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1 Introduction

1.1 Purpose and Scope

The purpose of this document is to describe the preliminary design for the next generation Pysical Environment Monitor (PEM++) and the infrasonic microphone, a new sensor in PEM++.

1.2 Applicable Documents

· LSC White Paper baseline design description (T990080-01-D)

2 Requirements

2.1 Physical Characteristics

PEM++ must be deployable practically anywhere. Thus, it must have very low thermal, electric and noise emissivity. To make deployment as simple as possible, PEM++ will only require 12V DC power (to avoid the need for electrically noisy power supplies) and a standard Ethernet connection (100BaseT or 100BaseFX).

2.2 Interfaces External to LIGO Detector Subsystems

To simplify integration into the existing data acquisition system, all PEM++ channels will provide a 2V analog signal channels at the data rate of 16 kHz or less, in the computer room. Thus, integration will be only a matter of connecting the signal to an existing CAMAC system.

2.3 Reliability

The Mean Time Between Failures (MTBF) for all components will be relatively large but emphasis will be placed on fast maintenance. I.e. all components will have spares so a failed sensor can be replaced within minutes.

2.3.1 Natural Environment

2.3.1.1 Temperature and Humidity

Table 1 Environmental Performance Characteristics

	Operating
	Non-operating (storage of non-fused silica parts)
	In assembly (with fused silica parts)
	Transport

	+15 C to +25 C, LIGO-quality vacuum 
	10 C to +70 C, 0–90 % RH; standard LIGO-class-1 procedures
	15-25 C, 0-5% RH; class 10 clean room; standard LIGO-class-1 procedures
	40 C to +70 C, 0–90 % RH


2.3.2 Induced Environment

2.3.2.1 Electromagnetic Radiation

Electrical equipment associated with the subsystem shall meet the EMI and EMC requirements of VDE 0871 Class A or equivalent. The subsystem shall also comply with the LIGO EMI Control Plan and Procedures (LIGO-E960036).

2.3.2.2 Acoustic 

Equipment shall be designed to produce the lowest levels of acoustic noise as possible and practical. As a minimum, equipment shall not produce acoustic noise levels greater than specified in Derivation of CDS Rack Acoustic Noise Specifications, LIGO-T960083.
2.3.2.3 Mechanical Vibration

Mechanical vibration from the subsystem shall not increase the vibration amplitude of the facility floor within 1 m of any other vacuum chambers and equipment tables by more than 1 dB at any frequency between 0.1 Hz and 10 kHz. Limited narrowband exemptions may be permitted subject to LIGO review and approval.

2.4 Transportability

All items shall be transportable by commercial carrier without degradation in performance. As necessary, provisions shall be made for measuring and controlling environmental conditions (temperature and accelerations) during transport and handling. Special shipping containers, shipping and handling mechanical restraints, and shock isolation shall be utilized to prevent damage. All containers shall be movable by forklift. All items over 100 lbs. which must be moved into place within LIGO buildings shall have appropriate lifting eyes and mechanical strength to be lifted by cranes.

2.5 Design and Construction

2.5.1 Materials and Processes

These are requirements on the materials used in the design and the processes used in assembly.

2.5.1.1 Finishes

Surface-to-surface contact between dissimilar metals shall be controlled in accordance with the best available practices for corrosion prevention and control.  External surfaces requiring protection shall be painted purple or otherwise protected in a manner to be approved.  Metal components shall have quality finishes on all surfaces, suitable for vacuum finishes. All corners shall be rounded to TBD radius.  All materials shall have non-shedding surfaces.  Aluminum components used in the vacuum shall not have anodized surfaces.

2.5.1.2 Materials

A list of currently approved materials for use inside the LIGO vacuum envelope can be found in LIGO Vacuum Compatible Materials List (LIGO-E960022). All fabricated metal components exposed to vacuum shall be made from stainless steel, copper, or aluminum. Other metals are subject to LIGO approval. Polymers and elastomeric materials should not be exposed in the Advanced LIGO SUS system, with the exception of Kapton and PEEK for cabling.  Prebaked viton (or fluorel) may be used subject to LIGO approval. All materials used inside the vacuum chamber must comply with LIGO Vacuum Compatibility, Cleaning Methods and Procedures (LIGO-E960022-00-D).

The only lubricating films permitted within the vacuum are dry platings of vacuum compatible materials such as silver and gold.

Any novel materials to be used in the suspensions, in particular heavy leaded glass for the penultimate masses, will require qualification before approval for use in the LIGO vacuum.

2.5.1.3 Processes

2.5.1.3.1 Cleaning

All materials used inside the vacuum chambers must be cleaned in accordance with Specification Guidance for Seismic Component Cleaning, Baking, and Shipping Preparation (LIGO-L970061-00-D). To facilitate final cleaning procedures, parts should be cleaned after any processes that result in visible contamination from dust, sand or hydrocarbon films.

Materials shall be joined in such a way as to facilitate cleaning and vacuum preparation procedures; i.e., internal volumes shall be provided with adequate openings to allow for wetting, agitation and draining of cleaning fluids and for subsequent drying.

2.5.1.3.2 Welding

Before welding, the surfaces should be cleaned (but baking is not necessary at this stage) according to the UHV cleaning procedure(s). All welding exposed to vacuum shall be done by the tungsten-arc-inert-gas (TIG) process. Welding techniques for components operated in vacuum shall deviate from the ASME Code in accordance with the best ultra high vacuum practice to eliminate any “virtual leaks” in welds; i. e. all vacuum welds shall be continuous wherever possible to eliminate trapped volumes. All weld procedures for components operated in vacuum (excluding fused silica parts) shall include steps to avoid contamination of the heat affected zone with air, hydrogen or water, by use of an inert purge gas that floods all sides of heated portions.

The welds should not be subsequently ground (in order to avoid embedding particles from the grinding wheel).

2.5.2 Component Naming

All components shall be identified using the LIGO Naming Convention (LIGO-E950111-A-E). This shall include identification (part or drawing number, revision number, serial number) physically stamped on all components, in all drawings and in all related documentation.

2.5.3 Interchangeability

Because the various suspensions differ substantially in optic size, material, number of pendulums, and type of reaction chains, most of their components are not expected to be interchangeable.  Interchangeability is therefore not a design goal. 

2.5.4 Safety

This item shall meet all applicable NSF and other Federal safety regulations, plus those applicable State, Local and LIGO safety requirements. A hazard/risk analysis shall be conducted in accordance with guidelines set forth in the LIGO Project System Safety Management Plan LIGO-M950046-F, section 3.3.2.

2.5.5 Human Engineering

The suspensions must be attached to the isolation platforms with a minimum of force and torque.  The design will include fasteners that can accommodate this requirement and allow space for this to be accomplished.

The suspensions will in general consist of components that are both heavy and delicate and require precise positioning for assembly.  The assembly fixtures listed in a following subsection shall account for this.

The suspensions when assembled will have delicate optics hanging separated by very small gaps.  The assembly, installation, and repair procedures shall include measures to prevent errors that may damage these optics.  They shall also minimize the likelihood that the fused silica suspension ribbons or fibers will be touched.

2.5.6 Assembly and Maintenance

Assembly fixtures and installation/replacement procedures shall be developed in conjunction with the SUS hardware design. These shall include (but not be limited to) fixtures and procedures for:

· assembly of the in vacuo components in a clean room (class 100) environment

· initial alignment of the SUS components

· installation/removal/replacement of the actuator components

· installation/removal/replacement of the SUS stage elements in general

· installation/removal/replacement of the fused silica suspension fibers

All assembly and alignment procedures must be written by the SUS working group and tested by ‘third parties’, with appropriate feedback to design and procedure.

The BSC suspensions shall be assembled outside the vacuum chambers and attached to the seismic isolation platform there, and the whole shall be installed into the chamber by the ‘cartridge’ installation procedure.   The assembly/installation procedures for BSC SUS’s must be consistent with those for the SEI.  The HAM SUS’s shall be installed into the chamber from the side and attached to the already installed SEI.

2.6 Documentation

2.6.1 Specifications

List any additional specifications to be provided during the course of design and development, such as Interface Control Documents (ICD) and any lower level specifications to be developed. 

2.6.2 Design Documents

· LIGO SUS System Preliminary Design Documents (including supporting technical design and analysis documentation)

· LIGO SUS System Final Design Documents (including supporting technical design and analysis documentation)

· LIGO SUS Prototype/Test Plans

· LIGO SUS Installation and Commissioning Plans

2.6.3 Engineering Drawings and Associated Lists

A complete set of drawings suitable for fabrication must be provided along with Bill of Material (BOM) and drawing tree lists. The drawings must comply with LIGO standard formats and must be provided in electronic format. All documents shall use the LIGO drawing numbering system, be drawn using LIGO Drawing Preparation Standards, etc.

2.6.4 Procedures

Procedures shall be provided for, at minimum,

· Initial installation and setup of equipment

· Normal operation of equipment

· Normal and/or preventative maintenance

· Installation of new equipment

· Troubleshooting guide for any anticipated potential malfunctions

2.6.5 Manuals

Manuals shall be provided for, at minimum,

· Assembly

· Alignment of mechanical system

· Alignment of electronic and electromechanical systems

· Debugging/test

2.6.6 Documentation Numbering

All documents shall be numbered and identified in accordance with the LIGO documentation control numbering system.

2.7 Test Plans and Procedures

All test plans and procedures shall be developed in accordance with the LIGO Test Plan Guidelines.

2.8 Logistics

The design shall include a list of all recommended spare parts and special test equipment required.

3 Quality Assurance Provisions

This section includes all of the examinations and tests to be performed in order to ascertain the product, material or process to be developed or offered for acceptance conforms to the requirements.

3.1 Responsibility for Tests

Testing of suspensions components shall be the responsibility of the suspensions working group and of LASTI.

3.2 Reliability Testing

Reliability evaluation/development tests shall be conducted on items with limited reliability history that will have a significant impact upon the operational availability of the system.  This includes in particular the fused silica ribbons or fibers and bonded attachments, which shall be individually strength-tested before installation in the suspensions

3.3 Configuration Management

Configuration control of specifications and designs shall be in accordance with the LIGO Detector Implementation Plan.

3.4 Quality Conformance Inspections

Design and performance requirements identified in this specification and referenced specifications shall be verified by inspection, analysis, demonstration, similarity, test or a combination thereof per the Verification Matrix (TBD). Verification method selection shall be specified by individual specifications, and documented by appropriate test and evaluation plans and procedures. Verification of compliance to the requirements of this and subsequent specifications may be accomplished by the following methods or combination of methods:

3.4.1 Inspections

Inspection shall be used to determine conformity with requirements that are neither functional nor qualitative; for example, identification marks.

3.4.2 Analysis

Analysis may be used for determination of qualitative and quantitative properties and performance of an item by study, calculation and modeling.

3.4.3 Demonstration

Demonstration may be used for determination of qualitative properties and performance of an item and is accomplished by observation. Verification of an item by this method would be accomplished by using the item for the designated design purpose and would require no special test for final proof of performance.

3.4.4 Similarity

Similarity analysis may be used in lieu of tests when a determination can be made that an item is similar or identical in design to another item that has been previously certified to equivalent or more stringent criteria. Qualification by similarity is subject to Detector management approval.

3.4.5 Test

Test may be used for the determination of quantitative properties and performance of an item by technical means, such as, the use of external resources, such as voltmeters, recorders, and any test equipment necessary for measuring performance. Test equipment used shall be calibrated to the manufacturer’s specifications and shall have a calibration sticker showing the current calibration status.

4 Preparation for Delivery

Packaging and marking of equipment for delivery shall be in accordance with the Packaging and Marking procedures specified herein.

4.1 Preparation

Vacuum preparation procedures as outlined in LIGO Vacuum Compatibility, Cleaning Methods and Procedures (LIGO-E960022-00-D) shall be followed for all components intended for use in vacuum. After wrapping vacuum parts as specified in this document, an additional, protective outer wrapping and provisions for lifting shall be provided.

Electronic components shall be wrapped according to standard procedures for such parts.

4.2 Packaging

Procedures for packaging shall ensure cleaning, drying, and preservation methods adequate to prevent deterioration, appropriate protective wrapping, adequate package cushioning, and proper containers. Proper protection shall be provided for shipping loads and environmental stress during transportation, hauling and storage. The shipping crates used for large items should use for guidance military specification MIL-C-104B, Crates, Wood; Lumber and Plywood Sheathed, Nailed and Bolted. Passive shock witness gauges should accompany the crates during all transits.

For all components which are intended for exposure in the vacuum system, the shipping preparation shall include double bagging with Ameristat 1.5TM plastic film (heat sealed seams as practical, with the exception of the inner bag, or tied off, or taped with care taken to insure that the tape does not touch the cleaned part).  The bag shall be purged with dry nitrogen before sealing.

4.3 Marking

Appropriate identification of the product, both on packages and shipping containers; all markings necessary for delivery and for storage, if applicable; all markings required by regulations, statutes, and common carriers; and all markings necessary for safety and safe delivery shall be provided.

Identification of the material shall be maintained through all manufacturing processes. Each component shall be uniquely identified. The identification shall enable the complete history of each component to be maintained (in association with Documentation “travelers”). A record for each component shall indicate all weld repairs and fabrication abnormalities.

For components and parts which are exposed to the vacuum environment, marking the finished materials with marking fluids, die stamps and/or electro-etching is not permitted. A vibratory tool with a minimum tip radius of 0.005" is acceptable for marking on surfaces which are not hidden from view. Engraving and stamping are also permitted.
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5 PEM++ design

5.1 DAC interface

[image: image3.png]Us_ADS663

]

YOUT 28 1 vour, vegm el REEPAC
2b2d voum DD

el i

DT e sax =

CLR  /SYNC




[image: image4.png]U2 REFS04





Figure 5‑1. The AD5045 based voltage reference (4.5V) and the AD5663 based dual DACs.

In the initial design we will use the existing analog inputs of LIGO. This decision is motivated by the lack of moderate speed digital interfaces that are able to properly time stamp the input data. The LIGO interfaces operate at 16 kHz and require ±2V signals. AD conversion is done at 16 bit resolution.

To provide these signals, we will use AD5663RBRMZ-5 dual AD converters. These are 16bit, resistor string based nanoDACs.  The typical relative accuracy is 8LSB, the maximum settling time is 7μs (typical is 4), which corresponds to over 140 kHz. The device has an SPI interface that can handle speed up to 50MHz. Adjusting a single port requires 3(8 bits (command and 16 bit data). The external voltage reference (4.5V) is provided by an AD5045 voltage reference.
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Figure 5‑2. The 0…4.5V output of the DAC is converted to -2…+2 volt using an opamp based add/substract/multiply circuit.

As the DACs do not provide signals in the required –2 … +2V range and they do not tolerate significant loads, we use an op-amp based add/substract/multiply/buffer circuit as the output stage, which converts the 0…4.5V input to the required range.
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Figure 5‑3. AVR Atmega8 controller circuit.

Controlling the device is done with an AVR ATmega8 microcontroller running at 8MHz, which has native SPI and serial interfaces. The AVR SPI interface has a maximum speed of 4MHz. In reality, one needs on the order of 11.5μs per sample (over 85kHz sampling). Thus, we put 4 ADC channels (2 DAC chips) on each microcontroller.
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Figure 5‑4. The RS-485 interface.

The input is provided over an RS-485 interface. On board re-sampling is provided to accommodate slow input channels. The electrical definition of the RS-485 interface implies that at most 32 devices can be connected to a single RS-485 bus. The AVR ATmega8 serial port clock is either the clock speed of the CPU (8MHz with internal oscillator) or an external clock, which is limited to the quarter of the CPU clock due to the synchronization electronics (with external clocks, one can go up to 16MHz system clocks with the ATmega8L chips).  The maximum baud rate in asynchronous double speed mode is one eight of this, i.e. 1Mbs (that’s 1000000, not 1048576 as the internal clock is running at 8.0MHz). Assuming 16bit samples, 9bit (9th bit used for RS485 addressing), no parity, 1 stop bit, 1 start bit, we use 33 bits per sample. At maximum speed (16KHz), we can only drive 1 channel per RS-485 bus. At 1KHz (suitable for many PEM channels), we can easily drive 16 channels.

Following the advice of Dougla Adams, the device requires 12V DC power (even though it will tolerate much higher DC inputs). The required +5V/0V/-5V power is produced in two steps. First +8V (stable) is produced, which is fed into a 7660 inductivity less charge pump to produce –8V. Both the +8 and –8 volt DC lines are than stabilized at +5 and –5 volts. If one uses a ground isolated power supply, the whole system will be ground independent. Otherwise the ground (0V) of the device is the 0V (negative) power input. The output grounds are connected galvanically.
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Figure 5‑5. The LM317 based stabilizer circuit (+8V) and the 7660 based charge pump (-8V) power supply circuits.
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Figure 5‑6. The final stages of the power supply providing +5V and –5V.

5.2 Resampling (NOT IMPLEMENTED YET)

The PEM-DAQ interface (microcontroller driven DACs with an RS-485 interface) will provide a 16 kHz signal toward the LIGO DAQ system. As the sensors can operate at many different frequencies, resampling is required. For this, we can assume that the sensor provides bandlimited data, in which case the resampling can be, in theory, done exactly (using the sinc interpolation). Unfortunately we have to work in real time, thus, we have to choose a finite response filter (FIR). We choose the Kaiser window function, which has two adjustable parameters, M, the size of the window and α, which determines the shape. The window function is expressed as
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Infrasonic design

5.3 Sensitivity

Even though LIGO measures the GW signal at frequencies much higher than infrasound, monitoring low frequency sound is still extremely important. The mirror suspensions provide an extremely good damping above a few Hz, but they are not too efficient below these frequencies. Thus, infrasound can enter the experiment through the suspensions and it can generate a systematic high frequency signal through some non-linear process.

To estimate the maximum effect of infrasound on components, we can use a quite simple approximation: We assume a test body with cross section A (facing the sound source), length l and density m. The sound wave has a (pressure) amplitude of p0 and frequency f. The pressure difference acting on our test body is
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The equation of motion of the test body is
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Thus, assuming 1mPa, a density of 2500 kg/m3 (typical glass) and a frequency of 10 mHz, the vibration amplitude can be as high as ~20nm – compareable to the wavelength of the laser. Thus, even these very weak infrasound waves can influence LIGO. Obviously, we neglected the damping of the suspension of the component, thus, this is only an upper limit, not the real amplitude.

Atmospheric pressure show a diurnal cycle with an amplitude on the order of 100 Pa and ….

5.4 The Los Alamos infrasonic microphone design

This infrasonic microphone was originally developed by Los Alamos to monitor nuclear test explosions. The basic concept is quite simple: a relatively small volume (few hundred cm3) is used as a pressure reference. A small capillarity is installed between this volume and the environment so the pressure inside the volume slowly equalizes with the ambient pressure. The size of this capillarity determines the low frequency cut-off (the smaller the capillarity the longer it takes to equalize the pressure, i.e. the cut-off frequency is lower). On the other hand, making the capillarity too small requires a much more sensitive pressure sensor. The larger the capillarity, the closer the pressure difference is to zero, which makes the sensor sensitivity less critical.

To also limit the noise introduced by high frequency sound, the whole device is placed inside a large volume with has a relatively small entrance.

5.5 Differential pressure sensors

The heart of the system is a very sensitive differential pressure sensor. As we aim for 10 mPa amplitudes (30-35 dB, similar to normal talk), we concentrated on achieving this sensitivity, even at the cost of complicated post processing, calibration problems, etc.

5.5.1 Sensirion sensors

We tried two off the shelf sensors from this company (www.sensirion.com). The ASP1400, marketed as a differential pressure sensor has the required sensitivity (2 mPa) but it is quite slow (150ms, which translates to less than 4 Hz maximum frequency). An additional complication is that this is not a real pressure sensor but a flow sensor calibrated for pressure. We also tried the ASF1430, which is practically the same sensor marketed as a flow sensor but it has an updated firmware which can measure pressure fluctuations up to 100Hz (sampling rate of 200 Hz). The main problem with this sensor is that at high frequency the sensitivity is quite low, around 1 cm3/min. To detect 0.01Hz waves with an amplitude of 0.01Pa, would need a backing volume of around 1000 liters, which is not realistic.

5.5.2 Condenser microphone

As we did not find any differential pressure sensor, we decided to build a classical condenser microphone. The decision was motivated by the fact that as opposed to commercial microphones marketed as condenser microphone (which often turns out to be an electret microphone), we need an air tight construction (normal condenser microphones have venting holes) that can be connected to our pressure reference volume (closed condenser microphones do not allow this).

One plate of the condenser microphone is a 33mm diameter copper plate (roughly 850 mm2). The second plate is an aluminum foil at a distance of roughly 40μm. This corresponds to a capacity of
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A traditional condenser microphone is charged with a fixed charge and the voltage of the capacitor is measured. Sound waves move the membrane, which changes the capacity, which results in a change in the voltage (Q=C.U). As we are interested in very low frequencies, this method is not sufficient for us. Instead, we will use a parallel LC circuit around its resonance frequency to directly measure the capacity.

The exact physics of our microphone is impossible to derive exactly – there are too many secondary effects, systematics, etc. Thus, it will be empirically calibrated. To still provide a picture, we provide the zeroth order physics of the sensor:

As we are interested in very small differential pressures (0.01Pa), the elasticity of the membrane is not playing a major role. We can treat the membrane as a piston. In other words the membrane will sufficiently move to equalize the pressure. Our backing volume is roughly 200 cm3 (at 10 000Pa), we expect volume changes on the order of 
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. Assuming a solid piston, this implies a movement on the order of 0.25μm, which results in 0.5% changes in the capacity.

Typical inductivities are around mH. Thus, considering the capacity (200pF), we choose 0.8MHz as the resonance frequency. This requires a 350μH inductivity. As inductivities and capacities have a very high scatter (10-30%), the resonance frequency will be different and the input signal must be adjustable.

5.5.3 Medium Frequency signal source

For the condenser microphone, we will need a variable amplitude and frequency signal source. The signal shape is not too crucial, as the resonance circuit will practically eliminate the harmonics. The adjustments are done through a voltage controller amplifier (VCA) and a voltage controlled oscillator (VCO). Both require DC control signals. We use an AD5663 DAC to provide these signals. One of those buffers is redundant as the VCA requires a 0…-2V (as implemented, 0…-1.875V) control signal, which is implemented using a –0.417 gain op-amp based amplifier.
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Figure 6‑1. The frequency and amplitude control signals (DC) are generated by an AD5663 DAC. Two op-amp based buffers are used to eliminate potential feed-backs.

The VCO is implemented using a standard 4046 chip. This 4xxx series chip contains a full PLO implementation, but we only use the VCO part. MORE DESCRIPTION!!!!! The VCO provides an adjustable frequency (0…3MHz) square wave signal with 50% duty cycle. The signal is smoothed with a simple RC filter.
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Figure 6‑2. The medium frequency VCO using a standard 4046 chip (PLO). The square wave signal is smoothed with an LC filter. An op-amp based –0.19 gain amplifier is added to eliminate potential feed-back from the VCA.
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6‑3. Output of the VCO (left). The Amplitude is fixed (5V), the frequency is adjustable using the A channel of the DAC. The signal is smoothed and the amplitude is reduced (fixed -0.19 gain).
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Figure 6‑3. The –0.417 gain amplifier that provides the 0…-1.875V control signal for the VCA and the VCA circuit.

The output stage is implemented XXXXX.
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Figure 6‑4. A transistor based output stage.WHY THE DIVIDER????
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6‑5. The base voltage of the Q3 transistor. The signal is far from a sine wave but the LC circuit will suppress the upper harmonics.
5.5.4 LC resonance circuit
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6‑6. Condenser microphone parallel resonator circuit
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6‑7. Output of the parallel LC circuit (after the buffer). This is a clean sine wave as the upper harmonics are suppressed by the LC circuit.

The MF (2MHz) signal is fed into a parallel LC circuit using a transformer. Assuming an ideal transformer, and a Thévenin (i.e. voltage) signal source with zere resistance, we can calculate the flux in the transformer:
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Where Ip(t) and Is(t) are the currents in the primary and secondary coils, Ls Lp and M denote theself and mutual inductivities of the coils, respectively. 

The voltage on the primary coil is determined by the signal source (Thévenin source with zero resistance), thus, we can write
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For the LC resonance circuit, we can write (as the load on it is negligible)
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where R is the ohmic resistance of the components (dominated by the coil, around 2.5 Ohms). Calculating the time derivative of both equations, we can derive
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This first order differential equation can easily be solved by using the right Ansatz. First, we solve the homogenous equation, i.e. see what would happen without the voltage source:
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where 
[image: image34.wmf]p

s

L

L

M

k

/

=

, 
[image: image35.wmf](

)

(

)

2

1

/

2

/

k

L

R

s

-

=

b

 and 
[image: image36.wmf](

)

(

)

2

2

0

1

/

/

1

k

C

L

s

-

=

w

. Using the Ansatz 
[image: image37.wmf]t

e

I

t

I

a

0

)

(

=

, we get


[image: image38.wmf]2

0

2

2

0

2

2

0

w

b

b

a

w

ab

a

-

±

-

=

+

+

=


If  
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, both solutions are imaginary. We will get an oscillation with frequency 
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 and an exponentially decaying amplitude with a time constant of 
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, we get two real solutions, both are negative. Thus, we have the sum of two exponential decays, one fast,
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. In the so called critically damped case (
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In general, we can conclude that in all cases, the amplitude decays with a timing constant of 
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or slower. The worst case, for very large 
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. Obviously we need a fast decay, i.e. significantly below 1 ms. Thus, 
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 should be large (fast decay) but not too large (to avoid this extreme case). For realistic components, 
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is on the microsecond scale. There are two ways to achieve this. Either by a very good coupling (we will see why this is not the desirable solution) or by increasing the ohmic resistance. As we will tune the coupling to maximize the signal amplitude (see below), we will simply require that 
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. This provides a decay time significantly below 0.1ms. We should keep in mind that the transient (the homogenous solution of the equation) is a necessary bad component in the system and we really aim for the particular solution (see below).

Once we found the generic homogenous solution, we only need a particular inhomogenous solution. We will simply assume 
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where 
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In our case: 226μH prim., 218μH secondary, k0=0.86, 130 μH extra inductance.

 (6.4Ohm DC resistance). U/U is 6 at resonance (1.1MHz), 1.3V/0.628V at 800 MHz, 0.98/0.62V at 1.4MHz.

Using these numbers: M=191μH, Ls=348 μH, k=0.68, C=112pF (from resonance frequency). β≈480 000, R=180Ω. 
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At 1.1MHz this gives 6.4, at 0.8MHz 1.7, at 1.4MHz 1.3.

5.5.5 Transformer implementation

As we demonstrated above, we need a bad transformer. Unfortunately the demand for such devices is very low. One can buy very good and very bad transformers but nothing between. Building a custom one is possible, but we came up with a much simpler solution: We use a very good transformer and we add a normal inductor to the secondary circuit that is not coupled to the primary circuit. We can write
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[image: image58.emf][image: image59.emf]
6‑6. The LC resonance circuit implementation (left) using a high efficiency transformer (1:1) and an additional inductor. The condenser microphone is not shown in the figure, only the connections. The output is buffered (right) to elliminate the feedback from the rectifier circuit.
5.5.6 Measuring mutual inductance

Measuring inductances we work with in itself is not trivial. Out condenser microphone has a capacity on the order of a few times 10 pF, just like a typical oscilloscope probe. On the other hand, we want to measure the inductance at the nominal frequency we intend to use. Thus, using an oscilloscope requires care as it represent an impedance close to the impedance of the inductor (as the nominal frequency is close to the (resonance frequency). 
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Once we can measure inductance, we can also measure the mutual inductance: We can measure the primary and secondary inductance directly by leaving the other circuit open. Next we can connect the primary and secondary circuit in series. Depending on the polarity, we will get an inductivity with an inductance of
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5.5.7 Measuring the Q-factor

Even though the DC resistance of our coils is negligible (6.4Ohm as opposed to the kOhm range impedances), the skin effect results at a dramatic increase in the ohmic resistance. Thus, the Q-factor (the ration of the ohmic resistance and the inductive impedance) becomes critical at the operational frequencies. Fortunately the read-out electronics we build is a bona fide Q-meter. In radio frequency electronics, the Q-factor was measured through a resonance circuit. We simply measure the amplitude on our capacitor at resonance:
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5.5.8 Precision rectifier

The output of the resonance circuit is buffered for safety and a two way- high precision rectifier circuit is used to rectify the signal. The passive components are chosen to provide the necessary bandwidth (few MHz).

[image: image63.png]



Figure 6‑8. Buffer and two way precision rectifier. Components are chosen to provide high bandwidth. 
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6‑9. The rectified signal. The two half waves are not identical as the components used differ. As we will heavily smooth the signal, trimming is not warranted.
5.5.9 Operational amplifier based integrator

Even though we filter the rectified signal with a low pass filter, this does not provide the necessary stabilities as the residual ripples are too strong. We can dramatically reduce the ripple induced noise by integrating the signal. We selected an upper cutoff frequency of 512 Hz, which implies an integration time of ~0.25ms (to allow for read-out and reset of the circuit). We use a standard operational amplifier based integrator, as shown in figure NNN. The output voltage of the circuit is 
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At the beginning of each cycle, the capacitor is discharged through the analog switch (CD4066). During the discharge, the voltage on the capacitor decays exponentionally, with a timing constant of R2C. As we aim for 16 bit accuracy, we have to discharge the capacitor by a factor of 1 million (20 bits), i.e. we have to drain for 13-14 timing constants. As we only have ~0.5ms available and the resistance is determined by the analog switch (125Ω). To be on the safe side, we will use 200nF (sufficiently small to discharge is safely but sufficiently large to minimize the effect of parasitic resistances and capacities. The R1 resistor is chosen to produce as high an output signal as possible without risking the maxing out of the opamp at the supply voltage. The integration time is 0.25ms, so we need a resistor above 1.25k (we will use 1.3k).
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Figure 6‑10. The input LC filter and the controlled integrator circuit. The Xk resistors are used to trim the circuit (both the offset voltage of the op-amp and the switches). The J1 socket is incorrectly placed in the current design (it should be on pin-7 of the opamp).

Unfortunately, the integrator circuit does not hold tha charge over the required time period (0.25ms). This is mostly due to the offset voltage of the opamp. As the digital to analog conversion is started via a microcontroller interrupt, it can be delayed by a few clock cycles (0.125μs), this can introduce noise in the signal. To eliminate this problem, we trim the offsets using the R51-R52 and R48-R49 resistors. Depending on the drift, one can trim in both directions and having two resistors allows a crude and fine trimming.

The trimming requires the measurement of the slope of the output signal with very high accuracy. As normal oscilloscopes do not have the capability to add a large offset to the input signal, this measurement is not easy. To make the trimming easy, we provide a reference DC voltage. The resistor based voltage divider provides a DC signal in the range that the integrator operates in. By adjusting the MF source, the output signal can be adjusted to match this DC offset. As the microphone electronics is ground independent, one can use a scope between this DC (offset) signal and the output signal (J2) to measure the slope with arbitrary accuracy. We know that J1 is placed incorrectly, it should be on Pin-7 of the opamp.

[image: image67.png]U V]

0.5

i T RN IR A S RTRENN VAR |

0

0.5

1

t [ms]

1.5

2

2.5




6‑11. The output of the integrator. The integration happens between 0.2s and lasts 1/4096s, followed by a 1/4096s long hold and a 1/2048s long drain/reset.
[image: image68.emf]
6‑12. DC reference voltage to trim the integrator.
5.5.10 ADC

The output of the integrator is filtered using an LC circuit and it is fed into an AD8325 ADC. The necessary reference voltage is provided by an 5045 reference voltage chip.
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5.5.11 Control signals for the integrator

The most critical part of the design is the integrator circuit, especially the stable integration time. Toward this goal, we use a quartz based controller circuit. We generate a very stable 32768Hz signal, which we convert, using a counter and standard gates to 1024 Hz control signals: a 1/4096s long “integrate” signal (this switches on the integrator), a 1/2048s long “drain” signal (this controls the reset of the integrator) and a 1/4096s long “hold” signal, which is used to trigger the A/D converter.

[image: image70.emf]
6‑13. The quartz oscillator (32768Hz), binary counter (4040) and the NAND gates to produce the INTEGRATE, DRAIN and HOLD signals.

The circuit uses the -5 and +5V suplly lines (see below) so the circuit can directly drive the 4066 switches of the integrator. The only problem is the HOLD signal, which is used by the microcontroller (see below) that has a 0V and +5V supply. Thus, we use a simple transistor based (i.e. very fast) level converter.

[image: image71.emf]
6‑14. Level converter for the HOLD signal (converting from ±5V to 0/+5V). 

5.5.12 Atmega8 microcontroller

The microphone electronics requires a microcontroller to enable adjusting the MF frequency and amplitude and to collect and format the digital signal measured. 

[image: image72.emf]
6‑15. The Atmega8 microcontroller that drives the DACs and the ADC and also formats the output and sends it upstream.

5.5.13 The RS-485 connection

As a compromise between complexity and easy deployment, we decided to use RS-485 (i.e. differential, 2 wire) for communication. This is easy to implement, allows chaining of devices (up to 32 devices) separated by large distances (1200m if running at 100 kbs), using only two (twisted) wires. This option has similar functionality to standard Ethernet, but does not suffer from complexity (which is an issue considering the capabilities of the microcontroller) and (most importantly) unpredictability (ethernet suffers from unpredictable delays). 

As a safety precaution, we use optocouplers to eliminate potential grounding problems (RS-485 is not ground independent).

[image: image73.emf]
[image: image74.emf][image: image75.emf]
6‑16. (Top) the ACSL-6310 based optical isolation (2/1 channels, using LEDs, up to 10Mb, binary output); the 7805 based power supply (bottom left – the RS-485 interface is powered by the remote side to eliminate grounding problems) and the RS-485 driver circuit (bottom right)

5.5.14 Power supply

For the infrasonic microphone circuit, we followed the Douglas Adams suggestion and we use a single 12V power input to produce the necessary power for all components. As we have three logical units (analog circuit, microcontroller and quartz/counter/gates), we implement three independent power supplies to avoid crosstalk. All three supplies share the “0V” in put from the external supply, which we will call “-5V” (i.e. we offset everything by 5V). 

The quartz/counter/gates circuit only requires ±5V, thus, we simply create a +10V supply from the 12V relative to our so called -5V.

[image: image76.emf]
6‑17. The power supply for the quartz/counter/gates. We create ±5V (without 0V) from the 0/12V input power. 

The analog circuits require a symmetric power supply, 0V/±5V. We use the same trick to create the ±5V (create 0/10V from the 0/12V input and rename it to ±5V). In addition, we will need a 0V. Unfortunately, most virtual ground circuits have an opamp output stage, which is not sufficient as a power supply. We ended up fixing a broken design in Tietze-Schenk:

[image: image77.emf]
6‑18. A modified version of the virtual ground circuit from Tietze-Schenk. The addition of carefully selected resistors (R43 and R30) results in a circuit that actually works.

The main problem of the T-S design (no R43 and R30 resistors) is that the base current of the driver transistors is regulated by the BE voltage drop on the transistor. This is clearly a very bad idea as it relies on the Ib(UBE) relation of a transistor (that is under heavy load) and also requires very high precision output control from an open loop opamp. As expected, the circuit (as published in T-S) works as a very nice oscillator and is completely useless as a virtual ground. Our modification (the two resistors, R43 and R30) bring common sense back: The base current is determined bu the I(U) relation of a resistor, which is behaves much better than a diode in this respect. The resistors are sized such a way that the opamp operates in a sensible range. As a rule of thumb, the output voltage should never get close to the power supply voltage (±5V in our case) but it should not be orders of magnitudes smaller than that (e.g. it should be 1-2V) so the opamp operates in a high accuracy regime.

An additional mistake in the original T-S design is that it fails miserably if the load is too symmetric. In this case the virtual ground should very quickly switch from drain to source, which requires incredibly fast and accurate swings over a few volts (to open one transistor and close the other). This is clearly not realistic. To avoid this failure, we add dummy loads to the circuit to make the load asymmetric. As a result, half of the virtual ground circuit will never operate (load being asymmetric), but in a typical design it is easier to put the components in (as one does not know the nature of the load a priori).

[image: image78.emf]
6‑19. Dummy load circuit to make the load asymmetric.

Even though, we designed this circuit for the analog components, the solution can also be used to power the microcontroller and DAC. These components require 0/+5V, thus we cloned the analog power supply and only use the 0/5V part of it. We still maintain two independent power supplies to eliminate crosstalk from the digital components.

6 Condenser microphone sensing element

The condenser microphone sensing element is built of easy to produce copper components. The two plates are made of a copper plate (33mm diameter, 1mm thicknes, made of a normal Cu plate) and a very thin aluminum foil stretched over a ring (made of 40x2 copper pipe and sealed from the back with a 1mm thick, 45mm diameter copper plate; soldered with silver).
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7‑1. The copper plate (left) acting as one plate of the condenser and the sealed ring (right) that will hold the membrane. 
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7‑2. The glueing of the copper plate. Standard 35(m PCB is used to construct a spacer between the plane of the ring and the copper plate. The two parts are glued together with a two component, non-conducting glue. Centering is achieved by a plastic ring (not shown). The glue also seals the condenser.
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7‑3. The assembled condenser. The membrane is glued with a two component conducting (silver based) glue to the ring and a pipe is connected to the back to allow mounting on the pressure reference volume.
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7‑4. The condenser soldered into the electronics and mounted on the pressure reference volume. 

7 Microphone mechanical components

The pressure reference volume is made of an aluminum pipe (90x5mm). One end is sealed with a 3mm aluminum alloy plate (glued with a two component aviation grade glue) and is glued to the end plate of the large volume. The cup is removable (normal thread) and is sealed with an 82x2mm O-ring.

The large volume is constructed of a 3mm aluminum plate (1000x666mm). For now we simply folded it three times and had it welded together to form a ~250x250x1000mm square pipe. For mass production we will probably have to assemble it from two pieces and weld it twice. Small 8mm plates are welded in the corners so screws can be used to attach the end plates. The plates are sealed using a 3mm rubber sheet (this seal is not critical).
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8‑1. The pressure reference (cylinder on top) is glued to an end plate, ready to be mounted inside the large volume (bottom). The plates are fixed with normal screws and 3mm rubber sheets (off white; already mounted on the end plate) are used to seal the volume.

8 Calibration Unit

Our microphone design too many uncertainty to be able to build identical sensors. Thus, each sensor has to be calibrated independently. To do this, we are building a calibration unit. It is made of a 400mm diameter, 1m long (sewage) pipe, made of 11mm plastic. The pipe is cut in half. Both ends are sealed. We mounted a (sealed) plate at the other end of a piece, where we can mount our sensor and a calibrated pressure sensor. After closing the system, using a standard syringe, we can introduce a pressure difference between the two volumes. The pressure difference slowly decreases as the calibrated pressure sensor is in essence a flow sensor combined with a small leak. By recording the (calibrated) pressure difference and the signal from our sensor, we can cross calibrate our sensors.
9 GEO-600 testing results

We tested the device at GEO-600. We present the preliminary results of these tests:

9.1 Electrical Interface

The Ligo DAC interface expects ±2V differential signals. Our DAC boxes integrated without any problem. The main issue was the appropriate connector. We still do not have the exact designation of the LEMO connectors used. We are still waiting for the data recorded by GEO to compare it to our archived data.

9.2 Sound injection

We used an off the shelf subwoofer with a normal car high power amplifier to inject acoustic noise and to evaluate the effect on the h(t) channel. We run 6 tests, all on March 3., 2009:

· Starting at 11:45:00UTC, a 137Hz, 420second long signal with 74% amplitude

· Starting at 11:57:00UTC, a 42Hz signal, 420s long, 60% amplitude

· Starting at 12:12:00UTC a 2Hz signal, 900s long, 74%amplitude

· Starting at 12:51:00UTC a 5Hz signal, 420s, 74% amplitude

· Starting at 13:04:00UTC a 11Hz signal, 420s, 74%

· Starting at 13:49:45UTC a sweep from 1Hz to 50Hz, 50% amplitude
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10‑1. The subwoofer used for sound injection.

A quick check revealed that we did indeed introduce noise in the gravitational wave channel (the frequency injected did show up in h(t)), including harmonics.

9.3 Background measurement inside

We did analyse the data collected and we found prominent lines in the acousit measurement: there is a very strong ~34Hz signal and two not so strong lines at 39.5Hz and 24.5Hz. This clearly requires further testing.

9.4 Windmills

There are ~10 windmills (1.5MW and 3MW models) nearby. We also took measurements in the field. The windmills produce two very strong lines, but the exact frequency varies in time (probably depends on wind speed). Thus, the lines observed inside LIGO could be caused by the windmills. We also tested the car we used (2l diesel). It produced very strong and very narrow lines in the acoustic spectrum.
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