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 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(A'$"W((

(
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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.  
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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. 
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Nomenclature  
 
PVLAS   Polarizzazione del Vuoto con LASer 
INFN   Istituto Nazionale di Fisica Nucleare  
INFN-LNL  INFN-Laboratori Nazionali di Legnaro 
INFN-Ferrara  INFN- Sezione di Ferrara 
TS   Technical Specification  
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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 10-7 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) L1 and L2, with L1 = L2.  
Their intensity should be such that: 
 

-  
- i.e. for each:  
-  
-  if L1,2 < 0.85 m 
-  if L1,2 > 0.85 m 
- The diameter of the central bore Dbore should be intended as free light passage during 

rotation. 
 
As an example the two magnets could be realized as: 
 

- 3 T (or higher) with an effective length of 700 mm each magnet 
- 2.4 T (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 

2.4 T. 
- 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. Items 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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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 
a description of the main construction principles and features of the various components,; 
layout drawings showing the overall dimensions and the weight of all relevant 

components  
assembly and sectional drawings of all relevant components and equipment to be 

delivered showing essential features with main dimensions, and indicating the materials 
used; 

a description of safety principles proposed; 
a time schedule for the design, fabrication, assembly, delivery and test sequence, 

showing the critical path of the planning; 
a list of all proposed subcontractors as requested in the Tender Form; 
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: 

 

i.e. for each:  
 

 
e.g. 3 T on a length of 700 mm each or 2.4 T along a length of 1000mm each.  
 
The clear aperture of the bore during rotation must be 

-  if L1,2 < 0.85 m 
-  if L1,2 > 0.85 m 

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: 

 wo 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 900 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. 

3.2.4  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. 
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: 

 the transport of all the supplies to the PVLAS site at INFN which is on Italian territory, 

 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. 
 
. 
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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:  

 Microsoft Word 97® or higher for text documents; 

 Microsoft Excel 97® or higher for lists; 
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 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. 
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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 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=0.5 m we have reached the sensitivity of
ψ = 2⋅10−81=

ffiffiffiffiffiffi
Hz

p
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 predictedmany 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
LEHW (S.I. units) [1]:

LEHW =
1
2μ0

→
E 2

c2
−→

B 2
 !

+
Ae

μ0

→
E 2

c2
−→

B 2
 !2

+ 7
→
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→
B

" #2

2

4

3

5 ð1Þ

where the parameter Ae describing the nonlinear behavior is

Ae =
2

45μ 0

α2 λ
# 3
e

mec2
= 1:32 ×10 −24T−2

: ð2Þ

As a consequence, it can be shown that a region filled with a
uniform magnetic field B0 becomes birefringent [2,3] and that the
difference in the index of refraction for linear polarization parallel and
perpendicular to the field is

Δn = 3AeB
2
0 ð3Þ

which for a 2.3 T magnetic field results in Δn=2.1 ⋅10−23. Similarly
one can also calculate the total elastic light–light scattering cross
section for unpolarized light, which is proportional to Ae

2:

σðQEDÞ
γγ ℏωð Þ = 973μ2

0
20π

ℏ2ω6

c4
A2
e: ð4Þ

For λ=1064 nm this cross section is σγγ=1.8 ⋅10−69 m2.
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 Ae measured with a field strength
B0=2.3 T:

AðPVLASÞ
e b6:6 ⋅10−21T−2@1064nm

AðPVLASÞ
e b6:3⋅10−21T−2@532nm:

ð5Þ

The average measured sensitivity to ellipticity of the apparatus
present at the Laboratori Nazionali di Legnaro, Padova, Italy during
long runs was about ψðPVLASÞ≈1 ⋅10−61=

ffiffiffiffiffiffi
Hz

p
, 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 λ=1064 nm and λ=532 nm.

The Legnaro ellipsometer was designed to host a powerful super-
conductingmagnet in a LHe cooled cryostat [4]. Given the low duty cycle
of the cryogenic system it would have been impossible not only to refine
thepublished limits, but also to improve the sensitivityof theellipsometer
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itself. The PVLAS collaboration has therefore implemented a scaled down
tabletop version of the ellipsometer without anymagnet, with the aim of
reducing themain 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.

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
transversemagnetic field and the ellipticityψ acquired in a single pass is
multiplied by a factor 2F/π:Ψ=ψ(2F/π). AftermirrorM2 a photoelastic
modulatorMOD addsa knownellipticityη(t)=η0cos(Ωt) to the already
acquired total ellipticityΨ. After themodulator an analyzerA, 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 Ψ is varied in time with
frequency ω. 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 α(t) the related
ellipticity; moreover polarizers are non ideal and have extinction ratio
σ2. The total measured intensity can therefore be written as

Iout = I0 σ2 + η tð Þ2 + 2η tð Þα tð Þ + 2η tð ÞΨ tð Þ + :::
n o

: ð6Þ

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

If the signal Ψ is above the noise it can be extracted from the
observed spectrum as the average value of the sideband signals IΩ±ω:

Ψ =
1
2

IΩ+ωffiffiffiffiffiffiffiffiffiffiffiffiffi
2I0I2Ω

p +
IΩ−ωffiffiffiffiffiffiffiffiffiffiffiffiffi
2I0I2Ω

p
 !

: ð7Þ

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. 1. Calculated and measured ellipticity sensitivity of the PVLAS apparatus at Legnaro,
for the λ=1064 nm (a) and the λ=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.

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.

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/I0

DC IDC σ2+αDC
2 +η02/2

Ω IΩ 2αDCη0
Ω±ω IΩ±ω Ψη0
2Ω I2Ω η0

2/2
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performance of ellipsometers based on Fabry–Perot cavities. In this
ellipsometer the distance between the mirrors was L=50 cm. All
optical elements of the ellipsometer, including the polarizer, cavity
mirrors,modulator and analyzer,weremounted 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 andwithout 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⋅10−91 =

ffiffiffiffiffiffi
Hz

p
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

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. 3. Light decay curve at the output of the highfinesse 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.

Fig. 4. Ellipticity sensitivity plots for the lowfinesse (a) andhighfinesse (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.

Table 2
Rotation and ellipticity sensitivity of various experimental efforts using ellipsometers with optical path multipliers.

Experiment Number of passes Ellipticity/rotation sensitivity ( 1ffiffiffiffiffiffi
Hz

p ) Sensitivity without cavity ( 1ffiffiffiffiffiffi
Hz

p ) Δn ( 1ffiffiffiffiffiffi
Hz

p )

BFRT [5] 254 7 ⋅10−8 at 30 mHz (rotation) 7 ⋅10−9 at 30 mHz (rotation) 1.6 ⋅10−17

Q&A [6] 18,600 10−6 at 13 Hz (ellipticity) 9 ⋅10−18

PVLAS LNL [4] 45,000 10−6 at 0.6 Hz (ellipticity) 1.1 ⋅10−18

J. Hall [7] 26,000 3 ⋅10−5 at 2 mHz (ellipticity) 8 ⋅10−16

BMV [8] 80,000 10−7 (ellipticity) (pulsed magnet) 2.7 ⋅10−18

PVLAS Ferrara 260,000 2 ⋅10−8 at 5 Hz (ellipticity) 5 ⋅10−9 at N2 Hz (ellipticity) 5 ⋅10−20
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when the seismic isolation is turned on.We also remark thatwhen the
seismic isolation is turned onmost 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 Ω) between 5 Hz and 20 Hz is 1:4⋅10−81=

ffiffiffiffiffiffi
Hz

p
and

averagingwith the other half of the spectrumone obtains a sensitivity of

Ψ3000 = 1 ⋅10−8 1ffiffiffiffiffiffi
Hz

p : ð8Þ

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⋅10−81=

ffiffiffiffiffiffi
Hz

p
. By

averaging the upper and lower parts of the spectrum we obtain the
record sensitivity

Ψ414000 = 1:8 ⋅10−8 1ffiffiffiffiffiffi
Hz

p : ð9Þ

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

Δn414000 = 4:6 ⋅10−20 1ffiffiffiffiffiffi
Hz

p : ð10Þ

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.

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.

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.
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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 birefringencemeasurement. Magnet rotationmay 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≈106 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 systemhaving a finesse F=414,000 a sensitivity
of Ψ414000 = 1:8⋅10−81=

ffiffiffiffiffiffi
Hz

p
was obtained, which is a record result,

although still larger than the theoretically expected value. Consider-
ing a length of L=50 cm this sensitivity implies a birefringence
sensitivity of Δn = 4:6⋅10−201=

ffiffiffiffiffiffi
Hz

p
.

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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PVLAS report
Guido Zavattini - pvlas collaboration

“Hands holding the void”
Alberto Giacometti

G. Zavattini - PVLAS Collaboration - Commissione II - Roma, 31 Maggio 2010



Fisica
Descritto da 
Lagrangiana Euler-
Heisenberg. Ci deve 
essere. Comprende 
anche MCP

Correzione 1.45%

Contributi adronici 
non riconducibile ad 
altre misure indirette. 
Problema aperto nel 
g-2 del muone

Contributi di particelle 
nuove che si 
accoppiano a due 
fotoni.!nQED = 3AeB2 = 4·10-24B2 T-2



Cronologia da Ottobre-Aprile
Montato tubo inox con magneti in linea

prime misure senza cavità e con cavità a finesse bassa
prima dimostrazione che l’insieme dell’apparato funziona

Montato tubo in vetro (Sergey Atutov ci salda il tubo in 
loco) con magneti in linea

prime misure senza cavità: sensibilità = 6·10-9 1/"Hz
prime misure con cavità a finesse bassa: sensibilità = 
1.5·10-8 1/"Hz

Giunto che permette di agganciare meccanicamente i 
magneti a 0 e 90 gradi ‘assorbendo’ disallineamenti 
meccanici

Misure Cotton-Mouton con bassa finesse per verificare la 
cancellazione dell’effetto con i magneti a 90 gradi. 

G. Zavattini - PVLAS Collaboration - Commissione II - Roma, 31 Maggio 2010



Aprile 2009

Misura di 1600 s senza cavità e con i magneti in linea a 0 
gradi. La sensibilità media sulla misura era di 6·10-9 1/"Hz
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Aprile 2009

Con finesse 3000 abbiamo dimostrato la 
cancellazione dell’effetto con i magneti a 90 gradi.

In grigio, magneti a 0 gradi
In nero, magneti a 90 gradi
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Attualmente
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PVLAS-LNL limit in Ae obtained in T = 65200 s

Noise floor of Ae compared with the best PVLAS-LNL value.
Finesse = 245000
Magnet rotation frequency = 3.3125 Hz
Integration time = 400 s.
 

 denote the position of the first and second harmonics.
A physical  signal would appear at 6.625 Hz

Con finesse 245000 abbiamo integrato per alcuni minuti per 
vedere la qualità del sistema.
Sensibilità = 2·10-7 1/!Hz

G. Zavattini - PVLAS Collaboration - Commissione II - Roma, 31 Maggio 2010



Foto attuale



Foto attuale: giunto



Spazio parametrico da colmare

!n = 3AeB2 

Con i parametri attuali 
sull’apparato di test 
portati sul nuovo 
apparato si colmano 
quasi 3 ordini di 
grandezza in Ae
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Q&A experiment - Taiwan
Sensibilità 10-6 1/!Hz, con F = 30000, campo 2.3"T, L = 180 cm, 1"magnete. 
Banchi ottici separati. 
TQED = 2·1011 s = 6800 anni 

BMV experiment - Toulouse
Sensibilità " 10-7 1/!Hz con F = 130000, campo impulsato qualche " 2 ms, 
100 T2m, 1 colpo/12 min => sensibilità efficace = 5·10-5 1/!Hz 
TQED = 3.8·1011 s = 12000 anni   

OSQAR experiment - CERN
Sensibilità = ??? Magnete di LHC lungo 15 m, 10 T, Finesse # 1000, banchi 
ottici separati. Magnete non modulabile. Assumendo sensibilità = 10-7 1/!Hz, 
TQED = 7.8·107 s = 2.5 anni

PVLAS
Sensibilità 2·10-7 1/!Hz, con F = 285000, campo 3"T, L = 1.4 m, 2"magneti. 
Banco unico.
TQED = 5·107 s = 1.7 anni

Concorrenza

G. Zavattini - PVLAS Collaboration - Commissione II - Roma, 31 Maggio 2010
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Come incrementare segnale

Dimezzare la lunghezza d’onda: 532 nm. Laser disponibile. La nostra 
esperienza è che la qualità degli specchi è leggermente peggiore. Oggi la 
qualità è forse migliorata. Fattore 4 in Tmisura.

Allungare la zona di campo magnetico aggiungendo un terzo magnete. Per 
questo motivo sarebbe bene scegliere da subito i magneti da 3 T e 0.7 m 
ciascuno. Di più diventerebbe complicato per la lunghezza totale 
dell’apparato. Fattore 2.25 in Tmisura.

Aumentare ancora la finesse, (raddoppiare?). Fattore 4 in Tmisura.

Fattore di riduzione totale 18 => Tmisura # 35 giorni

Se ritrovassimo sensibilità = 2·10-8 1/!Hz e finesse 400000 con 2 
magneti da 3T lunghi 0.7 m => Tmisura = 7.7 giorni

Tmisura ∝ (segnale)-2 ∝ (λ/B2LF)2

G. Zavattini - PVLAS Collaboration - Commissione II - Roma, 31 Maggio 2010



Commenti
L’apparato e le soluzioni adottate rendono PVLAS 
ancora il migliore apparato al mondo

La derivata molto positiva nello sviluppo dell’apparato 
prosegue

I proponenti sono convinti della validità dell’apparato 
proposto e dei risultati di fisica comunque ottenibili

C’è un crescente numero di proposte per lo studio del 
vuoto non lineare (non solo con misure di birifrangenza 
ma anche con misure di diffusione fotone-fotone)

G. Zavattini - PVLAS Collaboration - Commissione II - Roma, 31 Maggio 2010



Opzioni magneti

Saremmo orientati verso il magnete costruito dalla 
Vacuumschmelze. In particolare quello da 3T ma più 
corto. La ditta è molto interessata a questa 
costruzione. Sono venuti a Ferrara a vedere l’apparato.



Sblocco s.j.

G. Zavattini - PVLAS Collaboration - Commissione II - Roma, 31 Maggio 2010



Piano finanziario 2011-2012
2010 - sblocco s.j.

Avviamento gara magneti nuovi: 40 keuro
Acquisto banco ottico finale motori e meccanica da 
ultra alto vuoto: 120 keuro
Disegno CAD finale meccanico

2011
Completamento acquisto magneti: 80 - 100 keuro
Acquisti e montaggio meccanica del nuovo 
ellissometro: circa 150 keuro
Spese correnti (MI, ME, consumi)

2012
Spese di run

G. Zavattini - PVLAS Collaboration - Commissione II - Roma, 31 Maggio 2010
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