the new apparatus will be assembled in the Ferrara clean room.

The Pyrex tube connecting the vacuum chambers will be longer to be compatible with longer magnets.
Provisions will be made to have a support stemming from the optical bench between the two magnets
to limit sagging if necessary.

The two identical permanent dipole magnets will be each 1 m long with a central field of 2.3 Tesla, or
will be shorter if higher fields will be achievable under the condition that at equal price the integral of
the B°L will be maintained equal to 5.5 T°’m (for each magnet). Permanent dipole magnets with lengths
in excess of 1 m have been produced with central fields of 2.3 Tesla for the Q&A experiment. We have
contacted several potential vendors. We report in Appendix 1 relevant technical and financial
information obtained from preliminary contacts with potential vendors. Critical parameters regarding
the magnets' technical specifications are magnet bore, length, field intensity in the magnet centre, stray
field characteristics, magnet weight and allowed rotation speed. It will be necessary to handle two
magnets weighting a few hundreds of kilos each for their installation in the middle of the FP.

To ensure good and reproducible running conditions it will be necessary to operate in a temperature
stabilized clean room to reduce thermal drifts and to ensure maximum cleanliness when using the high
finesse mirrors. These conditions will be ensured by the clean room in Ferrara.

Some technical drawings made by the technical service in Ferrara of the future setup are shown below.

Fig. 10: Drawing of the new pvlas apparatus



Fig. 11: Detail of the optical mechanics

Fig. 12: Clean room showing the pvlas apparatus

It must be noted that the present test system will be continually worked on to acquire understanding of
the ellipsometer and searching for noise sources.



The following year will be dedicated to commissioning and hopefully towards the end of 2012 we will
have some first sensitivity tests. The costs for 2012 will be principally running costs. These include travel,
consumables, and a minimum of equipment in the case of necessity. It must be anticipated that a
reference cavity may be necessary. One can therefore summarize

2012 - commissioning of the new apparatus
Costs:
1. Travel - 35 keuro
2. Consumables - 20 keuro
3. Equipment/maintenance - 20 keuro
4. (Reference cavity - 25 keuro)
Total: 75 keuro + (25 keuro)
2013 - Running

This will be the year in which we will run the experiment, improving limits on magnetic birefringence of
vacuum and hopefully measure the QED signal.

Costs:

1. Travel - 35 keuro

2. Consumables - 20 keuro

3. Equipment/maintenance - 20 keuro
Total: 75 keuro

We would like to stress that for the PVLAS collaboration the end of 2013 is considered a deadline for a
final assessment of the experiment. The PVLAS collaboration has made a series of R&Ds especially
during the last few years during which significant improvements have been made compared to the
original LNL setup. We believe that whatever the result reached, it will be a best effort.

At the moment the PVLAS collaboration has published a vacuum magnetic birefringence limit which is
about a factor 5000 above the QED expected value. With a sensitivity equivalent to the one of the
Ferrara test setup integrated with the two small magnets we expect to improve the present PVLAS limit
by at least a factor 100. If the sensitivity of the new apparatus will reach the observed sensitivity
(publication attached as appendix 3) of 2:10® 1/VHz, obtained with a small prototype ellipsometer, then
we expect to reach the QED value during 2013.



8 - Competing experiments

There are three competing experiments that aim at performing the first measurement of MBV and use
different techniques .

Q&A in Taiwan [30] uses permanent rotating dipole magnets to modulate the MBV and an ellipsometer
with a FP to maximize the number of passes through the magnetic field. They have the mirrors of the FP
installed in two distant vacuum chambers suspended with attenuators of ambient vibrations of the type
developed for interferometric gravitational wave detectors. The separation of the two optical halves
seems to limit the sensitivity of their apparatus. At the moment the finesse is below 10°.

OSQAR at CERN [31] uses a LHC dipole magnet 15 m long that can reach a 9 T field. The ellipsometer will
exploit a FP to maximize the number of reflections and a novel optical technique to modulate the MBV
effect. Since it is not feasible to set the LHC magnet in rotation and a modulation of the LHC magnet
field intensity could be achieved only at a very low frequency, the experiment foresees to modulate the
polarization of the light entering the ellipsometer by setting in rotation the polarization plane. According
to our experience in this set-up the rotation of the polarization will generate a very large signal due to
the intrinsic birefringence of the FP mirrors.

BMV in Toulouse [32] will not use the heterodyne technique to enhance the signal to noise ratio, but will
work in homodyne. They will maximize the signal level by using an extremely high intensity magnetic
field. This is obtained by employing pulsed magnets (few milliseconds), 40 cm long, that have already
reached peak intensities in excess of B= 15T, L = 0.5 m total length. Duty cycle seems to be the limit in
this system: repetition rate is 5 shots/hour. At present the finesse is = 10°. Their present sensitivity is a
few 107 s/, Assuming an improvement of a factor 10 this would imply:

510 (ZF) 3nLA,B’
T A

corresponding to = 28-10° pulses (pulse duration = 2-:10°). With the repetition rate this implies 650 years

2

T = =5.7-10%s

of continuous datataking.

All these experiments use, as PVLAS, the Cotton-Mouton effect to calibrate their apparatus. Helium is
the gas with the lowest CM parameter. Measurements of the CM effect of He gas at low pressure are
the most difficult ones to perform and permit to assess and compare the performances of the different
ellipsometers. At present the best performances are still those achieved by the PVLAS apparatus
installed at LNL in Legnaro [18].

9 - Conclusions and request

- Measurements with the 50 cm long FP have shown the feasibility of an ellipsometer with 10 12
sensitivity and finesse in excess of F = 4-10°.



- Measurements are in progress with the test set-up with 140 cm long FP. They are showing the
compatibility of the ellipsometer with a system of two rotating permanent dipole magnets. A sensitivity
of 6 10°s*? has been measured with magnets in rotation and no cavity. With low reflectivity mirrors and

finesse F = 3000 a sensitivity of a few 10°® s? has been achieved with magnets in position and in

7 1/2
s/

rotation. In first measurements with high reflectivity mirrors a sensitivity around 10 with a finesse F

= 2.45-10° has been measured with the two magnets in rotation and parallel fields. The ensemble of

1/2

these results indicates that the goal of achieving a sensitivity of 10® s/? and finesse around F = 4-10°

can be achieved.

Assuming an ellipsometer featuring F = 4-10° and 2:10°® 12

two magnets set with parallel magnetic fields with L = 2 m, N = 3-10°, B*= 5 T the expected QED MBV
ellipticity willbe W =Nt An L/A = 310" where An = 3A.B> = 2:102* @ 2.3T and it will be observable at
the 1 sigma level in 5 days of running time.

sensitivity, in the new experiment with the

Measurements of comparable duration with magnets at 90° will be necessary to ascertain the zero of
the ellipticity scale.
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Appendix 1: The twin permanent dipole magnets

The configuration for the twin permanent dipole magnet system is shown in Fig.1. Two
magnets of a cylindrical shape are installed along a horizontal axis, separated by a gap, and in
such a way that they can rotate up to 5 Hz. The dipole field is uniformly distributed in their 20
mm diameter central bore.

Schematic view of
the magnet set-up

L1 L2
Co-axial
Horizontal bore :
axis D;y > 20 mm
B V /
Rotation up
to 5 Hz

Side view of the cylindrical dipoles:
L1+ L2 =2 meters
B>24T

Figure 1 Schematic view of the dipole magnet set-up




The two magnets will rotate simultaneously at the given frequency with their magnetic filed
vector parallel or making an angle of 90 degree (see text). The magnets are realized using Nd Fe
B syntherized powder, magnetized as in in Fig. 2a and Fig. 2b , depending on the manufacturer,
in such a way to produce a homogeneous field of 2.3 T or higher.

The configuration, called Halbach-like (left) or Halbach (right) is such that the stray field outside
the cylindrical envelope is less than 2 Gauss.

Table 1. Summary of the budgetary price available

AMT&C (RU) 90 days 183 (155) 470 (410) kg
kEuro

Inst. Electr. Eng. 8 months 95 kEuro 600-825 kg

(China)

SISRAM NA 92 kEuro + Ca. 150-200

(Vacuumschmelze) 4.5 kEuro kg

SISRAM NA 108 kEuro + | Ca. 150 kg

(Vacuumschmelze) 4.5 kEuro or less

3Tesla 0.7 m

In Table 1 a very recent preliminary survey result is shown. It can be seen that the minimum bare
cost is around 100 kEuros + 20% IVA. Also the weight is different according to the geometry
chosen by the potential manufacturer, with the related consequences on the ancillary mechanical
structure.

An interesting technical offer proposed by the Vacuumschmelze supplier, where they claim the
capability to realize a higher magnetic field (3 Tesla), which would imply a shorter length.

It has to be noted that the Chinese manufacturer has already realized similar dipoles, while the
two others possible suppliers have not yet.




Appendix 2
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1. Introduction

1.1. General

PVLAS (Polarizzazione del Vuoto con Laser) is an experiment started at INFN-LNL using a
superconducting rotating magnet. The collaboration wants to take advantage of the newly
available high field permanent dipole magnets to simplify the experimental set-up. The new
set-up will be installed at INFN-Ferrara, about 80 km south of LNL. The aim of the
experiment is to measure the effects induced on the vacuum by an external magnetic field
using polarized Laser photons. An optical resonating cavity is inserted in a rotating dipole
magnetic field.

1.2. The experimental set-up (schematic)

The experimental set-up is schematically shown in Fig.1: two high field permanent magnets
with a dipole field are placed horizontally along their symmetry axes and they can rotate up to
5 Hz. Inserted in their central bores is a glass (Pyrex) tube where high pneumatic vacuum
(better than 107 mbar) is produced. In the tube a laser beam optical cavity is built, i.e. the
photons can go back and forth in phase achieving a “finesse” up to 400.000, while the
magnets rotate without touching the tube. The two magnets rotate at the same frequency,
with their field vectors either parallel or orthogonal. In the latter case the effect of one magnet
is canceled by the other. The optical cavity is mounted on an actively damped optical table,
while the support of the magnets is mechanically decoupled. In Fig.2 the actual test set-up
with small magnets is shown.

1.3. The magnets specifications

It is requested that the dipole magnets have a uniform magnetic field in the central bore. The
magnet will have physical length (from flange to flange) L, and L,, with Ly = L,.
Their intensity should be such that:

- Squared Field Integral = f_Jr;oB 2dL > 11.0 [ T?*m]

- i.e. for each: Squared Field Integral = fj;oB 2dL > 5.5 [ T?*m]

- Lj; £1.00m

- Dbore > 18mm if L1’2 <0.85m

- Dpore =20mmifLi,>0.85m

- The diameter of the central bore Dy should be intended as free light passage during
rotation.

As an example the two magnets could be realized as:

- 3T (or higher) with an effective length of 700 mm each magnet
- 2.4 7T (or higher) with an effective length of 1000 mm each magnet
- The central bore should have a diameter of at least 18 mm for 3 T and of 20 mm for
24T.
- With the same Squared Field Integral=11.0 [T2.m] given above, the magnet system
with the shorter length will be preferred
The field should be as homogeneous as possible inside the bore.
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2. General conditions

2.1. Scope of the call for tender and extent of the supply

This specification defines the requirements for the design, manufacture, inspection,
installation at INFN-Ferrara, and commissioning and performance tests of the magnets.
The magnets to be supplied, described in detail in chapter 3, consist of the following items:

A pair of permanent dipole magnets with the specified dimensions. The magnets
should be housed in a cylindrical casing ending on both (left and right) sides with two
parallel flanges;

The flanges will have six threaded holes to allow the coupling of the motors. Details of
the holes will be given to the contractor.

The magnets with their case should be balanced to avoid vibrations during the
rotation;

The magnet construction should be compatible with their rotation at a frequency of at
least 5 Hz;

Documentation will include the calculated field distribution along the symmetry axes,
and the stray field map outside the cylindrical casing from the center to 500 mm
outward. The field intensity maps should be given in logarithmic scale.

Complete documentation including operation conditions and maintenance procedures
(if any). In particular the range of operating temperature and rotational speed must be
specified

2.2. Iltems to be included in the tender

All tenders must include the following:

All equipment needed for the transport from the manufacturer premises to INFN-
Ferrara

all work involved in carrying out the specified tests prior to shipment

all work involved in inspections by an independent inspection authority and the
corresponding test certificates;

the packing, shipping, insurance and transport to INFN-Ferrara

transport cost should include the necessary obligations related to items carrying high
magnetic field

the complete technical documentation for the magnets including instructions for
handling;

2.3. Outline of time schedule

The Bidder must attach to his Tender a detailed time schedule with as a starting date the
contract signature. This document will be checked every second month for the duration of the
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contract. INFN reserve the right to inspect the contractor premises during the construction of
the magnets and for the preliminary acceptance there at the completion of the construction.

2.4. Penalties

Penalties will be applied on delays of delivery and commissioning as defined in the Tender
Form Documents.

No compensation will be accepted in the case of insufficient performance. If the supply
cannot achieve the specified performance during the reception tests the Contractor will have
to upgrade the supply at his own cost until the specified performance is reached. The
provisional acceptance will only be pronounced after all reception tests are completed having
demonstrated that the specified performance has been reached.

2.5. Responsibility of the Contractor

The Contractor must accept to take full responsibility for the design, construction, reception
tests of the magnet system he delivers for the PVLAS experiment.

INFN will not provide any equipment or raw materials needed for the construction of this
Magnetic System.

INFN-LNL shall have free access during normal working hours to the manufacturing or
assembly sites, including any sub-contractor premises, during the contract period.

All Tenders are deemed to comply fully with the requirements of this specification unless they
clearly state on which points they do not comply and give a complete list of the differences.
The Bidder is free to propose alternative solutions, provided that the deviations from this
specification, together with the technical or financial reasons and advantages, are clearly
indicated in the tender. Such alternative solutions shall always be made in addition to the
basic Tender which must comply fully with the specification. However, INFN reserves the
right to reject the proposed alternative solutions without any justification.

The Contractor must ensure and demonstrate to INFN that his equipment is suitable in all
respects for the requirements of this specification.

The Contractor shall be solely responsible and liable for all layout, drawings, designs,
specifications, reports, protocols, calculations or other documentation or information
produced or prepared by the Contractor (and whether based upon data, information or
documentation provided by INFN or by any third party). Where the Contractor seeks or is
obliged to seek INFN's approval or agreement to any matter or thing, the giving or confirming
of the same by INFN shall not in any way derogate from the Contractor's duties, obligations
or liabilities under the contract, nor diminish any liability on his part in respect thereof.

For all major components (in particular magnetic elements) a list of subcontractors (if any)
must be proposed and approved by INFN. Any change of sub-contractor during the execution
phase of the contract must be approved by INFN.

All parts availability for the delivered Magnetic System must be guaranteed for at least five
years.

The technical documentation for the delivered Magnetic System must be available for at least
ten years.

The technical information requested with this Tender is summarized in the following chapters.

2.6. Presentation and content of the tender

Tenders must be in English. The Bidder must submit three copies of the full set of
documents. Each Bidder must submit a technical documentation including:
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e diagrams showing field mapping, in linear scale, inside the central bore;
¢ diagrams showing field mapping, in logarithmic scale, outside the central bore up to 500
mm radially from the center
e a description of the main construction principles and features of the various components,;
e layout drawings showing the overall dimensions and the weight of all relevant
components
e assembly and sectional drawings of all relevant components and equipment to be
delivered showing essential features with main dimensions, and indicating the materials
used;
e a description of safety principles proposed;
e a time schedule for the design, fabrication, assembly, delivery and test sequence,
showing the critical path of the planning;
e a list of all proposed subcontractors as requested in the Tender Form;
e a list of spare parts (if any) deemed necessary for efficient operation and maintenance,
with detailed prices;
¢ information on CAE/CAD techniques which will be applied for design, manufacturing and
documentation;
Tenders which do not include the complete information listed above may be rejected for lack
of technical credibility.

3. Performance of the magnetic system

3.1. General

- The two magnets together must be capable to supply:
+0o

Squared Field Integral = f B2dL > 11.0 [ T?m]

i.e. for each: Squared Field Integral = fj;oB 2dL > 5.5[T?*m]

e.g. 3 T on alength of 700 mm each or 2.4 T along a length of 1000mm each.

The clear aperture of the bore during rotation must be

- Dpore = 18mmifL12<0.85m

- Dbore > 20mm if L1’2 >0.85m
The Magnetic System (a scheme is provided in Fig.1) will have to operate in several
operating modes according to the needs of the PVLAS experiment. A gap of 100-200 mm is
foreseen between the two magnets.
Two operation modes are identified:

» Two magnets are rigidly coupled and they rotate up to 5 Hz with their field vector

parallel

» Two magnets are rigidly coupled and they rotate up to 5 Hz with their field vectors
forming a 90° angle

The design of this Magnetic System must be done for a long term operation without any
maintenance. Furthermore, this design must be oriented at achieving high operating
reliability.
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Performances as listed in chapter 3.2 through 3.4 must be guaranteed. These values will be
verified during the performance test.

3.2. Performance of the magnet system

3.2.1 Vibrations level

Each magnet must be balanced in order to avoid vibration interference with the other
components. The problem of damage to equipment and piping induced by vibrations must be
given highest attention already at the design stage.

The Bidder must explain his strategy on how to localize and eliminate dangerous excitations.

3.2.2 Magnet casing

Each magnet casing must be equipped with a flange at both ends. Each flange should be
orthogonal to the horizontal axes. Parallelism of the two flanges will be checked at the
acceptance test and should be less than 0.1 mrad. On the flange a series of 6 threaded blind
holes should present for the coupling of both the motor and the twin magnet. Each threaded
hole with M8 thread on a radius to be agreed with the contractor.

3.2.3 Driving motors

The driving motors are not part of the supply. Could be quoted as an option by the bidder.

3.24 Coupling

The rigid mechanical coupling of the two magnets is not part of the supply. Could be quoted
by the bidder as an option.

3.3 Measuring points

The Bidder is invited to suggest the measuring points to verify the field inside the central bore
along the total length.

3.4 Magnets interfaces

3.4.1 Connections to the Magnets

The casing of each magnet must be cylindrical. At both ends each magnet must have a
flange with six threaded holes.
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4 Mechanical design requirements
4.2 General operating conditions

The design of the equipment and the choice of components must be adapted to the operating
conditions of the magnet system, namely:
= The magnets must be suitable for continuous operation for periods of up to
8'000 hours per year. Any maintenance required during this time must be
specified (if any) by the bidder.

= The magnetic field should be guaranteed for at least five years
4.3 Design codes and principles

4.3.1 Lifting and handling

All equipment for lifting and handling delivered with the supply must comply with CE
requirements.

4.3.2 Pressure vessels

Mechanical components such as the casing subject to magnetic pressure must comply with
the safety requirements.

4.3.3 Choice of materials

All materials and components used in the construction of the Magnetic System must be new
and suitable for the use for which they are intended. The specifications for the materials of
the main components will be subject to approval by INFN. The choice of any non-metallic
material must be done in accordance with CE regulations.

4.3.4 Quality design and manufacture

The Magnetic System is to be designed and manufactured in accordance with generally
applied quality standards and techniques used (state of the art). A preference will be given
for the contract to the bidder that can prove that he has established a quality assurance
procedure equivalent to ISO 9001 or higher.

4.3.5 Additional design requirements

In addition to the requirements of the codes of practice specified above, the Bidder must
conform to the following special requirements:

¢ Metric dimensions must be used for bolting, tubing and fittings.

e The maximum and minimum operating temperature of the magnets must be given.

4.4 Cleaning and surface treatment

All surfaces subject to corrosion (if any) must be protected by an appropriate coating.
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4.5 Sensors and measuring instruments

All the instrumentation equipment (if any) proposed by the contractor has to be approved by
INFN

5 INFN environment

5.2 Transport and installation at INFN

The Contractor must organize:
o the transport of all the supplies to the PVLAS site at INFN which is on Italian territory,

e its connection to the interfaces with INFN services.

The Magnetic System components must be carefully packed for transport and their value
covered by a transport insurance.
All machined surfaces are to be protected.

6 Inspection, tests and documentation

6.2 General conditions

The Bidder must include in his Tender a proposal for the program of tests to be carried out
during manufacture. The final program will be decided in discussion between INFN and the
successful Bidder.

Once approved, the Contractor will be entirely responsible for carrying out this program.

The Contractor shall inform INFN of the dates of all important tests at least two weeks in
advance.

The Contractor shall create a file of all non-conformities and concession requests
encountered during the period between signature of the contract and provisional acceptance
of the Magnetic System and any of these non-conformities must be approved by INFN.

All material or manufacturing faults detected during the tests are to be remedied by the
Contractor at his own cost.

INFN representatives must be afforded free access to the Contractor’'s and subcontractor’s
works, offices and laboratories during manufacture and testing, including free access to all
relevant documents.

Design and manufacturing of the system components must be verified and tested in
accordance with the relevant international codes or the equivalent relevant national.

6.3 Inspection of welds

All welds (if any) must conform to the requirements of the construction code chosen.

10
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6.4 Inspection and functional tests of components

After mechanical assembly the Contractor should invite INFN for an inspection.

When the global documentation of the Magnetic System is available, INFN will carry out the
inspection and tests.

Delivery to INFN will be authorized only after the successful completion of these tests and
required repairs if any.

6.5 Test of main components prior to delivery at INFN

6.5.1 Tests of the mechanical parts

Each magnet will be inspected with regard to its dimensions: in particular the parallelism of
the end flanges will be measured.

6.5.2 Tests of the magnetic field mapping

Each magnet will be inspected and its field measured:
- Along its horizontal axes
- Outside the casing up to 500 mm radially from the symmetry center in the central
bore.

6.5.3 Test of the balance

The contractor should propose a way to measure the magnets balancing.

6.6 Documentation

All documents must be submitted in three copies, of which one must be in a form suitable for
reproduction. The technical documents must be in English. The operation and maintenance
manuals must be in English.

Engineering drawings prepared by the Contractor for the execution of the contract must be
supplied both in paper and electronic form.

All documentation has to be prepared in accordance with the relevant European or
International standards and codes. Within ten working days after receipt of a document for
approval by INFN, one copy will be returned to the Contractor marked for approval or
showing the modifications which may be required. If no copy is received in due time, tacit
approval can be assumed. Approval given by INFN does not release the Contractor from the
responsibility of fulfilling the requirements stipulated in this specification.

In the final documentation, the quality and safety documents must be separated from the
other technical documents.

6.6.1 Documents in computer-readable file

All documentation supplied to INFN must as well be made available in computer-readable
form.
Drawings shall be prepared with a CAD system and in accordance to ISO drawing standards.
They shall be delivered in form of plot files in HPGL language.
For all other documents, the following software shall be used:

e Microsoft Word 97® or higher for text documents;

e Microsoft Excel 97® or higher for lists;

11
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e Microsoft Project 98® or higher for schedules;

The Contractor is responsible for the transfer of his documents to the above mentioned
formats.

6.6.2 Delivery of documents

The timetable for the delivery of all documents will be determined jointly before the signature
of the contract. The supply of the complete and updated documentation will be a condition for
the Provisional Acceptance Certificate.

Documents to be submitted for the Production Release Review (PRR):

Through this PRR, the Contractor shall provide the following documents for approval prior to
any fabrication or ordering from subcontractors:

1. General layout drawings for the Magnet System, showing the dimensions, weights of the
main components;

2. All the manufacturing drawings for all items to be supplied;

3. The manufacturing inspection and test plan, covering all aspects of the supply;

4. The detailed work planning, including a list of milestones, the follow-up of progress and the
continuous updating of this plan;

5. The Quality Assurance Plan, covering all work and supplies (including subcontractor's
supplies);

6. Detailed specifications and data sheets for components, in particular those supplied by
subcontractors;

Organization and timing of this Review are the responsibility of the Contractor and shall be
compatible with the INFN's contract schedule and INFN delivery program.

Documents to be submitted for approval prior to any test of equipment and at least one
month prior to the delivery to INFN:

7. Final assembly drawings of all components with parts lists indicating the materials used
with important details, main dimensions and weights; assembly drawings of inner and outer
parts of the supply;

8. All relevant information on subcontracted equipment, such as copies of order, user's
manuals, drawings, etc.

9. The detailed final test program;

10. The detailed operation manual;

11. The detailed maintenance plan.

Documents to be submitted for approval regularly during the period between signature of the
contract and provisional acceptance of the Magnetic System:

12. Every second month, a progress report must review the situation; this report can be
replaced by minutes of a joint INFN / Contractor progress meeting/videoconference to be
organized by the Contractor;

13. Major manufacturing problems or any difficulty likely to affect the agreed time schedule
must be reported immediately to INFN;

14. Reports on all tests carried out in the factory and at INFN; inspection reports and material
certificates. Results of tests must be reported to INFN not later than one week after the test
has been successfully or unsuccessfully carried out.

Documents to be submitted for approval at least eight months prior to the delivery of the
Magnetic System to INFN

15. A detailed description of all safety principles proposed;

16. The final revision of the total documentation including all references to non-conformities
and concession requests accepted by INFN.

12
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7 Reception tests at INFN

Commissioning and reception tests for Provisional Acceptance of the Magnetic System will
be undertaken only when all the tests have been successfully completed and all specified
documents have been supplied.

Reception tests are defined as tests performed after the commissioning runs to verify the
performance of the equipment, under all aspects e.g. mechanical and magnetic performance,
safety requirements and control behavior, as specified in this document.

All commissioning runs and performance tests must be carried out at INFN by their personnel
and under the responsibility of the Contractor.

The detailed test procedures are to be defined by the Contractor in agreement with this
chapter and shall be approved by INFN.

The reception tests shall be completed within 3 weeks after the starting date of the tests.

8 Guarantee

On successful completion of performance tests on the Magnetic System and reception of all
specified documents, INFN will issue a Provisional Acceptance Certificate. The Contractor
must guarantee the equipment he has supplied for a period of two years or 16'000 hours of
operation, whichever comes first, starting from the date of this certificate.

The Contractor must guarantee that all equipment supplied will continue to conform to the
requirements of this specification and in particular will maintain the performance defined
there. The Contractor is therefore to undertake to restore at his cost any variation from the
specification or loss of performance which occurs or becomes evident during the guarantee
period whether the fault lies in equipment of his own manufacture or that of his
subcontractors.

At the end of guarantee period INFN will issue a Final Acceptance Certificate.

9 List of figures

Figure 1: Schematic lay-out of the magnetic system.
Figure 2: Photo of the existing test magnetic system
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Figure 1Schematic lay-out of the magnetic system
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Figure 2 The actual test set-up. The length of each dipole magnet is only 300 mm.
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Nonlinear effects in vacuum have been predicted but never observed yet directly. The PVLAS collaboration
has long been working on an apparatus aimed at detecting such effects by measuring vacuum magnetic
birefringence. Unfortunately the sensitivity has been affected by unaccounted noise and systematics since
the beginning. A new small prototype ellipsometer has been designed and characterized at the Department

of Physics of the University of Ferrara, Italy entirely mounted on a single seismically isolated optical bench.
With a finesse F=414,000 and a cavity length L=0.5m we have reached the sensitivity of
§ = 2-107%1/ VHz given the laser power at the output of the ellipsometer of P=24 mW. This record
result, very close to the predicted limit, demonstrates the feasibility of reaching such sensitivities, and opens
the way to designing a dedicated apparatus for a first detection of vacuum magnetic birefringence.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Vacuum magnetic birefringence and elastic light-light scattering
have been predicted many years ago. Both effects are associated to the
electron-positron vacuum fluctuations and can be calculated in the
framework of the Euler-Heisenberg-Weisskopf effective Lagrangian
Lepw (S.I. units) [1]:

1 (B = A (E =)\ = =2

— _p2 e _p?2 .

Loww = 5 <c2 B > + 2 [(cZ B > + 7(5 B) } (1)
where the parameter A, describing the nonlinear behavior is

2 oAl
¢ 4500 m,c?

=132x10 %172 )

As a consequence, it can be shown that a region filled with a
uniform magnetic field By becomes birefringent [2,3] and that the
difference in the index of refraction for linear polarization parallel and
perpendicular to the field is

An = 3A,B} 3)
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which for a 2.3 T magnetic field results in An=2.1-10"23, Similarly
one can also calculate the total elastic light-light scattering cross
section for unpolarized light, which is proportional to A2:

973 A%’

(QED)
Oy (ho) = 0m A Ag. (4)

For A=1064 nm this cross section is 0, =1.8-10~ % m?.

These values show the extreme difficulty of measuring such effects
and explain why they still have to be measured. At present the best
limits have been obtained by the PVLAS experiment and can be
summarized in the parameter A, measured with a field strength
Bp=23T:

AP <6.6-1072'T2@1064nm

5
APVIAS) 6310721 T~ ?@532nm. )

The average measured sensitivity to ellipticity of the apparatus
present at the Laboratori Nazionali di Legnaro, Padova, Italy during
long runs was about s =1 -107%1 / v/Hz, a factor between 50 and
100 worse than the predicted sensitivity [4]. This is shown in Fig. 1,
where the sensitivity is plotted as a function of the ellipticity
modulation amplitude (see Apparatus and method section below),
for both A =1064 nm and A =532 nm.

The Legnaro ellipsometer was designed to host a powerful super-
conducting magnet in a LHe cooled cryostat [4]. Given the low duty cycle
of the cryogenic system it would have been impossible not only to refine
the published limits, but also to improve the sensitivity of the ellipsometer
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Fig. 1. Calculated and measured ellipticity sensitivity of the PVLAS apparatus at Legnaro,
for the A=1064 nm (a) and the A =532 nm (b) cases. Shot-noise, Johnson noise, residual
intensity noise (RIN), and photodiode noise contributions are shown separately. In black is
shown the total noise. The circle indicates the measured sensitivity.

itself. The PVLAS collaboration has therefore implemented a scaled down
tabletop version of the ellipsometer without any magnet, with the aim of
reducing the main noise sources affecting this type of measurements and
trying to reach a high finesse coupled with a high sensitivity.

2. Apparatus and method

The working principle of these ellipsometers is shown in Fig. 2. A
polarizer P defines the linear polarization of the incoming laser beam.

Table 1
Main Fourier components in the intensity signal at the output of the ellipsometer. All
symbols are defined in the main text.

Frequency Fourier component Intensity/lo

DC Inc 0%+ ae+13/2
Q Io 20atpcto

Qto loto W

20 ha 77%/ 2

Two mirrors M1 and M2 define a Fabry-Perot optical cavity with very
high finesse F. Part of the region between the mirrors is filled by a
transverse magnetic field and the ellipticity is acquired in a single pass is
multiplied by a factor 2F/m: W =1s(2F/m). After mirror M2 a photoelastic
modulator MOD adds a known ellipticity 1(t) =1)ocos(t) to the already
acquired total ellipticity W. After the modulator an analyzer A, rotated at
90° with respect to P, selects the electric field component perpendicular
to the input polarization. The transmitted light is then detected by a low
noise photodiode.

The magnetically induced ellipticity ¥ is varied in time with
frequency . In the Legnaro setup this was obtained by rotating the
dipole magnet around its axis. Slowly varying birefringences are also
present in all optical elements; we indicate with «(t) the related
ellipticity; moreover polarizers are non ideal and have extinction ratio
0?. The total measured intensity can therefore be written as

e = {0 + 10 + 2n(O() + 2nO¥(©) + .. }. 6)

The introduction of the modulator linearizes the effect ¥(t), which
would otherwise be quadratic. Since the ellipticity W(t) varies
sinusoidally with angular frequency ® and the modulation with
angular frequency Q then the main Fourier components in the
photodiode current are those reported in Table 1.

If the signal ¥ is above the noise it can be extracted from the
observed spectrum as the average value of the sideband signals I 4 ,:

v 1( loio o oo ) @
2 V 210120. V 210129

Several experimental efforts — both present and past - are based on
this principle. The first was the BFRT collaboration (Brookhaven,
Fermilab, Rochester, and Trieste) [5]. In their setup a multipass non
resonant cavity was used. Current experiments all use Fabry-Perot
cavities since the number of equivalent passes can be as high as 260,000
(reported here). One aspect, which is common to all these experiments,
is that the theoretical sensitivity could not be reached with the optical
path multipliers inserted. In Table 2 we report the sensitivities of the
different efforts with the corresponding number of passes. Current
experiments that aim to measure vacuum magnetic birefringence are
BMV [8], OSQAR [9], and Q&A [6]: OSQAR is not listed in the table
because it has not yet reported its sensitivity at the time of this writing.

Following the schematic layout of Fig. 2, a new compact benchtop
ellipsometer was assembled at the Department of Physics of the
University of Ferrara, Italy, to study the noise sources and the

Fig. 2. Scheme of principle of the ellipsometer; all the components shown except the magnet are kept in high vacuum. In the ellipsometer reported here the magnet is not present at all.
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Table 2
Rotation and ellipticity sensitivity of various experimental efforts using ellipsometers with optical path multipliers.

. .. . .. 1 .. . . 1 1
Experiment Number of passes Ellipticity/rotation sensitivity (ﬁ) Sensitivity without cavity (ﬁ) An (ﬁ)
BERT [5] 254 7-10~ % at 30 mHz (rotation) 7-10~2 at 30 mHz (rotation) 1610 "7
Q&A [6] 18,600 10~ at 13 Hz (ellipticity) 9-10 '8
PVLAS LNL [4] 45,000 10~ © at 0.6 Hz (ellipticity) 1.1-107 18
J. Hall [7] 26,000 3-10~° at 2 mHz (ellipticity) 8-10~1¢
BMV [8] 80,000 10~ 7 (ellipticity) (pulsed magnet) 27-10718
PVLAS Ferrara 260,000 2108 at 5 Hz (ellipticity) 5:10~ 9 at >2 Hz (ellipticity) 5:10~%°

performance of ellipsometers based on Fabry-Perot cavities. In this
ellipsometer the distance between the mirrors was L=50cm. All
optical elements of the ellipsometer, including the polarizer, cavity
mirrors, modulator and analyzer, were mounted on a single breadboard.
The entire breadboard was then inserted in a vacuum chamber. The
polarizer P, entrance mirror M1, and analyzer A were mounted on
motorized rotating mounts for polarization alignment and to achieve
the best possible extinction ratio with the cavity inserted. We used the
standard Pound-Drever-Hall method to lock the laser to the cavity but
with the laser itself being used as the optical phase modulator [10]. The
laser is a 200 mW Innolight Nd:YAG 1064 nm laser.

The vibrational nature of the noise in the Legnaro ellipsometer has
been suspected for a long time. The new setup, therefore, was
designed to be used both with and without seismic isolation; the basic
seismic isolation uses pneumatic legs, which act as a low-pass filter
with a cutoff frequency of about 5 Hz. At first, for a less critical setup,
we used a cavity with finesse about F=3000. After achieving the best
possible result, we mounted higher finesse mirrors. The mirrors were
cleaned with pure ethanol immediately before insertion in the
vacuum chamber. The beam-cavity coupling was optimized, and we
reached a value of F=414,000, as can be seen in Fig. 3. We also
achieved an input coupling of 75% with a total transmission of 25%.

The achievable sensitivity as a function of the modulation
amplitude can be determined from the experimental parameters of
the 50 cm long ellipsometer [4] for both the high and low finesse
configurations. These are reported in Fig. 4. In principle, in the high
finesse configuration a sensitivity of about 3-107°1/ v/Hz should be
achievable. As can be seen in Fig. 4, right, due to the low-pass filter
nature of the high finesse cavity, residual intensity noise at the
modulator carrier frequency of 50 kHz is greatly suppressed with
respect to the low finesse case.

3. Results

In Fig. 5 we report the acceleration spectral densities for the optical
bench used. The top curve corresponds to the vertical acceleration

Fig. 3. Light decay curve at the output of the high finesse cavity (gray) with superimposed
an exponential fit (black curve). Given the cavity length of about L =50 cm the resulting
finesse was F=414,000.

when the seismic isolation is inactive. The two lower curves
correspond to the vertical and horizontal accelerations of the bench
with the isolation active. In the frequency range 5 Hz-50 Hz there is a
suppression factor between 10 and 50. As far as the present work is
concerned the region of interest is between 5 Hz and 20 Hz.

Fig. 6 shows the ellipticity spectral density for the low finesse
configuration both with and without seismic isolation. There is a clear
improvement of about a factor 10 in the frequency range of interest

Fig. 4. Ellipticity sensitivity plots for the low finesse (a) and high finesse (b) configurations
as a function of the modulation amplitude. Shot-noise, Johnson noise, residual intensity
noise (RIN), and photodiode noise contributions are shown separately. In black is shown
the total noise. The circle indicates the measured ellipticity sensitivity.
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Fig. 5. Measured acceleration spectral densities. The top black curve corresponds to the
configuration with the seismic isolation turned off whereas the dark gray and light gray
curves correspond respectively to the vertical and horizontal accelerations with the
seismic isolation turned on.

Fig. 6. Comparison between the spectral densities of acceleration and ellipticity for the
low finesse ellipsometer. (Upper panel) The same acceleration data of Fig. 5 are shown.
(Lower panel) Ellipticity is plotted as a function of frequency measured from the
modulator carrier frequency; only the upper side of the spectrum is shown. The black
curve corresponds to the configuration with seismic isolation turned off whereas the
gray curve corresponds to the configuration with the seismic isolation turned on.

when the seismic isolation is turned on. We also remark that when the
seismic isolation is turned on most spectral structures disappear and the
noise is flat in the frequency range of interest. Although the seismic
isolation helps reducing noise, there is no direct visible relationship
between the structures in the acceleration and ellipticity spectral
densities. The average noise of the single sided spectrum (only
frequencies above Q) between 5 Hz and 20 Hz is 1.4:10~%1/ v/Hz and
averaging with the other half of the spectrum one obtains a sensitivity of

1

Y3000 = 1'1078\/@‘

(8)

The measured value is represented in Fig. 4 as an empty circle along
with the predicted sensitivity. It is clear that with the low finesse cavity
we have reached the best possible value for the sensitivity, limited
mainly by the residual intensity noise at the modulation frequency.

In Fig. 7 we show the spectral density of ellipticity noise for the
cavity with finesse F=414,000. Again the noise spectrum is flat and
the noise around the carrier frequency is 2.6:107%1/+v/Hz. By
averaging the upper and lower parts of the spectrum we obtain the
record sensitivity

g 1
V414000 = 1.8-10 SE- 9)

Considering a cavity length of L=>50 cm this implies a sensitivity
in birefringence of

1
VHz'

Any4000 = 4.6:107%° (10)

4. Discussion and developments

Although the achieved sensitivity is extremely good, it is still about
7 times worse than the shot noise limit, as can be seen in Fig. 4. Fig. 6
shows that seismic noise is important and must be eliminated,
because it elevates the noise floor, however the mechanical and the
ellipticity spectra are different, and therefore there is not a direct link
between seismic noise and ellipticity sensitivity. This is unlike what
we observed in the apparatus in Legnaro, where mechanical and
ellipticity spectra were very similar. Moreover, as Fig. 7 shows, noise is
so flat and structureless that we can conclude that it cannot have a
seismic or mechanical origin. Indeed these kinds of noises are
typically not flat. Furthermore the measured noise fluctuations are
not symmetric around the carrier frequency and must therefore be an

Fig. 7. Spectral density of ellipticity noise around the carrier frequency for the cavity
with finesse F=414,000.
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Fig. 8. Plots of the necessary magnetic field length as a function of sensitivity to reach a
signal to noise ratio of 1 in a time T=10°s. Three different field strengths are shown:
2.3 T,3Tand 4T. The gray vertical line indicates the experimentally reached ellipticity
sensitivity reported in this paper.

independent noise floor present at and near the carrier frequency. The
origin of this noise is presently under study.

Magnets cannot be inserted in the 50 cm ellipsometer with which
we have obtained this record sensitivity. Thus a new and slightly
longer prototype compatible with the insertion of two dipole magnets
has been constructed and is under test. If a similar sensitivity to the
one discussed above will be achieved with magnets in place, this will
open the way to the construction of a final system for a first vacuum
magnetic birefringence measurement. Magnet rotation may introduce
additional seismic noise, however a proper damping structure and
mechanical isolation should be sufficient to stop vibrational motions
induced by the magnet, as was already demonstrated with the
Legnaro apparatus. We plan to introduce magnetic field shielding and
to encase the magnets to avoid acoustic noise and air drafts.

In Fig. 8 we show the magnetic field length as a function of
sensitivity which is necessary to reach a signal to noise ratio of 1 in a

reasonable integration time of T~ 10° s. The figure makes it clear that
a very high sensitivity is mandatory to make the actual measurement
feasible.

5. Conclusion

In this paper we have reported the sensitivity improvement
obtained with a 50 cm long ellipsometer based on a Fabry-Perot
optical cavity. The fundamental conclusion is that, for reaching good
sensitivities, the optical bench must be globally isolated from seismic
noise. With a system having a finesse of F=3000 we were able to
reach the theoretical sensitivity calculated from the experimental
parameters. With the system having a finesse F = 414,000 a sensitivity
of W414000 = 1.8:10781/ v/Hz was obtained, which is a record result,
although still larger than the theoretically expected value. Consider-
ing a length of L=50cm this sensitivity implies a birefringence
sensitivity of An = 4.6:107%°1 / VHz.

We believe that the findings reported in this paper are a step
forward in the effort of reaching the first measurement of nonlinear
QED effects in vacuum.
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Migliore limite pubblicato da PVLAS-LNL

Valore atteso nel nuovo apparato con:
Sensibilita = 2e-7 s1/2 e finesse = 285000
Tempo integrazione 1€6 s = 10 giorni
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Valore previsto dalla QED
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