The Wettzell Ring Laser “G” as a North-South Tilt Probe
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Summary : The ring laser “G” located in Wettzell, Germany, is a north-south tilt probe
for periods between one hour and two days, after removing all nuisance components,
especially the part arising due to Earth orientation variations. In contrast to high-sensitive
tiltmeters, the ring laser does only sense tilts induced by deformation (no attraction), and is
therefore a function of the potential Love and Shida numbers h, and [,, while tiltmeters do

include the Love number k,. The optimum Love numbers, derived from the “G” ring laser
and the nearby tiltmeter, are s, = 0.6573, and k, = 0.3577 . This result is obtained for a fixed

nominal value /, = 0.0847 .

1. Introduction

In principle, deformations of the Earth’s surface induce changes in the local vertical. A lunar
signal has been predicted for large ring laser gyroscopes [Rautenberg et al., 1997], and this
has been detected recently for the first time for the C-II ring laser, located in Cashmere,
Christchurch, New Zealand [Schreiber et al., 2003]. In the last years, a new prototype, the
“G” ring laser in Wettzell, Germany, has proven highest accuracy and resolution in detecting
signatures in Earth orientation [Schreiber et al., 2004].

2. The Wettzell ring laser “G” and the Sagnac frequency

The Wettzell ring laser “G” (see figure 1) is a sensor using the Sagnac effect [Anderson et al.,
1994] and being in operation since the year 2001 [Schreiber et al., 2008]. Its size is 4m x 4m
consisting basically of the glass ceramic Zerodur due to the extreme mechanical and thermal
stability that is required. It is located in an underground laboratory operating in stable thermal
conditions. The main functioning is as follows: two counter-rotating laser beams are splitted
by frequency if a rotation occurs. In such a case a beat frequency can be observed, and is
called Sagnac frequency f . This beat frequency is inverse proportional to the perimeter of

the beam path length P and the optical wavelength A, and proportional to the enclosed area

A, the normal vector 1 to A, and finally to the instantaneous rotation vector £2 of the Earth
[Schreiber et al., 2003]:

f=—-n"-Q (1)

Figure 1 The Wettzell “G” ring laser adjusted by
Prof. Schreiber.




3. The rotational perturbation in the relative Sagnac frequency
3.1 Earth orientation data and models

Earth orientation is commonly described by 5 parameters, two associated with the motion of
the Celestial Intermediate Pole (CIP) in space, one for the Earth’s angle of spin and two for
the terrestrial motion of the CIP [Capitaine et al., 2002], see figure 2. And, this description is
quite practical. However, such a parameterization requires a conventional distinction between
high-frequency polar motion and nutation: precession-nutation is the terrestrial retrograde
motion of the CIP with frequencies between one cycle in 48 hours and one cycle in 16 hours
(sidereal), while all other motions of the CIP are interpreted as polar motion. Let M be the
matrix for the coordinate transformation from the ITRS (International Terrestrial Reference
System) to the GCRS (Geocentric Celestial Reference System). The realized CIP is defined
through the computed equatorial components, X and Y, of the mean geographic axis in the
GCRS by the IAU2000 precession-nutation model. The offset between this computed position
of the CIP and the estimated one is called “celestial pole offset”, with the components §X
and 6Y . The equatorial position of the CIP in space is therefore composed of the computed
CIP plus the celestial pole offset, and of the complementary terms, which are usually
provided w.r.t. the ITRS. The latter are the terrestrial coordinates p = x-i-y of the CIP. The

adopted transformation matrix M, referred to the non-rotating origin, is given by:

M = PN(X +8X,Y +8Y)-R(Q - UTI)- W(x,y) 2)

where PN is related with the precession-nutation model and the celestial pole offsets, R to
the angle of rotation around the CIP and W to the terrestrial position of the CIP.

CIP

Figure 2 Celestial Intermediate Pole (CIP) versus Instantaneous Rotation Pole (IRP). Precession-nutation of the
CIP is denoted by N.

Through the International Earth Rotation and Reference systems Service (IERS), the
daily corrections (6X,0Y), UT1-UTC and (x,y) are available (EOPC04 05). We note that the

zonal tidal terms are already included in the UT1-UTC time series. Then, the five parameters
of each series are interpolated by using cubic spline functions at 30-minutes intervals. Our
investigation is restricted to the time span from September 22" 2006 (MJD 54000) to
February 13" 2007 (MJD 54144).

In addition, we have taken into consideration diurnal and subdiurnal signatures. The
diurnal (prograde) and semi-diurnal (pro- and retrograde) effect of ocean tides (71 tidal
constituents) has to be computed, at 30 minutes intervals, for both the Earth rotation angle
UT1 and the polar motion (p=x-i-y) of the CIP [IERS Conventions, 2004]. Moreover,

retrograde diurnal (nutation) terms due to tidal gravitation (lunisolar) need to be computed for



the polar motion of the CIP. So far, no official model is available for the effect of Earth’s
multipole structure upon its rotation angle. However, the model of [Wiinsch, 1991] has been
applied, as this effect may reach up to 3 ps in UT1.

3.2 Transformation to the instantaneous Earth rotation vector

The components of the instantaneous rotation vector (at a temporal resolution of 30 minutes)

are directly calculated from the product of the matrices M and M" . In the terrestrial frame,
we have:

0 Q Q
M'M=[Q, 0 -Q 3)
Q Q 0

The terrestrial coordinates of the instantaneous pole of rotation (IRP) are defined through:

QX mX
Q=|Q, (=9, m, @)
Q I+m,

The decortication of the motion of the IRP into its various components has been
developed in the last decades in great detail, e.g., [Brzezinski, 1986; Gross, 1992; Brzezinski
and Capitaine, 1993].

The determination of high frequency variations of the IRP from VLBI data is described in
a clear fashion by [Bolotin et al., 1997]. The use of the instantaneous Earth rotation vector in
the reduction of superconducting gravimetry observations has been applied first by [Loyer et

al., 1999].

3.3 Transformation to the relative Sagnac frequency

The relative Sagnac frequency is defined as:

Jf=1
Af = 5
\f 7 (&)

where f, is the nominal Sagnac frequency for the ring laser “G” at Wettzell. If we

assume that the perimeter of the beam path length P, the optical wavelength A, and the
enclosed area A are highly stable, then the relative Sagnac frequency is given to first order by
[Mendes Cerveira et al., 2008]:

An" -Q +n, -AQ
n, -Q (6)

= cot @, ~[mx ~cosA, +m -sinA + A(pmp] +m.

Af

where ¢ and A are the nominal latitude and longitude of the ring laser “G”, Ag, is the
topocentric latitudinal deflection (tilt), £ is the nominal Earth rotation vector, AL its

perturbation, and n, is the nominal unitary normal vector and An its perturbation. The



component m_ is directly related to the excess length of day (LOD) [Gross, 2007]. Figure 3

classifies the relative Sagnac frequency variation due to Earth orientation changes into its

sub-components.
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Figure 3 Computed relative Sagnac frequency variation from Earth orientation data and models in units of
milliarcseconds (mas), from MJD 54000 to 54144. It is shown (left panel) for polar motion and precession-
nutation (PM +NUT), (right panel) for LOD (total), for the solid Earth tides (LOD SET), for the ocean tides
(LOD OCN), for the triaxiality (LOD TRI), and for the long period part (LOD LPP). The latter is mainly due to
atmosphere angular momentum exchange.

4. Deformations due to exogenic and endogenic causes

Local effects are an important limitation in the accuracy of ring laser observables. Especially
in the context of space geodesy, the study of such effects is of increasing importance. As the
ring laser is coupled to the local Earth’s surface, it is sensitive to deformations induced by
exogenic and endogenic causes. Endogenic deformations are usually small or episodic in time
and local in space (e.g. earthquakes). Exogenic deformations arise due to tidal forces and
surface loading and traction (e.g. Earth body tides or tidal and non-tidal oceanic, atmospheric
and hydrological loading) [Rautenberg et al., 1997].

The computation of the effect of the solid Earth tides in the relative Sagnac frequency is
based on the model of [Mathews et al., 2002]. This model provides latitudinal displacements,
which can be converted, through the Love numbers formalism, into latitudinal deflections,
which are then transformed to the relative Sagnac frequency by equation 6.

5. Data analysis and results

5.1 Tiltmeter data

The tilmeter data (in north-south direction) was obtained for the time span September 22",
2006 to February 13™, 2007 with a temporal resolution of 30 minutes. Most of the signal seen
in the tiltmeter data of Wettzell (see figure 4, left panel) contains the effect of the solid Earth
tides, which has been derived from a model for north-south displacements [Mathews et al.,
1997]. After removal of the tilt induced by the solid Earth tides, the effect of the ocean tides
remain (see figure 4, right panel). The spectral amplitude and standard deviation (std) of the
residuals has been obtained from forming a scalogram and averaging over the period band.
The long-period part (larger than 2 days) has been filtered out after removing all known
(modelled) signals.



~—amplitude
0sl ( - std |
0.25- ‘ 1
e — 02 ]
o 12}
E £
= — 0.15 1
0.1 1
[\ l
0.05 i 7,
kS [N A \
A._rm“w’”‘;&ﬁ‘%ﬁ” Rt o

15 20

5 10 0 . . .
days since September 22nd, 2006 1.00 1.90 3.60 6.84 1299 2467 46.84

Period [hours]

Figure 4 Computed (solid Earth tides model) and measured tilt in units of mas, from MJD 54000 to 54144. Only
the 20 first days are shown for better visibility (left panel). The amplitude spectrum of the residual tiltmeter series
(measured minus effect of solid Earth tides) is shown for periods between one and 48 hours (right panel). Sharp
spectral peaks occur at 6, 8, 12, 24 and 25.8 hours in the residual tiltmeter series, and are mostly of ocean tidal
origin.

5.2 Ring laser data

The ring laser data (relative Sagnac frequency) was also measured for the time span
September 22", 2006 to February 13", 2007 again with a temporal resolution of 30 minutes.
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Figure S Computed (Earth orientation and solid Earth
tides) and measured relative Sagnac frequency in units
of mas, from MJD 54000 to 54144. The amplitude
spectrum of the residual ring laser time series
(measured minus effect of Earth orientation and solid
Earth tides) is shown for periods between one and 48
hours. Residual spectral peaks occur at 12 (S2 wave)
and 25.8 (O1 wave) hours and are still of unknown
origin. The standard deviation in the O1 wave is of the

level of 0.5 mas, while the one for the S2 wave is only
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Figure 5 (top left panel) shows the largest contributions to the relative Sagnac frequency
variation, i.e., the Earth orientation variation and the effect of the solid Earth tides upon the
local vertical. The top right panel (derived again from the scalogram, shown at the bottom left
panel) brings to evidence a clear spectral peak, in the residual ring laser time series (measured
minus Earth orientation minus solid Earth tides), for the S2 wave. Here, signals larger than
two days have been filtered out. Besides, a regular increase in noise with a period of about
one month can be detected in the scalogram (between one and three hours).



6. Love numbers and tilt factor

A north-south displacement d,, of tidal origin is related through the tidal potential
V (r,p,A) by [Lambotte et al., 2006]:

I(r) oV (r,e.2)
dNS (r’ 0, l) _n . n
g(r) do

(7

The north-south tilt sensed by a ring laser (only sensitive to deformation) is related
through the tidal potential by:

7,(r) V,(r.p.2)
regr) A

®)

Lys.riG (r,p,2) = cot o,

with the tilt factor y, (r)=—h (r). Contrary to a ring laser, a tiltmeter also reacts to the
induced attraction of the deformed Earth. For this reason, the tilt factor to which a tiltmeter is
sensitive has the form y (r)=1+k, (r)—h (r).

Therefore, the ratio of the degree-2 Love and Shida numbers (for an SNREI Earth model)
when using the ring laser is given by:

2 _ NS,RLG (9)
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Figure 6 Measured (ring laser and tiltmeter) and modelled north-south displacement in units of mm, from MJD
54000 to 54144. The plot on the right shows a zoom for ten days since September 27" 2006.

Figure 6 shows the north-south displacements in units of mm, derived from the ring laser
data, the tiltmeter data, and a model [Mathews et al., 1997].

The respective factors, containing the Love numbers, have been varied from 0.5 to
1.5 w.r.t. to the nominal ones (for ring laser and tiltmeter), in order to minimize the standard
deviation of the residuals (ring laser minus model, and tiltmeter minus model, see figure 7). If
we consider the nominal Shida number [, =0.0847 to be stable, we find optimal Love

numbers: h, =0.6573 and k, = 0.3577 (see figure 7).
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7. Conclusions

At regular intervals of about one month, the noise of the “G” ring laser is considerably
increased (~1 mas) in the frequency domain between one and three hours. The source of this
noise is, for the moment being, unknown.

The ring laser “G” is able to monitor local tilts induced by local deformation.
Although its sensitivity is one order of magnitude lower than that of the best tiltmeters, it was
possible to estimate optimum Love numbers of degree 2, given a known nominal Shida
number.
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