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Absolute rotation rate sensing with extreme sensitivity requires a combination of several large scale
gyroscopes in order to obtain the full vector of rotation. We report on the construction and operation of a
four-component, tetrahedral laser gyroscope array as large as a five story building and situated in a near
surface, underground laboratory. It is demonstrated that reconstruction of the full Earth rotation vector can
be achieved with sub-arcsecond resolution over more than six weeks.
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Inertial rotation sensors, such as those commonly used
for navigational purposes, sense rotation in the presence of
bias induced offsets [1]. Very large ring laser gyroscopes
[2] operate with vastly reduced bias offsets through the use
of state-of-the-art supermirrors with optical losses in the
single parts per million range, minimized intracavity optical
surfaces, rf excitation of the gain medium, and through
their sheer size [3]. These large gyroscopes have been
developed to the point that they routinely resolve the
rotational velocity of Earth to significantly better than 5
parts in 109 [2] with an ability to resolve long period signals
such as the Chandler wobble [4,5]. However, single-
component gyroscopes will always have an outstanding
error source which is uncertainty in the precise position of
the optical beams, to the level of accuracy required in
applications such as terrestrial tests of the Lense-Thirring
frame dragging or other general relativistic precessions
[6,7], which demand absolute rotation rate sensing [8,9]
with extreme sensitivities.
A solution to this impasse is the development of a large

scale, fully three-dimensional sensor which would enable a
complete reconstruction of the Earth rotation vector. The
gold standard in this regard is the very long baseline
interferometry (VLBI) technique [10]. Although accessible
in principle, the VLBI measurement technique is not
directly linked to the rotational axis of Earth, but to a
network of widely spaced radio telescope positions [11].
With the help of modeled nutation and polar motion, the
instantaneous orientation of the Earth rotation axis relative
to the body of Earth can be inferred. This, however, does
not provide the tight local reference required by a large
scale single-component gyroscope. Here we describe, and

present the initial results of, a solution to this problem
through the experimental realization of an integrated
multicomponent, large scale optical four-component
Sagnac interferometer, called ROMY [12].
ROMY stands for rotational motions in seismology and

the system is located at the Geophysical Observatory
Fürstenfeldbruck, 20 km west of Munich, Germany, and
is constructed as four triangular ring laser structures,
arranged in the shape of a tetrahedron, with all corners
rigidly tied together. The installation is placed on a massive
concrete underground monument with the apex pointing
downward. Three of the four triangular gyroscopes have
a length of 12 m on each side, while the sides of the
horizontal ring on the top is necessarily shorter by 1.0 m in
order to fit rigidly on the concrete monument. Figure 1
illustrates the sensor layout at various stages of the
construction. The three intracavity supermirrors of each
ring completely define the respective scale factor. They are
enclosed by tip-tilt adjustable housings mounted on a rigid
concrete foundation and connected via stainless steel tubes,
thus forming an ultrahigh vacuum recipient, which can be
evacuated and filled with a He-Ne gas mixture (0.2 hPa
neon and 6.3 hPa helium). Continuous wave laser emission
at λ ¼ 632.8 nm is achieved by rf plasma excitation in a
20 cm long glass capillary with an inner diameter of 5 mm.
Apart from the mirror surfaces there are no further optical
elements in the cavity. This means that the gain medium
fills the entire cavity and the optical losses are minimized.
For laser cavities havingperimeterswell in excess of 10m,

quality factorsmuch larger than 1012 can be achieved, so that
the resultant laser linewidth is in the submillihertz regime,
and this defines the ultimate sensor resolution. By contrast, a
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passive gyroscope has a cavity resonance several hundred
hertz wide. In a bidirectional ring cavity, two counter-
propagating laser modes are excited, whose optical frequen-
cies are shifted in opposite directions, when the entire
apparatus, rigidly strapped down to Earth, experiences an
externally imposed rotation around its area vector. The laser
beat note δf of each interferometer component is strictly
proportional to the imposed rotation rate Ω0, with the
dimensions of the gyro and the optical wavelength defining
the respective scale factor. The beat note is given by
δf ¼ 4A=λ=PΩ0 cosϕ cos θ, where A is the area enclosed
by the laser beams, P the perimeter of the laser cavity, λ the
wavelength,ϕ the latitude including thenorth-south tilt andθ
the east-west tilt angle. The latter two quantities describe the
orientation of the rotational axis with respect to the plane set
up by the laser beams. The measured ringdown times of the
cavity exhibiting the best performance produces values of up
to 1.130 ms, which delivers a typical sensor resolution of
about 10 prad/s obtained after 2min of averaging for the best
ring and 100 prad/s for the worst, as shown from the Allan
deviation plot in Fig. 2(a).
The four sensors taken together realize a fully three-

dimensional coordinate system, where any combination of
three of the four sensors can be used to reconstruct the
instantaneous Earth rotation vector relative to the local
inertial frame of reference from the beat frequency values.
The fourth component offers the possibility to ensure a
consistent measurement. Figure 2(a) provides a sketch of
the geometry employed. Each side of the tetrahedron

represents one ring laser structure, which is sensitive to
rotations about the normal vector of the respective plane
defined by the laser beams. The whole structure is under-
ground, stabilized by a massive concrete foundation. One
of the horizontal corners faces directly south and the beam
line on the opposite side runs from east to west. While the
length of each side is tightly constrained by the vacuum
tubes which enclose the optical cavity, any misalignment
of the corners δα with respect to the meridian and the tilt
angle δz of the entire structure is less well defined. With the
horizontal ring given, the orientation of all other rings is
constrained, thus forming the full ROMY sensor block. The
measured rotation rate of all four rings has been used to
establish both the misalignment and the tilt angle δz of the
entire ROMY structure with respect to the local horizontal
plane. The results for a continuous dataset with a length of
47 days provides a misalignment angle of δα ¼ 0.19205°�
0.00042°. This indicates a very minor rotation of the entire
sensor structure toward east. The corresponding tilt angle is
δz ¼ −0.07754°� 0.00009°, with the minus sign indicat-
ing a tilt toward north.
A geometrically unconstrained resonator is subject to

scale factor variations, either directly by slight changes of
the geometry of the interferometer or indirectly as a drifting
optical frequency causes nonreciprocal frequency shifts
through backscatter coupling, or more importantly here,
dispersive bias changes. In Fig. 2(c) we show the measured
beat note from one of the four rings as an example. Over the
ten days for which data are displayed, the ring shows an

FIG. 1. Construction site of the four-component ring laser structure at the Geophysical Observatory, Fürstenfeldbruck (near Munich,
Germany). The excavated location for the monument of the optical resonator (a) provides the room for the tetrahedral gyroscope layout
(b). The apex at the bottom of the monument (c) is rigidly attached to the triangular concrete frame on the top by a massive concrete
support structure.
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irregular short-term beat note oscillation as the optical
frequency drifts and the laser jumps modes as a result of
changing temperature. A small overall upward trend is also
present as a long-term effect. At this point in time the origin
of this small drift is not clearly identified. The most
probable cause is a slow drift in orientation of the beam
plane, induced by a minute settling of the overall ROMY
structure. The observed value would correspond to a slow
shift of the beam position of ≈160 μm.
ROMY observes a combination of global Earth rotation

and local ground motion. For larger gyroscope installations
likeROMY, biases frombackscatter coupling are very small.
However, larger optical interferometers aremore susceptible
to mechanical instability than smaller ones [3] and, hence,
the dispersive bias shifts. In addition, the free spectral range
(FSR) also reduces significantly, with the consequence that
the interferometer becomes progressively more sensitive to
sudden jumpsof the lasermode. ForROMYwith a perimeter
of P ¼ 36 m, the free spectral range (FSR ¼ c=P) is
approximately 8.3MHz. Small variations in the temperature
will quickly change the cavity length by more than a
wavelength (λ ¼ 632.8 nm), thus driving the excitation of
a different longitudinalmode. By increasing the gas pressure
in the ring cavity, the homogeneous linewidth of the gain
medium is broadened, which suppresses mode changes for
about 100 MHz on either side of the lasing mode [2].
In order to reconstruct the full Earth rotation vector, we

have transformed the measured beat note δfn from each of
the four ring laser components [Fig. 2(a)] into a global
Earth centered Earth fixed ωX;Y;Z frame [Fig. 3(a)] and
solved the observation equation (1) for the vector ΩE.

δfn ¼ κnΩE · nn; κn ¼ ð4 × AnÞ=ðλn × PnÞ; ð1Þ

with κn the respective scale factor of each ring laser
component n, ΩE the Earth rotation vector, and A, P, and
λ defined as before. The orientation vector nn ¼ D · R · nr is
composed from the orientation nr in the local north, east, up
(ωN;E;U) frame [Fig. 3(a)], a left-handed system defined by
the azimuth angle αn and the zenith angle zn [Fig. 2(a)].
The matrix D is used to transform the local observation into
the global frame with the longitude θ and latitude ϕ of the
ring laser site. For the true orientation, the misalignment
matrix R with the offsets δa and δz is applied.

nn ¼ D · R · nr; nr ¼

2
64
sin zn cosαn
sin zn sin αn

cos zn

3
75; ð2Þ

with

D ¼

2
64
− sinφ cos θ − sin θ cosφ cos θ

− sinφ sin θ cos θ cosφ sin θ

cosφ 0 sinφ

3
75;

R ¼

2
64

1 −dα −dz
dα 1 0

dz 0 1

3
75:

The ωZ axis is aligned with the Earth rotation axis whilst
the ωX axis passes through the Earth surface where the
Greenwich meridian intersects with the equator. The ωY
axis is oriented 90° toward east in order to form an
orthogonal right-handed system. Figure 3(a) illustrates
the orientation of the various frames of reference with

FIG. 2. From the respective normal vectors of all four laser resonators in the tetrahedral structure shown color coded, we can
reconstruct the angular rotation in a local north, east, and up (ωN;E;U) system (a). After about 2 min of integration a sensor resolution of
10–100 prad/s is obtained, depending on the respective Q factor of each of the gyros (b). For the best ring this is less than one order of
magnitude away from the monolithic G ring laser [2,4], shown in the same graph as a reference (ADEV denotes the Allan Deviation). A
sample time series of the Sagnac beat note for the slanted ring on the northern side is shown in (c).
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respect to each other. In the global frame of reference,
Earth rotation is almost entirely represented in the ωZ
component of the full Earth rotation vector, while ωX and
ωY contain the polar motion, a multifrequency signal that
is generally small with periods extending from one day to
well beyond one year. Figures 3(b) and 3(c) show the
initial measurements of the ROMY ring laser structure.
Forty-seven days of continuous measurements on at least
three sensor components were averaged to hourly values
of the instantaneous Earth rotation vector, 1125 in total.
We then took the average over all measurements as an
estimate of the biased mean pole position, which comes
out as (0.35� 0.022) arcsec in the ωX direction and
(0.47� 0.07) arcsec in the ωY direction. The small offset
from zero is caused by residual scale factor and bias errors
in each ring. The time series of the Earth rotation rate ΔΩ
is shown in Fig. 3 with a constant value (Earth rate) of
Ω0 ¼ 72.921 μrad=s subtracted [Fig. 3(c)]. The recon-
structed rotation rate Ω from the combined tilted rings is
shown together with the rotation rate residuals obtained
from the horizontal ring alone with the projection angle
adjusted for a minimum offset. The data gaps occur when
one or more rings undergo a mode jump, resulting in loss
of the interferogram. In terms of measurement resolution,
this time series compares well with the other two compo-
nents of the Earth rotation vector, indicating that this is the
current limitation from the unconstrained cavity.
In summary, we report an internally consistent and

highly sensitive, all optical measurement of the full Earth
rotation vector utilizing the ROMY four-component large
Sagnac gyroscope. Over a length of 47 days, a long-term

sensor stability of ΔΩ=Ω0 of 5 × 10−5 and less than
0.5 arcsec for the pole position has been achieved with
the four large laser interferometers. After transforming the
measurements into the Earth centered Earth fixed frame of
reference, a consistent observation of the Earth rotation
vector with a repeatability of about 0.1 arcsec was obtained.
Small errors in the scale factor and relative orientation of
the individual rings with respect to each other are still
present, hence the small deviation from zero in the estab-
lished pole position [see Fig. 3(b)]. The dominant limitation
however is the currently unstabilized cavities. The multi-
component assembly overcomes one of the major hurdles to
absolute rotation rate sensing with Earth bound laser gyro-
scopes as outlined by Hurst et al. [8], in that for the fully
consistent ROMY interferometer the beam planes can be
determined with sufficient accuracy of the order of 1 nrad at
midlatitudes to make measurements of general relativistic
precession feasible in principle. We also note that once all
rings are properly drift compensated and with all scale
factors fully established, ROMY presents a viable technique
for the continuous observation of Earth rotation and polar
motion, complementary to the VLBI technique. Eventually
the combination of the twomeasurement techniques together
may establish a continuous observation of the Earth rotation
vector with high accuracy and temporal resolution.
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Research Council (ERC-Adv Grant ROMY No. 339991)
and additional support from the Ludwig-Maximilians-
University Munich. We acknowledge technical support
from Mr. Graeme McDonald and Mr. Robert Thirkettle

FIG. 3. The angular rotation is measured in the local ωN;E;U system (a), which subsequently is transformed into a global reference
frame. The mean pole position offset (b) is estimated to (0.35� 0.022) arcsec in the ωX direction and (0.47� 0.07) arcsec in the ωY
direction. The instantaneous Earth rotation rate ΔΩ is presented with the constant value of the Earth rotation rate Ω0 ¼ 72.921 μrad=s
subtracted (c). The gaps in the data occur when the beat frequency values on one or more rings is lost because of laser mode jumps. The
results compare well with the residuals of the Earth rotation rate, obtained from the horizontal ring alone when the projection angle is
adjusted for a minimum offset (DoY stands for “day of year”).
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