L aser Gyroscopes

MARK KUCKIAN COWAN

This essay presents a review of the optical gymscand associated
technologies. Embodied in this review is consitenaof the underlying
theory responsible for enabling the detection amésurement of rotational
motion via non-mechanical devices.

From the initial theory, the essay covers the dgwekent of the technology
and describes the design considerations that hedetd the two current
implementations. During this development, severahniques are described
on the following pages, which are used to reducereand improve
performance.

The review concludes with examples of applicatiforslaser gyroscopes
across several fields of deployment, followed bydiacussion of future

developments.
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1. Introduction

Laser gyroscopes offer considerable advantagestbggrmechanical predecessors. By utilising proge of wave
mechanics and light, more durdblelevices with superior accurdBythan the previous mechanical generation may be
produced, with no moving paffs and no maintenance requittd These exhibit a high dynamic range for
measurements of rotation about their central aften from thousandths of a degree per seédnd ten§! of degrees
per second, with typical sample rates near therdrd@Hz".

2. Ring-laser gyroscopes (RLGS)

One common setup is a ring-laser, and (despiteaitse) often has a square or triangular cavity.ligkd propagates
in both directions around the "ring", the ring bess a resonator. Due to the finite speed of ligltipntinuous rotation
of the ring alters the distances that each beant traxel to make a full circdif. In order to resonate, the frequencies
of both beams must change to account for the dlteireuit length8!. This change in path lengths can be detected by
the spatial interference between the beams asltseyphase cohesion, or by the temporal interferehe to the
mixing of two slightly different frequencies (resinb in low-frequency “beating®¥y. This change in frequencies can be
treated classically, as it is not a result of ashativistic Doppler effect (which cancels out doetihe symmetry of the
devicé®). Omissions between this simple model and praktioplementations cause some minor problems, hemwev
these are easily solved without significantly iragieg the complexity of the device.

While sources other than lasers have been@isegassive gyroscopes, lasers provide narrower widtits than
their alternatives, resulting in measurements dnatmore precise. The active gyroscopes, beinglasers, would not
be possible without laser technology.

Now we will build a mathematical model of this dexiand derive some important equations that desdtib
operation.

2.1. Light resonating in aring

Consider a beam of light, resonating around a dloBgy (containing a gain medium) of circumferehge=nclosing
areaA (Fig. A):

Fig. A Light travelling around a circular path

A quick refresh of geometry reminds us:
_2A

111 L=2mr, A=mr?, r=

The time taken for the light to make one pass rdtrdoop ty.s, is given by:
_L
(112) tpaes = .

wherec is the speed of light in the ring.

" Calculated from data in the referenced materiattfe typical Nd:YAG1064nmwavelength.
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Now we mark a point along the ring(which is at a distance from a rotational axis). If the ring is rotatetiaa
constant angular velocity about the centre (Fig. B), the distance that thbkt Imust travel to make a full round-
trip - starting fromx and finishing at: - will be lengthened or shortened by the distancedhigvels during that time.

© From geometry, the (tangential) velocity of paints given by:

2Aw
13 v, = ra)=T

With positivew in the opposite directida the beam, the decrease ir
distance for a roundip, Jx, is givenby:

(114) Ox =V, t 2Aw

a “pass

The corresponding difference betweertatises travelled for two beat
travelling in opposite directions through the ringuld therefore &

Fig. B Light travelling around a rotating 115y Ax = Ox—(~-0X) =25 x= 4Aw
c

circular path

As the ring is a resonator, it must satisfy (pegpthoundary conditions, which requires it to fit mtegral number of
wavelengths of the beam into one rotation:

(116) nA =L

Therefore, a shift in resonant frequency must ocogier rotation, to satisfy the new path length:

(117)/]:£:£ D_nzl
f n L A

@1i8) f =c <
A

cn cn _ C
L+ Jx Lisz“’ /][ 2Aa)]

s

119) f, =

1+——
cL

2.2. Two counter-propagating beams resonating in a rotating ring

We now introduce a second beam, almost identictiddirst, but travelling in the opposite directiaround the ring
(Fig. C). With no rotation, these will form simpétanding waves in the ring, analogous to thosméddrin a typical
laser cavity.

()

Fig.C  Two counter-propagating beams in the ring

" A non-circular path may be approximated as a targoath via vector calculus and geometry. Theatiqus involving area instead of radius are
equally valid for non-circular patfts

" This cyclic cavity presents periodic boundary dtinds rather than thE = 0 fixed boundary condition of a typical linear cavitfhe wave must
periodically repeat some pattern an integral nunobé&mes for each circuit of the ring.
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When the angular velocity of the ring is non-zeaadifference in perceived resonator-length emelgween the
two beams, as shown in equatif#i5) This causes the resonant frequencies for eaeletdin of propagation to
diverge according to equati¢hl19)

Where| 2w kL < 1, i.e]y,| < ¢, (the resonator is rotating witin-relativistic speeds), thgnomial approximatiol
may be applied to equati¢hl9)

c 2Aw
120) f, =— (15—
(120) 1, =—{1F=~)
Therefore, the resonant frequencyeath beam changes by:
(121) Af =+ 2Aw
AL

As the beams mix at the detector, this resultbé@ating”, where the beat frequency is:

4Aw
beat = 20f = TR

Therefore, the angular velocity of the system magdulated from an easily measurable beat frequency, b

@122) f

AL
(123) w=——"»
4A

beat

For example, a device with a path in the shapenafcailateral triangle with0 cm sidesA = 43cn?, L = 30cm, using
a HeNe gain mediumi € 632.8nm) will respond to a rotation rate 6f01° s* with a beat frequency df6 Hz (beat
period of62 ms).

2.3. Realigtic design for aring-laser gyroscope

In reality, light does not typically travel in cular paths, and a completely closed loop would nrakasurements
somewhat difficult. By splitting the "loop" as shovin Fig. D, the beating may be measured by a tstedth a
suitably high temporal resolution.

()

Lasing Medium

Output
Fig. D A typical laser gyroscope, with rotatigh Adapted from [6]

Here, the two beams are initially in-phase and hheesame wavelength. On application of a steathtion, the
resulting difference in path-lengths between thante results in a phase differeficewhich the lasing medium
converts to a frequency differeféecausing the beating at the detector.
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2.4. Enter thethird dimension

If the axis of rotation is not perpendicular to fflane of the ring, the measured rate of rotatidhbe less than the
actual rate of rotation, specifically:

For an angled between then axis of rotation and thene of the gyrosqee,
(241) %easured = wactua$irle

Where the axis of rotation is unknown, three inchej@mt laser-gyroscopes may be mounted at righeartgl each
other, to provide triaxial rate-of-rotation measuests. An example of such a device is picturedwéFig. E):

B e i W L — . ,
Fig. E  "Three axis laser gyro", Prof. A E Siegm&tanford Universityretrieved on 10-Dec-2010 from:
http://www.stanford.edu/~siegman/ring_laser_gyrbs€E%20axis%20laser%20gyro%20med.jpg
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3. Design Considerations

The model used so far is very simple, and lack&ireimportant features. The effects of these siwis can cause
the device to respond non-linearly, or not to respat all to some small rotations. Imperfectiongtie cavity are
mostly responsible for the former problems, whiile latter are due to interactions between the beams

w TS B

av av

tc) ()

/, =
7
#
/f [¢] 0
d
4 ’d

Beat note vs input rotation rate in a ring laser gyro. (a)
The ideal case, a straight line through the origin; (b) a linear re-
lationship with a nonzero null shift; (c) frequency locking; and
{d) nonlinearities in the response (variable scale factor).

Fig. F Different deviations from the ideal response

curve for different sources of error
Adapted from [6]

3.1. Lock-in

Slight backwards scattering of the beams resulta amall interaction between them in the resonatdhen the
angular velocity of the system is small, the fregnedifference between the beams is also very smlidiwing this
interaction to cause unintended mode-locking, wiberth beams will lock to the same frequency, awshio Fig. G.
While this threshold rotation value can be calcadék little can be done to prevent the mode-locking frooaurring
within that threshold.

Fayy)
,/
4
)
// [4]

Fig. G The frequency shiftl{) vanishes for small rates of rotatiof?) due to mode-locking.
Acquired from [6]

(e}

Application of an electric field across the lasimgdium may utilise the Faraday effect to alter gbtarisatiof’ of
the beams in order to reduce their interaction, évaw this also alters the frequencies of the bBAmesulting in
another source of potential error.

A different approach is to continuously rotate #iystem by a fixed amount (much larger than thestiolel value), in
order to keep the device's angular velocity outnofle-locking range. Mechanical rotation introduadst of error in
the measuremerits as the rate of mechanical rotation is not knowacty, or perfectly steady A more successful
approach is "dithering": apply a small oscillatimnthe angular velocity. There is no net measuaféett of this when
averaged over several oscillation cycles, as tlekelise rotation cancels out the anticlockwise tiota This
oscillation reduces the amount of time that theudargvelocity of the system is within the mode-loak threshold,
allowing smaller rates of rotation to be measuré€he negative effect of this method is the productf non-linear
"dead-bands", where the rotational frequency is&ger multiple of the “dithering" frequerdy

" Bringing us full-circle back to the original prehs with mechanical gyroscopes
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Finally, by oscillating the position of one of thavity mirrors slightly, a Doppler shift can beromduced, increasing
the sparl{c}ng between the frequency of a back-sedtterave and the resonating wave propagating instrae
directior®!.

3.2. Null-shift

In a gas laser, atoms in the cavity circUldte resulting in a slight variation of refractive &ddepending on the
direction of a beam through the medfRim This causes a slight frequency-shift betweerttliebeams and a non-zero
beat frequency when the system is statidflarf¥his displaces the response curve of the délice

One simple solution to this problem is to use tustidarge tubes, discharging in opposite directigitis respect to
the beam path:

\ /

Fig.H  Two discharge tubes in the ring laser, wdiecharges directed in opposite directions in orttecancel out
the frequency shift due to flowing of gain atoms.
Acquired from [5]

The frequency shifts from each tube are equal gpodsite, cancelling out the null-shift.

3.3. Other error

Even with the previous corrections, noise and rogalr optical behaviour may cause the responskeoti¢vice to
deviate from a straight line. A well-calculatedate of materials and good quality optics can redhese errors.

4. Fibre-optic gyroscopes (FOGS)

By not having a gain medium in the ring, the chaimgpath-lengths will manifest as phase displacameather than
frequency shifts. From equatig¢hl4) and the wave equation, the effects of the interfee between these two shifted
waves at the detector can be calculated:

One dimensional wave equati
(401) u(x, t) O sin(kx— 27 t)

Following from equation 114, the wavestlae detector are characterised
(402) U, (Xger, 1) = Sin( K X 2 0 3 - 277 1t)
where x,,, is the valueofx at the detector when in a stationatst

The superposition of both wavgives:
(403) U(Xye, ) = 2 SiN( kg, — 27 1) cOg B X
= 20y (X,er, 1) COSKO X)

The detected intensity of the interfering beamisfire to the intensity of onleeam () ):

(404) |4 = |OZCOSZ(|(§X): |02C0§ (2_”2in - |O[ ]:"COS( &TM)JJ 5]
A C CA

Unfortunately, while high-precision detectors cdpadf detecting small changes in intensity maytexisry long paths
may be needed in order to produce detectable changte intensity unless a fast rotational ratexpected. For
example, Michelsdfi used a device with = 0.21km? to accurately measure the change in interfereattems due to
the rotation of the Earth.
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4.1. Theory

One simple way to vastly increase the enclosed, avéhout increasing the volume of the device tgiactical
values is to stack several loops:

Detector

Fig. | Several broken loops, stacked and joinetbtm a coll

Fibre-optic cables provide a very cheap and comvenvay to stack these areas; a coiNdiurns, with each single
turn enclosing area provides an effective areAof Na. The reduction in the number of optical composent
(particularly corner mirrors) combined with the waguiding properties of the fibres allows the dmatof simple,
robust devices requiring no calibration to finditteero-point. As they use small changes in dettaimplitude (due to
interference), rather than variations in the tinoeadin (beating) to make measurements they are swseeptible to
noise, however they are considerably cheaper tafaeturé” and suffer from no (or almost no) lock-in compated
ring laser gyroscopes.

As the laser source is external to the ring, ssiade lasers may be used in place of gas-lasersidewably reducing
the power consumption and voltages required foraijm.

To provide an area similar to that of Michelsoréwide (see previous page), using loops enclogmg? (approx
5.64m in diameter), the number of turns needed woeltN - 8,400 As we would be using sensitive photodetectd)rs
and lasers with very narrow bandwidth and naturaigh spatial coherence (instead of forcing cohegenith slits as
Michelson did), the number of turns needed coulddokiced considerably. Even without tfdd400turns of ad0.4mm
thick cable results in a coil depth 84 metres; this is far more convenient than Miches@r21 kn’ single-loop.

4.2. Error sourcesin FOGs

Besides the usual sources of error in an opticgtesy’, some error is due to power transfer between jsaléons in
the optic fibre, combined with birefringence, whichuses a beam to interfere with itSelfA highly birefringent fibre
may be employed to reduce propagation of the uredapblarisation. Due to changes in the refradtigex as light
reaches the end of the fibre, the fibre may aet aeak resonatBt. This effect can be reduced by gradually changing
the refractive index in several st€ps The optical Kerr effect (interactions betweee étectric fields of the beams and
the fibore medium) may cause varying phase charggsrtroduce more error: as with the ring laseoggope, a good
choice of materials and optical components is ¢&den

While HeNe lasers typically have very narrow linghs, diode lasers are being more commonly usétDiGs due
to their lower power requirements, smaller sizétdoelurability and reliability.

" Well within the range of typical thicknesses formmon fibre optic cables
T Although the 450km of fibre optic cable necessary for this marp®would not be so practical!
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5. Examplesof modern laser gyroscope systems

5.1. Military

Due to the accuracy, robustness and low maintenaeeds of optical gyroscope systems, they have adamge
success with the military. The notorio&€-130Ugunship uses ring-laser gyroscdfésn addition to standard GPS
systems in order to provide fast directional infation.

The primary inertial-reference system on Baeing 777uses Honeywell laser gyroscofi8sas do some of Boeing's
other commercial planes including th&7 and the7677..

Anotheé i]nteresting use is on a USAF anti-sateltiissile: ASM-135 ASATwhich also uses a Honeywell ring laser
2
gyroscope*“.

5.2. Commercial

An example of a discrete (fibre) laser gyroscopeateis theNorthrop Grumman LN-25': a durable six-kilogram
device requiring a power of only twenty-five watts.uses a single solid-state diode laser, and dtgeaccuracy to
fibre-optic gyroscope($)® Paoe 4

Another notable FOG is th&VH Industries DSP-1501" its sensing element is only.5inches ¢38mm) in
diametef”, coiled to a thickness of approximat@§ mm**, resulting in a unit weighing just forty graff$ Despite
this, the device has a very wide range of operagimgronments® and error of less than five degrees per HdurA
two-axis variant of this device is also availalile

Toyota is also developing navigation systems fas ¢aat utilise ring-laser gyroscofés

5.3. Scientific

The Canterbury Ring Laser (C-I)'s successor, @kloses and area of one square MiBttey a cavity filled with
helium and neon (forming a HeNe ring 1a8&k) This was a prototype for a lar§&rproject (enclosind6 m?) — the
"Gross Ring", which measures fluctuations in th@tion rate of the eaffff to within one part per billidf?.

6. Conclusion

As currently available technology is already capaifl providing measurements to higher resolutibas tare usually
required and the laser gyroscopes are typicallybioed with other systefi¥ (such as GPS/GLONASS), large
improvements of the underlying technology are wljiko be of much importance in future developnant. Instead,
improved efficiency and miniaturisation are mor&ely, as the technology becomes embedded in inaghgas
mass-produced consumer products such as carsiaediépending) satellite-navigation devices andifegihones.

With this in mind, the simpler power requiremeritsyer cost and lower part-count of FOGs (in comgati to
ring-laser devices) are likely to contribute farre¢o their popularity than their inferior resoarf?® will do to impede
it, while ring-laser devices will enjoy increasiage in high-precision situations such as scientifsearch.
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