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1. Introduction

1.1 Requirements for earthquake detection by the Large Ring Laser

In standard seismology earthquake induced rotations have been neglected in the past, because the corresponding magnitudes were thought to be small [1] and no suitable instruments with the required resolution existed. 

The superior resolution of large ring lasers along with their insusceptibility to linear acceleration makes the application of these instruments very attractive for seismological studies. The expec​ted range of angular velocities to be measured is estimated as 
[image: image4.wmf] and the signal frequency range for the seismic waves is 
[image: image5.wmf] [12]. Different orientation around three orthogonal directions of the ring lasers can provide the detection of rotations from Shear, Love and Rayleigh waves.

The resolution of the ring laser gyroscope is proportional to the area enclosed by the beam path. Therefore the increased size of a ring leads to an improvement in sensitivity. For example, the 4 by 4 meters square ring laser G installed in Fundamentalstation Wettzell (Germany) has a resolution for the measurement of rotation rates of 
[image: image6.wmf]. This very high sensiti​vity is good enough for the detection of both large teleseismic events and small near field earth​quakes. For the case of the application of a ring laser to seismology the long-term stability of an instrument is not so important as opposed to Earth rotation variation measurements. More important is the short-term stability and mechanical rigidness of the laser beam path for a stable monomode operation, a prerequisite of large ring lasers. The instrument should determine seismic rotation accurately, while keeping its design parameters constant. At the same time the whole system should be transportable, cost effective and provide a relatively easy installation.

A precise time stamping of the measurement data is absolutely crucial in seismology. The typical requirement for the timing accuracy is 1 ms with respect to UTC. Accurately timed and dated series of recordings give a precise picture of how and where the ground is moving, thus providing good estimates of the earthquake parameters location and velocity. Therefore the data must be sampled using stable frequency reference and an accurate clock. The best accessible time source nowadays is the GPS timescale, which when slaved to a quartz oscillator produces time stamps accurate down to at least the required 1 ms and frequencies with a relative stability of ∆f/f = 10-13.

2. Operational principles

2.1 Large Ring Lasers

Ring lasers detect absolute rotation and since the early 60’s after their first introduction they gained one of the leading positions in the area of inertial navigation and motion control. This is because of their large dynamic range, high precision and the fact that they do not require any moving mechanical parts [2]. The principle of ring laser gyro (RLG) operation is based on the Sagnac effect where two beams propagating in opposite directions in a rotating cyclic cavity oscillate on slightly different optical frequencies. This beat fre​quency is proportional to the velocity of rotation (() the effective area (A) enclosed by the laser beams inversely proportional to the wavelength (() of the laser and the perimeter (L) [2]. Formula 1 shows the ring laser equation.


[image: image7.wmf]                                                                   (1)

In order to provide sufficient sensitivity for the application of ring lasers in seismology, the scaling factor 4A/L must be made much larger than commercial ring lasers allow for. An important part of this project was directed to an increased sensitivity while at the same time the requirements for single mode operations of ring laser were maintained. Large ring lasers therefore have the potential to be used for that purpose. The extension of the perimeter along with a highly symmetrical design of the cavity, a high mechanical stability and a high Q-factor for the laser cavity satisfy the required demands [13]. At the same time the effect of “lock-in”, a major error source for ring lasers could be reduced considerably. The number of successfully built large gyroscopes of this working group demonstrates how the gradual increase of perimeter and design requirements approached the desired range of precision for this project. The first large HeNe ring laser device, dubbed C-I, was constructed in Christ​church (New Zealand). It enclosed an area of 0.755 m2 and was the first ring laser to unlock at the earth rate of 72.7 µrad/s. The next generation ring laser C-II followed the same design concept but was much superior in the mechanical construction and cavity Q. C-II showed that by using an optimized design a high resolution as well as high stability of better than 1 part in 107 can be achieved over a time span of weeks and months. It was a reasonable expectation for the next development step of an even further up​scaled ring laser G (Grossring) with an enclosed area of 16 m2 that much higher degree of stability can be obtained by the corresponding reduction of backscatter effects [10]. The G ring was commissioned in 2001 and up to now it is the most stable and sensitive instrument within the entire large ring laser project. Since the G ring laser is a massive and expensive device, there is no way of relocating it for seismic studies. Therefore an instrument with similar sensitivity but at the same time of a modular design for easier transportation and installation is required. Based on these conditions, the demonstrator system named GEOsensor has been developed. Its goal is to demonstrate the ring laser technology abilities for the quantitative measurement of local and teleseismic events in the seismically active region and therefore to contribute ultimately to a full 6 degrees of freedom measurement of seismic waves. The values of the Sagnac frequency for test facility at Wettzell (Germany), and potential locations of deployment such as Pinon Flat (USA) and Tokyo (Japan) are summarized in the table 1.

Table 1: Sagnac frequency values for various locations of deployment

Location
Sagnac frequency, Hz

Wettzell, 49.145 N
138

Pinon Flat, 33.6 N
102

Tokyo, 35.4 N
106

2.2 Comparison of the ring laser with fiber optic gyro

Fiber optic gyros (FOG) are widely used in the inertial navigation due to production advantages, constantly improving performance and a comparatively low price. The principle of FOG operation is also based on the Sagnac effect. The output signal of the FOG is the phase difference between two oppositely propagating light waves, which is proportional to the rotation speed of the instrument. When the closed beam path is formed by the optic fiber, the formula for the phase difference becomes


[image: image8.wmf]                                                (2)

where N is the number of windings of the optic fiber coil, SC is the average area of the coil, L - the total length of the optic fiber, D – mean diameter of the coil.

This basic ratio demonstrates the major advantage of FOG in comparison with the ring lasers - the value of the FOG's scale factor can be made much larger than that in ring laser because of the length of the optic fiber (usually several kilometers). There are substantial problems of thermal susceptibility and nonreciprocity that diminish the performance, but the biggest disadvantage is that one has to perform a phase difference measurement as opposed to a beat frequency measurement  like it is the case for ring lasers. The random walk coefficient (resolution) of FOG is given as follows


[image: image9.wmf],                                               (3)

where P0 – power of luminous flux, 
[image: image10.wmf]  - frequency of light, T – observation time. 

For example, by using a light source with wavelength of 1.55 (m, power amplitude P0 = 100 (W, optic fiber length L of 4000 m and diameter D of 4 m the value of rotation rate sensitivity of such FOG would be 
[image: image11.wmf]  rad/sec.

By means of adjusting the length of the optic fiber L, the optimal tuning of the FOG can be achieved, when the obtained phase difference satisfies the ratio


[image: image12.wmf], where n=0,1,2…

If the point of operation could be placed on the linear part of the performance curve there would be no need of a phase modulator anymore. For example, the optimal diameter D for fixed optic fiber length L=4000 m can be found as:


[image: image13.wmf]
where
[image: image14.wmf], 
[image: image15.wmf]= 49.1441(6) deg – Wettzell latitude. The research group from Polish Institute of Applied Physics designed a FOG for the detection of seismically induced rotation [5]. The gyroscope with the operation wavelength of 1.3 (m, power amplitude P0 = 500 (W, optic fiber length L=400 m and diameter D=0.2 m has a claimed value of rotation rate sensitivity of 
[image: image16.wmf] rad/sec. While it is enough for the TAPS [14] calibration this magnitude is far too small for the detection of rotational waves, unless the sensor experiences strong motions. Therefore the assumption that rotational signals exist in seismic events only for strong earthquakes [4] cannot be drawn, since the noise level of the instrument is so high that it covers such signals. However the advantages of the FOG technology like low cost and small size may be implemented in the future for strong motion seismic rotation detection near earthquake faults in active areas or aftershock regions. In such a case portable FOG-based stations could be quickly installed after a major earthquake. The sensors cluster consisting of one 3-axis conventional seismometer and the three FOG assembly in one box could be a cost-saving analogue of a strapdown system for seismology. However at this point in time the development of this sensor type has not progressed far enough to be utilized. 

2.3 Requirements for the ring laser

Since a ring laser is an active interferometer, i.e. the high sensitivity of this instrument arises from the dependency of the laser frequency from the cavity length, an important requirement for this device is the mechanical stability. In order to operate in the monomode lasing regime, the variations of the cavity length must not exceed one wavelength (633 nm), which sets very high demands to the rigidity of the laser beam contour. Once assembled the cavity length must be kept within 633 nm.

However fluctuations of the temperature and pressure affect the cavity length, causing expansion or contraction, hence the environmental conditions at the location of the ring laser must be kept within tight limits. Even if occasional longitudinal mode changes are tolerated, this means temperature variations of less than 0.5 degree and pressure changes of less than 10 hPa are required.

The monument on which the ring laser is installed can also affect the cavity size in a similar way; therefore bedrock or a concrete monument providing a surface flatness of better than 1 mm should be used.

3. GEOsensor design

The GEOsensor is designed to be a stand-alone measurement complex for seismic and geo​physi​cal studies. It consists of several major components; a large perimeter one-axis ring laser gyroscope for the measurement of rotation rates, a conventional three axis broadband seismometer for the measurement of linear displacements, a two-axis tiltmeter to monitor changes in the orientation of the ring laser and a GPS-station to provide time and reference frequencies for the data acquisition system. Figure 1 shows a block diagram of the principal structure of the GEOsensor. Data acquired from the seismometer, ring laser, tiltmeter and auxiliary sensors are preprocessed and streamed to the hard drive of the logging system in real time.

The ring laser component measures the absolute rotation at the place of deployment around the instantaneous normal vector to the area circumferenced by the laser beams (usually the vertical component). The tiltmeter measures the two components (North-South and East-West) of the basement plane orientation relative to the plumb line (local g), which is also varying during seismic activity. Because of the inner product between the rotation vector and the ring laser normal vector the variations in orientation of the ring laser generate a signature in the data. 


[image: image17.wmf]
Figure 1: The GEOsensor principal scheme
The tiltmeter data are needed for correction of the rotational seismogram for orientation changes. Those changes can be converted to the equivalent rotation according to the expression

       
[image: image18.wmf] ,         


where (TILT is the tilt equivalent rotation rate, ( - Earth rate, ( - ring laser location latitude, TNS and TEW are instrument tilts in North-South and East-West directions respectively. Since the East-West tilt component is part of the cosine function, which is usually very close to 1 it can be ignored for all practical purposes of our current design, and the previous expression reduces to


[image: image19.wmf].
For the mag. 6.8 North Algerian earthquake of May 21, 2003 we have examined the influence of the tilt effects on the recorded rotation rates of the ring laser. As one can see in figure 2, the tilt contribution (blue curve) to the overall response (red curve) does not exceed 5% of the measured rotation rates. Furthermore the tilt contributions can be corrected from the independently obtained orientation quantity by subtraction of the tilt equivalent rotation rate change from the ring laser signal.
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Figure 2: The rotation rate (red) and converted tilt (blue) taken from the Northern Algeria Earthquake, 21.05.2003, M=6.8

The seismometer measures the three components of the linear displacement (ground velocities) occurring during seismic events. Being collocated, the ring laser and seismometer provide the record of both linear (fig. 3) and rotational (fig. 2) components of the seismic waves. The distance between the earthquake epicenter and detector is about 1550 km.
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Figure 3: The ground velocities  due to Northern Algeria Earthquake, 21.05.03, M=6.8 recorded by STS-2 seismometer in Wettzell
The sensors time reference is taken from a GPS receiver with frequency output. From this signal timestamps are generated and it is also utilized as a stable data sampling frequency source. Thus the recordings are precisely defined in time and the data samples are equidistant and also correctly located on a timescale.

Auxiliary instrumentation such as thermometers a barometer and laser power meters are used for diagnostic purposes as well as in regulating feedback systems during the evaluation phase of the GEOsensor. Since the most important datasets for seismic studies are expected in the areas of high earthquake activity the instrument design must be relocatable. However this sensor will always require a suitable observatory, which can provide the necessary infra​structure namely a solid monument with little temperature variations, electric power and Internet connectivity.

3.1 GEOsensor system architecture

A detailed system block diagram is presented on Figure 4. Here the ring laser servo systems (marked yellow) represent the control loop for keeping the gain level and intensity ratio constant. The detected Sagnac frequency is sent to a signal buffer and splitter. The signal splitter can be employed for optional channels (blue marked) such as the real-time monitoring device, direct Sagnac frequency estimation or raw voltage recording. The components marked green are integral parts of the whole system. These are: The GPS time-frequency station, which is providing the time code for the computer clock correction, the 1 PPS and frequency signals for the precise timestamping of the acquired data, the three-axis seismometer providing three linear independent components of the ground velocity, a two-axis tiltmeter for the monitoring of the ring laser orientation, a fm demodulator for the logging of the rotational seismogram. The frequency divider is required for the conversion of the 10 MHz GPS station output to 1 kHz, which is the applied acquisition rate. An optional pathlength control system could be employed if necessary and if requested the raw photodiode voltage can be recorded for further detailed analysis. The data acquisition, preprocessing, temporary data storage and transfer were realized in a logging program coded in LabView, which is running on the acquisition computer.

This setup has the major disadvantage that the logging program running on the host computer occupies most of the processor resources and does not allow the file access during the acquisition time. The National Instruments Real-Time Technology provides the required flexibility and independence of the acquisition process from all the others and the data can always be made available for extraction and further analysis. This is the state-of-the-art approach implemented within the seismological community and our current data acquisition concept is designed for maximum compatibility with those requirements.
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Figure 4: The GEOsensor data flowchart
The acquisition computer is a specifically designed system consisting of the PXI-1002 chassis, NI 8175 RT controller and PXI-6031E DAQ board. The controller provides the external communication via different interfaces and inner data flow/storage. The DAQ board is sampling continuously the analog channels using the external acquisition frequency source. The acquisition program starts automatically after the controller boot-up. The build-in FTP server provides the access to the data stored on the local hard drive. A strict tie to the UTC timescale is ensured with this approach. 

3.2 Ring Laser Hardware design 

The design concept of the ring laser component of GEOsensor is a compromise between high stability and sensitivity of monolithic large ring lasers and small weight, mobility and montage flexibility of modular instruments. Figure 5 illustrates the ring laser design.

Four 1.6-meter long stainless steel tubes, rigidly attached to the corner boxes, which contain the mirror holders, form the square ring laser contour. The four high-reflectivity supermirrors are creating a closed square beam path by placing them inside of the mirror holders. The contour is vacuumized (down to 10-6 mbar) and filled with the He-Ne gas mixture to increase the oscillation gain. Upon the power on, excited laser beams are running through the cavity, reflecting from each of the four mirrors, finally creating a standing wave in clockwise and counterclockwise directions. This process is called lasing. The gain tube required for the lasing process is located in the middle of one of the tubes, symmetrically with respect to other ring laser parts. The excitation is provided by RF discharge (about 80 MHz) to avoid the biases caused by Langmuir flow, like in the DC driven plasma tubes, used in navigation gyroscopes.
[image: image1.png]



Figure 5: Design of the ring laser component of the GEOsensor. The overall view (left) and corner box(right)
The ring laser has a modular design, i.e. it can be upscaled considerably by using longer tubes while other components remain unchanged. This concept allows the user to adjust the size and hence the sensitivity of the ring laser component according to the measurement goals and the available infrastructure at the site of the instrument deployment.

The four corner boxes are made of a granite-epoxy compound for good mechanical stability. These boxes are rigidly mounted onto a solid concrete baseplate monument by 3 steel stubs in the bottom of the encasing. The concrete base acts as a stable geometrical frame for this ring laser. Inside the box there are the mirror holders, which can be aligned by an integrated folded lever systems to an accuracy of better than (15 arcsec per mirror, in order to create a closed beam path, a prerequisite for laser operation. The pick up system for the interferogram, consisting of mirror and beamsplitter arrangement allowing for a superposition of the two countercirculating laser beams, is placed inside one of the corner boxes. Each of the corner boxes has a total weight of 120 kg. This provides the required stiffness for the optical beam path. The detailed drawings of all the ring laser components are contained in Appendix A.

The beamcombiner is realized in the following way. A very small part (approx 0.2 ppm) of the beam power of each of the two counter-propagating beams is passing through each mirror. At one of the corners they are superimposed in a 1:1 beamsplitter using the reflecting mirrors assembly as shown in Figure 6. 
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Figure 6: Beam combining scheme: CW –clockwise propagating beam, CCW – counterclockwise propagating beam, M – corner mirror, RM1 & RM2 – reflecting mirrors; PMT - photomultiplier

The resulting superimposed beam passes through a spectral filter with a bandwidth of 10 nm (to cut off the other than red components of the light) and then onto a photodetector. When a proper alignment is achieved and the system is unlocked, interference fringes are observed. When the input rotation is nonzero the fringes are moving relative to the photodetector thus changing the brightness of the incoming light. The frequency of this signal is proportional to the input rotation magnitude, according to equation 1. Thus in order to obtain the Sagnac frequency one has to count the passing fringes per time unit. Figure 7 illustrates the principle of the interference fringe detection.
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Figure 7: Interference fringes and corresponding light intensity

Here the circles on top of the chart depict the brightness of the incoming light. The corres​pon​ding light intensity variations are shown below. A photomultiplier tube (PMT) converts the incoming light into the electrical signal, which is proportional to the light intensity and can be sampled by the data logger device. The corresponding beat frequency is then derived from this periodical voltage curve.

In this case the contrast of the incoming light (difference between dark and light patterns) is very important for detector to convert the fringes into the voltage accurately. If the contrast is low, the resulting voltage is low and the amplitude noisy, which makes the frequency estimation inaccu​rate. Furthermore the photomultiplier is easily saturated under such conditions, showing no inter​fero​gram at all. A high contrast can be achieved by a near to perfect superposition of the two laser beams using the alignment of the two reflecting mirrors (RM1 and RM2) and the beamsplitter.

Usually such a beamcombiner setup requires equal path length for both superimposed laser beams. However because of the long coherence length of the ring cavity, it was possible to fold the optical path in order to make the corner boxes more compact (see Figure 8). Here the clockwise beam is passing trough the corner mirror rightwards, reflecting twice and meets the counterclockwise beam at the beamcombiner. The output voltage of the detector corresponds to the Sagnac frequency.
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Figure 8: The inside of the corner box: mirror alignment screws (green), laser beam path for the signal combiner (red) and photodetector (blue).

Using adjustment screws with micrometer level of precision at the lever arm system one can facilitate the ring laser mirror alignment. An external green HeNe laser is fed into the cavity through one of the corner mirrors to aid the mirror alignment. The green laser beam is directed into the cavity by means of two external guiding mirrors installed on the outer wall of the corner box (see fig. 9). With the help of a pinhole template one has to ensure that the alignment laser points along the center of the stainless steel tubes and hits the center of the mirror on the opposite end (top left corner of fig. 9). With the help of the adjustment levers of the top left corner in fig. 8 the beam is directed towards the center of the mirror of the next corner (lower left in fig. 9). This is usually also the side where the gain tube capillary is located. The gain tube then is aligned such that it sits coaxially around the alignment laser beam. Then the lower left corner mirror is aligned with the help of the respected lever system so that the beam hits the center of the third mirror (lower right in fig. 9). In a similar fashion the alignment laser beam is directed to the first mirror (top right in fig. 9) until the back-reflection of the green alignment laser beam of the front surface of this first mirror superimposes with the laser beam that has traveled around the complete cavity. Finally the top right corner mirror in fig. 9 is aligned that the beam that has traveled around the cavity once interferes with the input laser beam at the top left corner. When interference fringes are obtained, and the laser gain medium provides amplification, some fine adjustments at the top right corner in fig. 9 will eventually cause the cavity to start lasing. 
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Figure 9: Outline of the alignment of the GEOsensor laser cavity.

3.3 Data acquisition techniques

The output of the RLG photodiode circuitry is an alternating voltage with the frequency equal to the Sagnac frequency. This frequency has to be determined at short time intervals (50 ms) with a resolution below the Nyquist limit. For seismic waves this means that the information about their rotation rate is available as a changing frequency. It means that the data extraction is indirect unlike in the case of a seismometer where the output voltage is proportional to the scaled ground velocity. There are a few approaches that can be used for a precise Sagnac frequency estimation with an insufficient averaging time. Here we discuss them from the point of view of applicability according to the standards accepted in seismology. In general a sampling rate of 20 Hz is adopted, which also covers most of the high end of the signal’s frequency range of interest. On average there are only 5 full cycles available for a frequency assessment for the smallest realization of the GEOsensor located at mid-latitude (see tab. 1, p. 3). Figure 10 shows a specific dataset of the seismic rotation data acquisition. The output voltage of the photodetector plotted in this chart corresponds to the signal during the Fiji earthquake in 2002, recorded by the C-II ring laser in New Zealand. One can see the strong variations of the signal frequency caused by the earthquake induced rotation rate changes. The total duration of the displayed dataset on Figure 10 is 0.2 seconds, therefore four data blocks of the required length of 50 ms are available for frequency variation estimates. As one can see it is difficult to estimate the instantaneous frequency with mHz resolution with such a huge and fast change. For seismic purposes the rotation deriving technique must be capable to obtain those variations without large uncer​tainties. In the following sections we discuss the available means for frequency estimation.
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Figure 10: Example of C-II ring laser output during the FIJI quake

3.3.1 Frequency and period counting

The measurement of the frequency in the counter is accomplished by counting the rising edges of an input signal for a precise length of time (gate time). Then in simplest case the frequency of the signal is determined as the number of waves divided by the gate time. There is always the possibility that up to almost one wave can be missed. For the GEOsensor this implies a frequency estimation error of about 1% for 1 second averaging and goes up to 20% for 50 ms averaging times. When used in period counting mode a counter can produce better results. In this mode the time interval for a certain number of wavelengths passed trough the counter is determined. Therefore no errors like in the frequency counting mode occur. On the other side the sampling time is not constant. The overall accuracy depends on the time resolution and stability. A Hewlett-Packard HP 5370 Time Interval Counter was tested for the GEOsensor application. Unfortunately no time window setting corresponding to the 20 Hz acquisition rate is available for this counter. The counter was used with a 5 Hz acquisition rate instead. The obtained resolution of the measured Sagnac frequency and the bandwidth did not satisfy the project demands.  

3.3.2 Autoregressive analysis

King [6] implemented autoregressive second order AR(2) analysis for RLG beat frequency and spectral linewidth estimations. The autoregressive model assumes the signal to be mono​chro​matic in this case, with deviations imposed by white noise. A data set is then modeled as
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where Xt are the discrete time samples of the data set, the 
[image: image29.wmf] are parameters and (t is a random process, usually a Gaussian distribution N(0,1) with zero mean and unit variance [6]. The AR(2) model describes a pseudo-sinusoidal signal with Lorenzian lineshape for narrow spectral lines, which is the nature of the beat frequency in ring lasers when it is quantum-noise limited. This approach provides an appropriate description of the RLG output while there is only one spectral line present for which bandpass filtering about the Sagnac frequency is usually necessary. Due to the a priori knowledge of the signal composition, a frequency resolution below the corres​pon​ding averaging time is obtained. The AR(2) model has been successfully tested on teleseismic data [9] (in the presence of slowly changing frequencies) and the limitations of this method in terms of data sampling intervals were determined. As a result of these investigations at least 20 cycles are required in order to provide reliable frequency, which gives a time interval between data samples of about 0.14 s for the GEOsensor RLG with a beat frequency of 139 Hz as for the location at Wettzell. For faster changes in the Sagnac frequency this method rapidly fails. Therefore one cannot employ the AR(2) analysis for a broadband system since the expected useful frequency range is 0.05-10 Hz, which makes the available sampling time interval not larger than 0.1 seconds. The modeling of the AR(2) estimator deviations with different number of cycles per sample has been carried out using the raw G ring laser signal, which provides a Sagnac frequency of ca. 349 Hz. In addition, the effect of an accidental DC voltage offset on the detector signal was investigated. The results are presented in fig. 11.
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Figure 11: Sagnac frequency estimation by AR(2) for various numbers of cycles and voltage biases

This diagram shows that 20 cycles (let alone 5) are not enough for AR(2) to provide a stable estimation. At least 200 of those are required for the estimation routine to converge. This requirement becomes even more important in the presence of a photodetector output voltage bias. As one can see such biases produce offsets in the absolute frequency value of about 60 mHz and 210 mHz for 1.5 mV and 3 mV of bias respectively.

In addition a narrowband filtering of a signal is not allowed for broadband seismic detection, and short-period strong input signals cannot be accurately estimated. Nevertheless the AR(2) as an entirely independent numerical method can still be utilized for a secondary frequency esti​ma​tion approach for teleseismic events and ring laser performance diagnostics.

3.3.3 Frequency demodulation

Both of the above mentioned techniques have one general disadvantage. They require a mini​mum length of the dataset and they have to perform some operations before obtaining the signal of interest. It can lead to a critical time delay, especially for the case of a high acquisition rate. The ideal solution would be an immediate electrical signal proportional to the input rotation rate as caused by the earthquake instead of dealing with a rate-biased rotation signal. Such a frequency-demodulation approach has been realized within the GEOsensor project [11]. Despite some limitations it is absolutely suitable for the purpose. Since the alternating seismic signal of interest is offset by the constant Earth rate, the basic concept of frequency demodulation can be applied. By phase locking a voltage controlled reference oscillator to the RLG output signal one can obtain the rate of change of the Sagnac frequency as a time varying voltage from the feedback loop of the phase locking circuit. The principle of demodulator is illustrated on Figure 12.
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Figure 12: Frequency demodulator operation principle

The demodulator uses the beat frequency signal from the photodetector to phaselock an voltage controlled oscillator of similar frequency. When there are no rotation rate variations, both signals stay locked to each other with a constant control voltage in the feedback line. In case of the earthquake, the rotation rate and hence Sagnac frequency changes rapidly, thus producing the difference between the reference voltage frequency and that of the actual signal. The feedback loop then adjusts the generator signal to keep the phase locked. This feedback signal is directly proportional to the variations of the rotation rate. The application of this technique has certain limitations. If the feedback loop gain is tight, an instantaneous response is obtained. However the dynamic range is very limited. If in the contrary the feedback loop gain is relatively small, one can increase the dynamic range for the demodulated signal, but the phase locking is sloppy and less accurate. 

This control voltage is then sampled at a rate of up to 20 Hz. A test demodulator unit (FMD) has been built and compared with other data evaluation techniques [11]. An image of the fully mounted unit is shown on Figure 13.
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Figure 13: Demodulator unit overall view
It is important to note that there is a specific relationship between the detection accuracy and available bandwidth of the signal in the FMD. A wide dynamic range can not have a tight phase locking, therefore for different frequency bands one needs different demodulator settings. The typical FMD frequency to amplitude response is flat from DC up to 5 Hz, then decreases with a slope of about 10 dB per decade. Ultimately a broadspectrum application will need at least two demodulators set for different frequency bands to cover the entire 10 Hz of the seismic signal bandwidth with a tight loop for teleseismic events (up to 0.5 Hz) and another with loose coupling for local events (0.5 – 10 Hz). The difference in the spectrum of teleseismic and local events are presented in Figures 14-15 and illustrates the necessity of such arrangement. The spectral components of the moderately distant quake spread up to 4 Hz being strongest between 0.5 and 2.5 Hz (fig. 15). In case of very remote earthquake the spectral response area is between 0 and 0.15 Hz (fig. 14).
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Figure 14: Hokkaido Earthquake spectrum
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Figure 15: Vosges Earthquake spectrum
3.4 Data acquisition validation

For the comparison of the three frequency analysis methods a series of artificial sensor pertur​ba​tions in the G laboratory were generated. The monument of the ring laser was slightly pushed at its corner with varying force and rate. This produces a slight rotation for the ring laser and there​fore a changing rotation rate. Those variations appearing like “artificial earthquakes” were recorded simultaneously with all the 3 data evaluation techniques described above and compared with respect to the input signal frequency band. The point of interest was to establish the frequency range where either of those techniques would not work adequately.

For low frequency impacts (0.1-1Hz) all three techniques demonstrate a good agreement as illustrated in Figures 16 and 17. This means that AR2, frequency counter and demodulator are all capable of an accurate representation of the rotation variations in the low frequency band, corresponding to the range of teleseismic activities. A higher noise level in the demodulator data here is due to its wide bandwidth setting.

However when the perturbation rate becomes faster the counter fails to estimate the frequency changes simply because of its time window limitations (fig. 18). For rotation rate variations at frequencies higher that 1 Hz the counter is averaging the signal and looses the correct amplitude and signal signature.

The AR(2) technique demonstrates better results but on rates higher than 3-4 Hz it produces inadequate estimates along with divergence-like responses on strong short-time impacts (fig. 19). The estimation procedure is not able to resolve signal frequency variations that are close or larger than the filter boundaries. In addition the filter produces a signal delay (system response), which cannot be compensated on the fly, since for the different frequencies the delay is different as well.
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Figure 16: Comparison of AR(2) and FM demodulator beat frequency estimation for low rotational rate changes
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Figure 17: Comparison of frequency counter and FM demodulator beat frequency estimation for low rotational rate changes
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Figure 18: Comparison of frequency counter and FM demodulator beat frequency estimation for high rotational rate changes
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Figure 19: Comparison of AR(2) and FM demodulator beat frequency estimation for high rotational rate changes

The sum of these artifacts along with the broad bandwidth of the phase locked loop makes the frequency demodulator a key technology for the GEOsensor. A further comparison of the AR(2) and the FMD results obtained during real earthquakes confirmed the advantages of the latter technique over the numerical frequency estimation algorithms.

The 29.06.2004 earthquake in Bischofshofen, Tennengebirge, with magnitude 3.9 and distance of about 185 km, is the nearest earthquake detected by the GEOsensor so far. This is a typical example of a local event, with sufficient magnitude to produce a rotational signal component. Local events are characterized by a wide signal spectrum with frequencies of up to 10 Hz and possibly higher. Therefore any frequency estimation approach involving filtering is not practical. Figure 20 shows the FMD and AR(2) rotational seismograms for this earthquake. The time delay of the AR(2) estimation relative to the FMD is about 120 ms and is compensated here for comparison purposes. Due to the bandpass filtering of the raw photodiode signal, which is a requirement for the AR(2) procedure, most of the high frequency components in the AR(2) analysis are gone and the restoration of the actual waveform is impossible. While for teleseismic events the AR(2) is still producing reliable results the local events cannot be treated accurately with this approach. This outlines the importance of a suitable detection scheme.
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Figure 20: Comparison of rotational seismograms obtained by the FMD and the AR(2) for the  Bischofshofen earthquake

3.5 Data timestamping

As mentioned earlier precise timestamping of the data is absolutely crucial in seismology. All the data samples must be equidistant and localized in time with an accuracy of at least 1 ms. Therefore a highly stable time source must be used as an acquisition clock. For this purpose a GPS time receiver is utilized. The time stamps are provided with a PPS (pulse per second) signal with an accuracy of 30 ns RMS relative to UTC and the data sampling is based on a reference frequency output which has an accuracy ∆f/f of better than 1(10-12 (while locked to GPS). The general concept of timing depends entirely on the application of an external precise 
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Figure 21: Timing scheme utilizing PPS and reference frequency from GPS receiver

time/frequency source. The basic concept of external timing is illustrated by Figure 21. The PPS signal triggers the acquisition, so one knows the dataset start time with similar precision. In turn, the DAQ internal channel clock is replaced with an accurate external GPS-based sampling frequency. Possible time offsets between the arrival of PPS and the next first reference frequency pulse rising edge can be estimated by using internal hardware counters. However the clock within the GPS station is organized in such a way that when it is locked to GPS the frequency signal is synchronized with PPS. An acquisition test at 1 kHz rate shows that there is no detectable time offset between the rising edge of the PPS and frequency signal. In addition to this feature the choice of a sampling rate of 1 kHz ensures the required precision of 1 ms. The design of the TrueTime XLi clock incorporates the following features in the standard configuration:

 ​ ​
1 pulse per second

  
Rate Output (TTL) 1/10/100 PPS, 1/10/100 kPPS, 1/5/10MPPS

  
Code Output (IRIG-A,B, and NASA 36)

  
Alarm Open Collector

  
Internal Time Base

  
Code Input (AM or DC: IRIG-A, B, and NASA-36)

  
Aux Ref Frequency Input (1/5/10 Mhz)

  
SNMP

  
90-264 VAC

  
Vacuum florescent display/ 19-button keypad

  
RS-232/422 Serial I/O Port

  
Standard Network Port (10/100 Base-T)

  
Network Time Server

  
1, 5, 10 MHz Sine wave

  
GPS Time and Frequency reference
The data transfer can be realized via NTP or serial interface. The serial interface is preferable over the NTP since the latter is slowing request-answer procedure substantially, especially in a busy or remotely located network. Serial connections are made directly from the GPS receiver to the PXI controller thus providing fastest communication. The PPS signal (TTL into 50 () is available via rear panel BNC connector. 

Since the recordings must be timestamped with accuracy of 1 ms, it is logical to acquire the data at 1 KHz rate. This requires the conversion of one of the GPS reference frequencies (1, 5 or 10 MHz) to 1 KHz. This function is established via a frequency divider board, which connects to those MHz range signals. The board first converts the analog sine wave taken from the GPS clock into digital form (TTL) via a Schmitt trigger circuit and then, by means of cascaded integration circuits, it generates a digital output signal of 1000 Hz. The board design is shown on Figure 22. 
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Figure 22: The design view of the frequency divider board

The input is marked with “xMHz” and the output with “yKHz”. The input source (1, 5 or 10 MHz) is selected by a jumper on the right side of the board. The board is also capable of producing 10 and 100 KHz trigger outputs. These can be selected by another jumper on the bottom of the board. Thus the circuitry can operate together with any commercially available GPS time/frequency station and has the option of expanding the data acquisition rate if needed.

3.6 Auxiliary sensors

Since ring lasers are inertial rotational sensors they need to be referenced to the location of the instal​lation as well as to a standard seismometer collocated with the ring laser. For this purpose we are generating a combined dataset that contains simultaneous observations of the rate of rotation (acceleration) from the ring laser and ground velocities from the seismometer along with tiltmeter measurements. 

The latter is necessary in order to monitor small changes in tilt of the ring laser plane relative to the local g-vector, because ring laser measurements are sensitive to variations in orientation (see section 3). Tilts due to geophysical signals like solid Earth tides (amplitude about 30 nrad) and diurnal polar motion (maximal amplitude of about 90 nrad) produce a measurable change in the observed rotation rate (2.4(10-12 rad/s and 4.3(10-12 rad/s) at a semidiurnal and diurnal timescale [15,16]. In comparison earthquake induced tilts can reach amplitudes of several tens of micro​radians with corresponding changes in observable rotation rate of few nanorad/s, as shown at the beginning of the Section 3. 

It may be important to correlate the observations with measurements of atmospheric pressure and ambient temperature in order to understand and improve the GEOsensor performance. The temperature/pressure variations can change not only the ring laser cavity length and therefore the scaling factor of the instrument, but also affect the monument or other hardware items of the setup. There​fore this information is also recorded along with the rest of the data. In the following the auxiliary sensors are described in more details.

3.6.1 Seismometer

The GEOsensor utilizes the Lennartz LE-3D/20s three-directional seismometer with 0.05 Hz natural frequency (20 seconds). It possesses a sensitivity of 1000V/m/s, full scale output voltage (10 V and upper cut-off frequency of 40 Hz. The seismometer measures the three components of ground velocity at the site of deployment. Data output is a variable DC voltage proportional to the ground velocity. The analog output is connected to the signal distribution box.

3.6.2 Tiltmeter

The employed two-axis tiltmeter is a LGM Lippmann instrument with a very high angular reso​lution of 1 nrad. It provides the basement tilt measurements of the two (North-South and East-West) components, as well as ambient temperature, calculated according to the following expression:

T(((C) = 3.4515-3.62918*U+0.0147554*U2-0.0176562*U3,

where U is the output voltage on the corresponding pins. The tilt information is necessary for referencing the ring laser plane orientation to the local plumb line. The temperature information is also helpful to monitor the ring laser perimeter variations.  The temperature signal is available as an analog voltage output.

3.6.3 Barometer

The ambient pressure data are available via a Vaisala PTB220 digital barometer. This instrument has an overall measurement range of 500 to 1100 hPa with an accuracy of ( 0.15 hPa. The data communication is realized via a standard RS-232 serial interface.

3.7 Signal distribution unit

In order to interface all the required signals to the National Instruments PXI Realtime module, we have developed a suitable signal distribution unit. Apart from signal distribution functions, this unit also provides some necessary DC power supplies. It also contains the Lippmann electronic board for the signal processing of the tiltmeter and the frequency divider for the 1 kHz reference frequency from the GPS receiver. The front panel holds the power switch, the tiltmeter filter and gain controls and the 1 PPS and reference frequency inputs. The rear panel contains the input connectors for the ring laser signals and auxiliary sensors outputs. Those signals are then fed into the NI SCB-100 connector block along with 1 PPS signal and the 1 kHz reference frequency. The signal distribution scheme is illustrated in the flowchart (fig. 23) below.
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Figure 23: Signal flowchart of the signal distribution interface.

The green arrows indicate the flow of data signals, red – marks power lines and blue – indicates GPS timing signals. The tiltmeter requires 15 VDC as an electronics supply voltage. The amplified tiltmeter signal is then fed to the output connector. The seismometer also requires a supply of 15 VDC. A 5 VDC is required for powering the barometer. This voltage is obtained from the DAQ board 5V output. 

The one of two inputs from the Sagnac interferometer is a direct output of the fm-demodulator. The second input is the buffered output voltage from the photomultiplier. This line carries the Sagnac frequency and it is needed for the AR(2) frequency estimation routine, which serves the secondary rotation rate extraction purpose. It is also used for the detection of ring laser mal​functions (for example, if the ring laser is multimoding, the AR(2) produces a pure noise signal). 

The sensor signals are fed into the NI SCB-100 shielded I/O connector block (marked as “To DAQ board”). The sensor output wires fixed into the screw terminals of the SCB-100 in the following order:

Seismometer E, N, Z – terminal pairs 3-4, 5-6, 7-8;

Ring Laser FM demodulator – terminal pair 9-10;

Tiltmeter NS, EW – terminal pairs 11-12, 13-14;

Raw Ring Laser signal – terminal pair 15-16.

 PPS – terminal 38 (PFI0);

1 kHz – terminal 46 (PFI7);

5 VDC for barometer – terminal 34.

The SCB-100 is connected to the acquisition system unit via NI SH100100 shielded cable. 

3.8 Beampower stabilization, Sagnac voltage Buffer Amplifier

The beam power stabilization servo unit employs a silicon photodiode HUV-2000B including an transimpedance amplifier module. It has a photosensitive surface with a diameter of 5.4 mm, which is about 2 times larger than the beam diameter of the ring laser. The spectral sensitivity reaches from 185 to 1100 nm (responsivity @ 254 nm 2.8x107 V/W, @ 900 nm 1.3x108 V/W). the spectral noise @ 20 Hz is 9 µV/Hz1/2 and the frequency cut-off is 1100 Hz (-3 dB). The device is manufactured by Perkin & Elmer. Figure 24 shows the circuit diagram of the feedback loop construction. 
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Figure 24: Circuit diagram of the GEOsensor feedback loop electronics.

The output of the HUV-2000B photodiode is connected to the Uin port of the operational ampli​fier. A DC reference voltage is set to the Uref port. If  the voltage at Uin drops, the feedback line voltage goes up and drives the transmitter harder, which in turn increases the intensity of the ring laser. The gain of this feedback loop has to be adjusted to match the transmitter. The loop cannot be too tight (that means the gain too high) because this will cause oscillations. If required a parallel capacitor in the feedback line of the operational amplifier will increase the time constant of the system. However this also introduces a phase shift between input and output of the operational amplifier, which makes oscillations more likely. The tuning process is laborious.
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Figure 25: Circuit diagram of the PMT- amplifier

A photomultiplier provides a current at the output terminals rather than a voltage. In order to use make the signals available to a data-logger, a buffer amplifier is needed. The circuit diagram as shown in fig. 25 performs the necessary current to voltage conversion. The PMT is connected to a load resistor of 100 kOhm. An operational amplifier with an adjustable gain of 10 or less amplifies the corresponding voltage across this resistor. The capacitor in the feedback line shunts unwanted traces of high frequency (eg. crosstalk from the plasma generating transmitter) signals.
3.9 Data acquisition unit

Data acquisition unit is based on National Instruments PXI technology. It consists of PXI-1002 chassis, a NI PXI-8175 RT controller and a NI PXI-6031E DAQ board.

The PXI-1002 is a compact 4-slot chassis with power supply and cooling system for embedded applications. The NI PXI-8175 RT embedded controller provides real-time deterministic performance and reliable operation. It contains an 866 MHz Intel Pentium III processor, 512 MB SDRAM, 20 GB Ultra DMA IDE hard drive, Ethernet connectivity and 2 serial ports. The PXI-6031E board is a high-performance multifunction analog, digital, and timing I/O board for PXI bus computers. Supported functions include analog input, analog output, digital I/O, and timing I/O.

The PXI-6031E board provides data acquisition and Ring Laser hardware control communi​ca​tions. The PXI-8175 RT embedded controller provides the communications, application control and data storage. For further details see PXI Specification (PCI eXtensions for Instrumentation) by National Instruments [8]. The basic advantage of this system architecture over the traditional PCI is that the controller serves only for acquisition and communication purposes, while on a stand​-alone PC based systems any malfunction of the operating system, program interruption or background service tasks can affect the acquisition, making it inaccurate or stopping it alto​gether. 

Once the acquisition software coded in LabView is developed and debugged, it can be embedded into the RT controller, where it runs independently from the host PC, under a real-time Unix based operation system. 

3.10 Data acquisition software

The data acquisition- preprocessing- and logging software is coded in LabView, which stands for “Laboratory Virtual Instrument Engineering Workbench”. LabView is a platform and development environment for a visual programming language from National Instruments. Included in the LabView distribution is an extensive development environment with many libraries and tools. LabView programs/subroutines are called virtual instruments (VIs). Each VI has two components, a block diagram and a front panel. Controls and indicators on the front panel allow an operator to input data into or extract data from a running virtual instrument.

The graphical approach allows non-programmers to construct programs by simply dragging and dropping virtual representations of the lab equipment that they are already used to. The main benefit of LabView over other development environments is the extensive support for accessing instrumentation hardware. Drivers and abstraction layers for many different types of instruments and buses are included or available.

The data logging software is embedded into the RT controller. It provides the data acquisition and hardware control functions. The block-diagram of the software is outlined in figure 26.









Figure 26: Block diagram of the data acquisition software.

The acquisition program starts automatically when the controller is booting. It performs the initialization of the DAQ board (clock, trigger, number of acquisition channels) and establishes communication with the external devices using the RS-232 protocol (barometer, GPS receiver). When the initialization is finished, the DAQ board awaits the first trigger signal (1 PPS signal from the GPS receiver) to start the acquisition process. Meanwhile the numerical time string is requested from the GPS receiver and the next full second is taken as the actual moment of the trigger recognition. The acquired data is stored in the DAQ board buffer. The data acquisition loop is organized such that every time it runs the program reads 1000 data samples from the buffer (which is equivalent to 1 full second of data). After that it performs averaging over every 50 samples (equivalent to 20 Hz data conversion) interval and saves the data block into the current data file. The complete diagram of the acquisition software is presented in Appendix B.

The data file is a double precision binary file with a service information header. The file name contains the year and the day of year at which the data was acquired (for example GS_2005_100.bin). The binary format was chosen because it is compact, which makes it suitable for remote downloads and storage. Within the Labview environment it is platform (OS) inde​pen​dent. To convert the binary file into an ASCII coded format a special conversion program was created, which can be run on several different operating systems using the freely available Labview Runtime module.

Inside the acquisition loop the hardware control functions are realized, some of which still need to be implemented. In order to have a continuous stream of data it is required to avoid the operation of the ring laser in “split mode” regime (i.e. a state where the two laser modes in the cavity have different longitudinal indices). In such a case the Sagnac frequency is unobtainable. In order to readjust the ring laser to monomode operation, one has to increase the laser gain for a certain length of time (thus tuning the ring laser to the multimode regime) and then reset it to the normal working level. Usually the ring laser reverts to the same longitudinal mode index after such a treatment. The software is performing the following tasks.

The Sagnac frequency is analyzed using the AR(2) frequency estimation routine and the RMS scatter level of the resulting frequency estimates with a 60 second length of dataset is compared to a pre​​de​fined threshold value. In case the actually obtained scatter noise values exceed the limits this is indicating “split mode” regime operation, one of the digital outputs of the DAQ board is activated in order to switch the driving power control unit to a higher setpoint voltage level. After 10 seconds the digital line is turned back to the low level again.

The program uses the external clock (GPS frequency output) for precise data sampling. The timestamps are calculated from the first time string obtained from the GPS receiver as a starting point. On every loop the program updates the time vector. This method avoids a frequent syn​chro​nization of time, which requires additional communication overhead and affected the acquisition performance substantially when tested. 

The build-in FTP server on the PXI controller provides access to the data stored on the local hard-drive. An authorized user can connect to the PXI controller and download the data at any time without stopping or interrupting the acquisition process. The local storage system keeps all data for one full month. It serves as a data backup system in case the communication links are lost.

After start the software is running autonomously, requiring only the GPS frequency signal for data sampling. There are no means to monitor the logging process while the system is running automatically, the only available indirect control option is to check whether the data files are updating on the PXI local hard drive using a FTP connection. However, for control and maintenance purposes, an operator can run software remotely from a host PC while being connected to the target (PXI controller). This is a standard option in LabView. Upon the connection to the target, the executable program on the controller is stopped and the user can perform the required operations by opening the logging program on the host PC. In this case the software front panel (Figure 27) provides options for control and observation.
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Figure 27: Front panel of data acquisition program

 The operator can monitor the exact start time of the logging process, see the current file and day of logging, the Sagnac frequency estimations as a function of time and observe all the DAQ channels on the graph. To control the filter center frequency and the RMS threshold for quality, status notification and a graph display are provided. When the debugging session has ended, the PXI controller must be restarted from the host PC again.

The code for the conversion of the binary file to the ASCII format is also a stand-alone program, which can be run on several platforms (Windows, Linux, Apple) in conjunction with the LabView RunTime Engine. The front panel of this program is shown in Figure 28.
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Figure 28: Front panel of the conversion program

The user has to select one of the binary files for the conversion. Either a specified section or the full file can be converted. The ASCII file then has nearly the same filename as the source binary file (eg. GS_2005_102.dat as compared to GS_2005_102.bin) and will be placed into the same directory where the binary file was stored. A separate TXT file is also written and contains some service information and file column listings as the example below shows:

Source file location: E:\Geodat\GS_2005_102.bin    date: 2005.04.12 start time: 00:00:00 UTC; rate: 20 Hz;  number of channels: 08; User specified time range: 11:00:00 - 13:00:00; Channel description: 1) Time [seconds of the day]; 2) Seismometer E [V]; 3) Seismometer N [V]; 4) Seismometer Z [V]; 5) Rotation rate Z [V]; 6) Tiltmeter North-South [rad]; 7) Tiltmeter East-West [rad]; 8) Rotation rate AR2 [Hz].

The resulting ASCII file contains no header any more, which makes it readily available the analysis by any scientific software packages (MATLAB, MathCAD, LabView etc.). The example below shows a typical ASCII file section corresponding to the column description presented above.

39600.024  -9.216309E-4  2.197266E-4  -9.033203E-4  1.539783E+0  -2.839448E-4  -3.092494E-4  1.017710E+2

39600.074
 -5.737305E-4  4.516602E-4  -6.774902E-4  1.539819E+0  -2.839423E-4
-3.092397E-4  1.013933E+2

39600.124
 -6.896973E-4  7.019043E-4  -6.896973E-4  1.539771E+0  -2.839400E-4
-3.092431E-4  1.010711E+2

39600.174
 -6.286621E-4  4.577637E-4  -8.117676E-4  1.539990E+0  -2.839342E-4
-3.092385E-4  1.012318E+2

39600.224
 -8.789063E-4  7.446289E-4  -8.666992E-4  1.540143E+0  -2.839395E-4
-3.092434E-4  1.014824E+2

39600.274
 -9.643555E-4  4.272461E-4  -7.019043E-4  1.539508E+0  -2.839379E-4
-3.092465E-4  1.016417E+2

39600.324
 -6.225586E-4  1.037598E-4  -6.713867E-4  1.539960E+0  -2.839384E-4
-3.092448E-4  1.013849E+2

39600.374
 -8.361816E-4  5.004883E-4  -1.092529E-3  1.540070E+0  -2.839504E-4
-3.092434E-4  1.001266E+2
3.11 System installation

A suitable place of the GEOsensor deployment must provide a reasonably stable (concrete or bedrock) basement for the ring laser component. The corner boxes are mounted to the monument by 3 steel stubs in the bottom of the encasing (Figure 30). Those stubs must be fixed in perfectly vertical position with respect to the basement plane, for which suitable alignment tools were made. After all the stubs are fixed in the basement, the corner boxes can be placed and the geometrical alignment started. There is an overall tolerance of about 3 millimeters for the positioning of the stubs per corner box.  
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Figure 30: Installation of steel stubs on the concrete basement and their vertical alignment
The boxes must then be adjusted in such a way, that the separation between the mirror holders of two diagonal opposite boxes is equal to within 1-2 mm. Furthermore each side must have the same length to within 1 mm and the tops of the four mirror holders need to be at the height level. This can be achieved by performing a series of measurements and adjustments on mechanical alignment provisions, which are part of the corner box. After fixing the corner box positions by tightening the screws on the stubs, the stainless tubes forming the enclosure of the ring laser cavity are fixed to the boxes. One side contains the plasma tube with a pair of additional supports for better mechanical stability.

Once the vacuum recipient is sealed off the turbo pump system can be connected via a flexible pipe and a UHV-valve. The pumping of the system gradually decreases the pressure inside the ring laser cavity down to approx. 10-6 mbar. During this phase leak testing is done by monitoring the level of cavity pressure, and checking for weak connections or leak locations by squirting Helium gas under joint covers made from aluminum foil. The mass spectrum of cavity constituents is then indicating leaks. 
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Figure 31: Pump system connection and backing process

The laser cavity is then backed by means of the electronically controlled heat tapes in order to reduce residuals like water dipole molecules sticking at the inside surfaces of the vacuum tubes. The heat tapes are wrapped around the tubes and covered by foil to avoid excessive heat dissipation (Figure 31). The backing process usually takes several days under ideal conditions. 

After this initial cleanout the laser mirrors are installed. The mirrors used in the GEOsensor have extremely low loss and a reflectivity of 99,99998% and a radius of curvature of 4 meter. Before installation in the mirror holder they have to be cleaned under class 100 clean room conditions on a spinning device with purified alcohol, water and acetone. This procedure removes any residual deposits and particles from the mirror surface, providing the best mirror quality. The mirror holders are also cleaned with alcohol and the mirror installation is carried out under clean room conditions. The mirrors are mounted inside the mirror holder assembly particularly designed for portable systems like the GEOsensor. Once installed into this assembly they are prealigned to within a few millirad. These mirror holders (shown in fig. 32) are stored in a dust free transport container and transported to the ring laser installation. In order to insert one mirror, the top window of a corner box has to be briefly opened and the mirror inside the holder is dropped to the self-centering position. When the assembly is complete, an additional protection steel plate covering the optical surface of each mirror has to be removed after the mirror holder is tightened by the screw inside the corner box chamber. This process of mirror installation has to be done as quickly as possible, so that dust particle contaminations are minimized.  
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Figure 32: Mirror and mirror holder assembly

In order to keep the mirrors ultimately clean for minimum ring laser measurement artifacts, resulting from backscatter processes, the transport containers (fig. 33) are used to take the mirrors from the clean room to the site of installation. 
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Figure 33: Mirror holder and transport container
The cavity backing is then repeated again since the cavity was briefly exposed to the open air during the mirror installation procedure.

After the mirror installation the cavity is adjusted as described in section 3.1. When the alignment process is almost completed, the cavity is filled with 0.2 mB Neon (equal isotope mixture of 22Ne and 20Ne) and approx. 2.5 mB 4He. A bright plasma is generated via the rf-transmitter, providing maximum laser gain. The rf-generator is connected via an impedance transformer to match the output impedance of the power driver and the plasma capillary. Then the corner where the alignment laser is inserted is gently fine adjusted until lasing is obtained. Once lasing is achieved, one has to reduce the gain of the plasma step by step (winding the rf-power down), and optimize the alignment and position of the gain tube such that the laser runs on a minimum beam power. This is equivalent to a cavity alignment with a minimum of losses. Finally the external beam steering mirrors, the beam-combiner and the detectors can be installed as outlined in section 3.2 and shown in fig. 8. Eventually the corner boxes are covered with top shields to avoid external light and dust intrusion. The fully adjusted ring laser is shown on Figure 34. The plasma glow can be seen inside the capillary, in the front the PMT power supply and feedback control unit.
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Figure 34: The fully operational GEOsensor system at Pinon Flat
The seismometer and tiltmeter is placed next to the ring laser on the same concrete platform following the instructions of their installation manuals. They must be oriented towards North with the help of the marks on the instrument casing. Furthermore they have to be leveled to be horizontal with the help of a bubble level. All the instruments are connected via cables to the data acquisition system also incorporating the power supplies for the seismometer and the tiltmeter, the signal distribution and conditioning boards and the signal termination board. 

The latter is connected to the DAQ board of the computer, which provides the data acquisition, storage and communication. The data acquisition units are shown in Figure 35. On the right side the GPS time-frequency station can be seen; on top of it the barometer and oscilloscope. The signal distribution unit is on the left bottom; on top of it the PXI chassis with terminal block.
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Figure 35: Data acquisition equipment at Pinon Flat

When all the installations and alignments are performed GEOsensor is ready for operation. 

4. Results and Discussion

4.1 Earthquake detection by GEOsensor

During the development phase of the GEOsensor project, the test installation was located in a small basement chamber at the Fundamentalstation Wettzell. The basement of that building is of course far from the required instrumental stability. Apart from the mechanically unstable building structure, the measurements are also affected by various sources of “human” and machinery noises. Large daily variations of temperature (up to almost 1 degree) led to frequent mode hops in the ring laser cavity, typically in half an hour intervals. Despite all these circumstances the short time period of single mode operation is not critical for the purpose, and earthquakes can still be accurately registered even under these unfriendly environmental conditions. Here we demonstrate the first real earthquake detected by the GEOsensor. The earthquake happened on 16.05.2004 at 9:53 UTC in Poland, magnitude 4.9 25 km deep. Due to the short distance between the source and receiver this earthquake has many higher frequency components in comparison with a typical teleseismic responses. Figure 36 shows the rotation rate taken from the GEOsensor AR(2) frequency estimation routine, the demodulator and the frequency counter data from G ring laser and provided for comparison purposes.

The AR(2) frequency estimation algorithm is still capable of establishing the seismic fre​quen​cies, however with a severe degradation of amplitude and the introduction of a time delay due to the filtering. The frequency counter data shown here are not really worth of analyzing (since the sample rate is 5 Hz, therefore the bandwidth is much less than required for such an event). On the other side, they demonstrate the consistency of the GEOsensor measurements, despite of the very noisy environment the sensor is installed in. The time shift between G and the GEOsensor datasets are due to free running timing in the counter.
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Figure 36: Comparison of rotational seismograms for GEOsensor and G

As in the case of the G ring laser, the AR(2) estimation is not applicable for the detection of local events as can be seen from the picture above. The major part of the signal is damped out by the filter procedure. Figure 37 shows the comparison of the rotation rate spectrum obtained by the demodulator and the AR(2) respectively. 
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Figure 37: Spectrum comparison of AR(2) and FMD for local class of seismic event

One can see that due to the bandpass filtering (bandwidth: 4 Hz) applied to the photomultiplier signal a substantial part of the seismically induced frequency band is suppressed and the amplitude response is damped. 

Since the GEOsensor is now deployed within an area of high seismic activity the AR(2) estimations can only be taken as secondary for local seismic events. At a later stage with another parallel recording demodulator, one can be adjusted for the operation with a linear amplitude-frequency characteristic in the range of 0-5 Hz and the second can be adjusted for the regime 5-10 Hz frequency in order to capture both, local and teleseismic events without distortions.

Another interesting example of simultaneous earthquake detection by both ring lasers in Wettzell is the Eastern Honshu, Japan event at 5. Sept .2004. The G records are presented by both demodulator and counter, while for the GEOsensor only AR(2) was available at that time. The interesting part about that record is that during the earthquake the GEOsensor ring laser experienced one of the mode hops, which occurred quite frequently due to the temperature instability at the test site. The timeseries of that measurement is shown in Figure 38.

On the top graph one can see the typical surface wave arrival (rotation rate in rad/s) and all three recording techniques (of both ring lasers) demonstrate a very good agreement both in phase and amplitude. The larger noise level of the GEOsensor signal is due to the noisier environmental conditions. The small differences between the amplitudes of the rotation rate obtained by the FMD (G ring laser) and the AR(2) (GEOsensor) can be attributed to the difference in location. Since the event happened far away, effects from smoothing of the signal response due to the bandpass filtering in the AR(2) are unlikely to produce a significant contribution for this case.
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Figure 38: Comparison of rotational seismograms for GEOsensor (AR(2)-blue curve) and G (FMD – red curve, Frequency Counter – black curve)

The bottom graph illustrates the perturbation from a laser mode change in the GEOsensor, which occurred during the earthquake. One can see that the dropout of the signal due to the mode change is very short (1 second) and does not ruin the whole record, as it has been feared. Moreover, the timeserie short-term drift due to the large temperature fluctuations can be corrected in order to obtain the unbiased rotation signal as it was done on the data set on fig. 20. This is because the earthquake and the temperature induced drift happen each in a frequency band, which is totally unrelated relative to each other. It is an important conclusion that we can correct for mode jump induced signal disturbances without degrading the information content of the timeseries significantly. If the deployment site provides stable environmental conditions (comparable to the G ring laboratory), we can expect no rapid mode changes or substantial drift, which will improve the sensor performance even further.

4.2 Observation and verification of rotational ground motion

It is important to note that a substantial part of the first phase was devoted to the adaptation of the ring laser acquisition system to the needs of broadband seismology. The sampling rate of 1/3 s that was routinely used in geodesy is just not good enough for seismology. A new processing tool of the ring laser output needed to be developed until the rotational motions were available at the same sampling rate (20 Hz) as the collocated broadband sensor at the Wettzell observatory.  At first, it was unclear whether the ring laser instrument consistently records seismogenic rotational ground motions in the required frequency band (frequencies up to 1 Hz for teleseismic wave fields). A very simple relationship between rotations and accelerations can be exploited and is detailed below.   

In order to compare translations with the vertical component of the vector of rotation – which is what the G-ring is measuring – the horizontal components of seismic recordings were rotated into radial and transverse directions. Note that Rayleigh waves should not generate such a vertical rotation component, while Love waves are horizontally polarized hence generate rotations around a vertical axis only.   To obtain transverse acceleration, the transverse velocity seismograms were differentiated with respect to time. Let us now assume a transversely polarized plane wave with displacement 
[image: image55.wmf], c being the horizontal phase velocity. The vector of rotation (curl) is thus given as  
[image: image56.wmf]with the corresponding z-component of rotation rate 
[image: image57.wmf]. This implies that – under the given assumptions – at any time rotation rate and transverse acceleration are in phase and the amplitudes are related by 
[image: image58.wmf]. In practice, the phase velocities can be estimated by dividing best-fitting waveforms in sliding a time-window of appropriate length along the seismic signal and rotation rate. The equivalent derivation can be carried out in the frequency domain. The spectral ratio between transverse acceleration and rotation rate leads to phase velocity estimates as a function of frequency. In this study the estimation in the time domain was preferred as the frequency dependent estimation requires stacking of several events and windowing of specific seismic phases. Thus, under the plane-wave assumption both signals should be equal in phase and amplitude [9, 17]. This assumption is expected to hold for a considerable part of the observed ground motion due to the large epicentral distance compared to the considered wavelengths and source dimensions. This property is exploited here to verify the consistency of the observations. Close to the seismic source this assumption no longer holds and may form the basis for further constraining rupture processes [18, 19]. 

A data example (rotation rate and transverse acceleration) of the M8.1 Tokachi-oki event, September 25, 2003, and a time-dependent normalized cross-correlation coefficient (maximum) is given in Fig. 39.  The time window also contains an event (increase in cross-correlation at 0.35 h) that was not visible in the seismograms without correlating the two signals. To demonstrate that we obtain such a fit consistently we further show in Fig. 40 the standard seismograms (blue) and a comparison between translations and observations for four more events out of a data base with now approximately 40 events.
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Figure 39: Observation of rotation rate (red) and transverse acceleration (black) after the M8.1 Tokachi-oki event, 29-9-03. The cross-correlation-coefficient in a 30 s sliding window is given below. Note the increase in correlation during the main shock (0.75 h) and aftershock (1.38 h) to almost 1 (perfect match).
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Figure 40: Three components of translations (blue) and comparisons of transverse acceleration and rotation rate for four events in the event data base (superimposed traces at the bottom). Note the consistent match for most of the seismogram in each event. Conversion phase velocities are given in the lower left corner of each plot.

The excellent phase match of transverse accelerations and rotations for most of the seismogram suggests that phase velocities can be estimated by finding best-fitting values in a sliding time window (e.g. 30 s) along the seismogram. This will be discussed in connection with 3D simulations of rotational motions below.

Simulation of rotational motions in realistic Earth models

As there are basically next to no studies of rotational ground motions in the seismological literature we extended several classic schemes to calculate rotations. These are (1) the full space analytical solution of wave propagation due to a double couple point [1] (with a surprising result at first sight: as expected, the rotation generated by the P wave-front is always zero – hence in particular in the far-field – yet the rotation derived from the far-field displacement alone is nonzero – as is obvious from the classical radiation pattern plot; one has to take all field terms into account. In other words, the usual separation between far-, intermediate-, near- displacement fields is not valid for rotations [20]); (2) the Cartesian finite-difference algorithms with which we study near-source effects [21,22]; (3) the spherical finite-difference methods [23]; and (4) the spectral-element code (Specfem) [24, 25; 26; 27, 28, 29]. 

We focus on the modelling of the M8.1, Sep. 25, 2003, Tokachi-oki event. This event was modelled with the Specfem algorithm using a 3D tomographic model, crustal model and a finite source model provided by Ji Chen (CalTech). The results of this modelling exercise is shown in Figure 41. The fit between observations and modelling for the shear-wave arrivals are excellent for both translations and rotations (Fig. 41BC from [28]). 
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Figure 41: Modelling of rotational ground motions. A, Schematic view of some ray paths (S, ScS, SS) in a cross section through a 3D global velocity model. B, Observed (black) and theoretical (red) transverse acceleration of the direct S-wave. C, Observed (black) and theoretical (red) rotation rate of the direct S-wave. D, Theoretical rotation rate (red) and converted rotation rate from theoretical transverse accelerations (black). E, Superposition of estimated horizontal phase velocities from observations (black crosses) and theory (red circles), see text for details.



The synthetic rotations and translations allow us to do the same processing to extract horizontal phase velocities as discussed above. In Fig. 41E we superimpose the phase velocities along the seismogram determined from observations (+) with theoretical ones (o). The fit is excellent. Not only the expected apparent velocity of the S-velocity is matched but also the decreasing phase velocity of the Love waves. This suggests (to be evaluated in the next project phase) that Love wave phase velocity dispersion could be directly obtained from collocated measurements of rotations and translations, information that otherwise can only be derived from measurements with a seismic array.

Other studies

There are several other studies to report which were carried out. The most important ones are (1) the array experiment to determine rotations that was theoretically discussed in the previous proposal and (2) the study of the long-period content of rotational motions. Other developments include azimuth- and frequency-dependent processing. 

1. Array Experiment

Measuring the vertical component of the curl operator applied to the wave-field implies that we should be able to compare the rotation derived by differencing translations observed in a seismic array – as suggested in the previous proposal. Thanks to instruments available in the group of Prof. Scherbaum (Univ. of Potsdam) in late 2003, we installed an array of 9 instruments around the location of the ring laser in Wettzell, from December 2003 to March 2004. Note that in this time frame fell several large events providing us with the (to the best of our knowledge) first ever data set where array-derived rotations can be compared with direct measurements of rotations. Several studies showed rotation estimates from seismic array but none of the studies could perform a “quality check” as no direct measurements were available.
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Figure 42: Left: Locations of the array seismometers in the field experiment in early 2004. Right: E-component of the Morocco event in February 2004 [30, 31].

The experiment was carried out with Lennartz 5 s sensors, that were installed in a low-cost way without the use of concrete to improve coupling. Some of the sensors were put on large granite boulders that are found in the Bavarian forest, some were put into holes within muddy forest soil (Figure 42). This implies that the expectations to obtain useful data with this low-cost experiment where indeed low. However, several large earthquakes led to observations with high enough signal-to-noise ratio. An example is shown in Figure 42. We expect almost identical waveforms across the array with only slight time shifts. 
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Figure 43: Comparison of direct measurements of rotations (red) with rotations derived by finite differencing the horizontal components of the array observations (black) of the North Morocco event 24. Feb. 2004.

The horizontal seismograms from these observations can be used to calculate the required space derivatives for the curl estimates. In addition to the observational study, we investigated how the (high) levels of noise would affect the curl estimates. Results of the comparison of direct measurements and array-derived rotations are shown in Figure 43. The main wave groups are well matched by the array measurements. Nevertheless there are differences in other parts of the seismogram. When completed, this study should allow us to discuss benefits and drawbacks of array derived rotations compared to direct measurements. 

2. Long-period rotations

How much long-period information is contained in the ring laser recordings? At first we focused on the broadband seismograms, working completely in the time domain. The next step is to filter the rotational seismograms to lower frequencies and ultimately the quest is to find traces of the Earth’s eigen modes. In a preliminary study we investigate the Tokachi-oki event. In Figure 44 the transverse accelerations and rotations are again superimposed and filtered in narrow frequency bands to highlight the fit towards lower frequencies. This also allows us to directly estimate best-matching phase velocities in the Love-wave train and to see whether the expected dispersion relation is visible. 
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Figure 44:  Frequency dependent comparison of rotations (red) and accelerations (black). The vertical axis is central period. Note the excellent match at periods down to 100 s. Note also the general increase in best-matching phase velocities as expected from theoretical Love-wave dispersion.

The results in Figure 44 are indeed promising. Even though this is work in progress the frequency-dependent amplitude ratio of rotations and translations suggests that a single-station measurement may allow estimates of Love-wave dispersion. These in turn would allow estimates of local 1D velocity models (similar to what is currently done with measurements of ambient seismic noise and Rayleigh waves).  

In summary, to the standard seismologist the current data base of rotations, array data, and collocated translations provides a realm of new opportunities. Even though the potential benefits to seismology, earthquake physics, and earthquake engineering still need to be further explored the preliminary results indicate the many interesting new scientific routes that can be taken.

5. Current status and Future goals

5.1 GEOsensor installation at Pinon Flat
For the application of the GEOsensor demonstrator the system was installed at the Pinon Flat observatory, Southern California. This station is located in an area of high seismic activity and provides all required means for communication and signal comparison.

The especially build facility at the Pinon Flat provides the required rigidness and stability of basement as well as smooth environmental conditions. It is a “bunker” like underground laboratory designed specifically for that purpose. The drawing of the Pinon Flat facility is shown in Figure 45.
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Figure 45: The Seismic Vault project diagram

The Seismic Vault facility consists of four square rooms located underground about 6 meters deep and connected to the entrance room at the ground surface via a long hallway. Each room has a size of approximately 6(6 meters with concrete arches and end walls. A 35 cm thick concrete baseplate forms part of the floor. A thin frame of styrofoam separates this monument from the rest of the room. The baseplate is big enough to hold the GEOsensor’s ring laser component. All the required power and data communication connections are provided as well.

The construction of the vault is not yet completed, however the major components like bunker, power and communications are useable. The GEOsensor was successfully deployed to the facility in the January 2005. The following section describes the first experiences arising from the current operational conditions at Pinon Flat.

5.2 Extending the GEOsensor with cavity stabilization functions

The operation of the GEOsen​sor at the Pinon Flat seismological observatory shows two typical but related charac​teristics. The timeseries of the measured Sagnac frequency is not continuous because of optical mode jumps due to thermally induced cavity length changes. Figure 46 shows one example. Since the ring laser vault at Pinon Flat was not covered with soil at the time, one observes such mode changes as frequently as every second minute. During nighttime this reduces to about one mode change per hour once the temperature has settled down. The second effect also involves temperature related mode changes. Every so often one can observe that after such a mode change both laser beams do not run on the same longitudinal mode index. As a consequence the Sagnac frequency disappears altogether for as long as this state of operation persists. Figure 47 outlines this effect. 
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Figure 46: Sudden changes of the longitudinal mode index are causing discontinuities in the observed Sagnac frequency.
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Figure 47: Demonstration of data loss for the time when the GEOsensor does not run on the same longitudinal index for the two counter-propagating laser beams.

Our other very stable large ring lasers at the Wettzell observatory do not show these effects because there are virtually no mode changes occurring. This is because their cavities are not experien​cing temperature related changes of length. As a consequence of these findings one could incorporate an active cavity length control into the GEOsensor setup, so that its range of uninterrupted operation can be vastly extended. This involves the com​pa​rison of the actual optical frequency for one beam inside the GEOsensor cavity with an external optical frequency standard and a corresponding fine-tuning of the ring laser cavity length to a level as precise as a few nanometers.  
Since the free spectral range of the GEOsensor is 47 MHz, a stability of the optical frequency inside the Sagnac interferometer needs to be within 20 MHz, which can be readily observed in a commercially available Fabry-Perot. In order to compensate for the drift of the optical spectral analyzer a frequency stabilized reference laser is required. To close the feedback loop we have to design a piezo controlled translation stage, which allows the adjustment of the positioning of one of the laser mirrors within a range of 2 – 3 µm to around 100 nm or less. In this way any thermal expansion of the concrete pier in the laboratory can be compensated by an active control. The basic concept of this future goal is shown in Figure 48. 



Figure 48: Concept for the proposed frequency stabilization of the existing GEOsensor hardware. The laser beam of one sense of rotation of the ring laser is extracted at one corner of the GEOsensor. After superimposing an iodine referenced stable laser source the frequency offset is determined in a high finesse Fabry-Perot. A controller estimates the necessary adjustment and tunes the ring laser cavity accordingly by slightly moving the turning mirror along the indicated direction.

5.3 Full remote control of the system

At the current stage of the project only the data acquisition system can be controlled remotely. It makes the data acquisition monitoring and quick data download possible. However the ring laser power supply and feedback systems are running automatically and a power cycle control is not yet available from a remote location. In this case the operative corrections of the feedback settings are only possible via a manual voltage knob adjustments at the place of the instrument deployment.

The goal is to expand the functions of the PXI controller such that the remote operator could monitor and adjust the feedback settings in real time. This can be achieved by using some still available analog outputs of the DAQ board and specific control code to be written, which monitors the Sagnac frequency from a remote location and provides adjustment of the feedback loop voltage settings.

6. Conclusion

Over the last decade several large ring lasers have been realized in our research group. Among them the GEOsensor, which was developed under the BMBF Geotechnology program as the first highly sensitive ring laser for specific applications in seismology. This instrument has been successfully constructed and was placed in a purpose built vault at the Pinon Flat observatory in Southern California (USA) in January 2005. It is collocated with a local broadband seismometer within the seismological network of the western US and the large strain interferometers of the University of California at San Diego. 

Large ring lasers are currently by far the most sensitive devices for the measurement of rotations. They are suitable for applications in geophysics and seismology and the consistency of their measurements were verified within this project. Table 2 lists the respective sensitivity of our most impor​tant instruments. 

Table 2: Measurement sensitivity for rotation of several of our large ring lasers 

Instrument
Area [m2]
Sensitivity [rad/sqrt(s)]

C-II
1
7.2 • 10-10

GEOsensor
2.5
4.5 • 10-11

G
16
9.1 • 10-11

UG-1
367
7.3 • 10-12

All essential sensor functions were verified in a 6-month test operation at the Funda​mental Station Wettzell. During this time it turned out, that the realtime capabilities were not quite meeting the design goal of maintaining a precise timescale to within 1 millisecond relative to UTC as realized by the GPS system. This required a redesign of the data logging system, which was completed in the fall of 2004. After this the whole sensor hardware was shipped to the Scripps Institution of Oceanography at San Diego (USA) in preparation of the sensor installation at the Pinon Flat seismic observatory, which is located within 30 km of both the San Jacinto fault and the St Andreas fault in Southern California. The installation of the GEOsensor commenced in January 2005 when a dedicated seismic vault became available. 

[image: image72.jpg]



Figure 49: The GEOsensor vault at the Pinon Flat observatory and the fully installed rotational seismic sensor.

Figure 49 shows the final installation of the GEOsensor at the observatory as well as a view of the seismic vault as it appeared in January 2005. In the meantime a UPS system was added, the access tunnel was completed and the soil was filled back in. However operations are still intermittent since the power installations are still provisional. 
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