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Precise relative rotation sensing using slow light*
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A novel relative rotation sensor based on slow light is proposed and analysed. A theoretical analysis shows that

the high sensitivity of the proposed rotation sensor is achieved through an electromagnetically-induced-transparency

medium. Unlike the tradition detection method, the idea of rotation sensing is to detect group delay between counter-

propagating wave packets. It can be used to realize an ultra-precise rotation sensor.
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Rotation sensing has been intensively investigated
due to its important applications in the fields of nav-
igation, spaceflight, military engineering, geophysics
and relative rotation study. In the recent years, with
the maturation of the slow-light technique, =4 much
attention has been paid to the use of the concept of
slow light to boost the rotational sensitivity of rota-
tion sensors. Leonhardt and Piwnickil® first proposed
the idea of a slow light interferometer. Later, Zim-
mer and Fleischauerl% presented an alternative hybrid
light and matter-wave interferometer, based on slow
light momentum transfer from light to atoms. Sub-
sequently, Steinberg!” and Matsko and Savchenkov!®!
studied the effects of photonic crystal defect cavities
and whispering gallery mode cavities respectively, in
order to utilize the dispersive characteristics of the
‘slow light’ structure to enhance sensor sensitivity.
Scheuer and Yarivl® presented a coupled-resonator
slow-light waveguide structure to realize highly com-
pact integrated rotation sensors and gyroscopes. Re-
cently, Peng et al.'%') proposed a coupled-resonator-
induced transparency structure to construct a minia-
ture highly sensitive gyroscope. Shahriar et al.l'2:13]
envisioned the slow light induced dispersive drag used
to enhance sensitivity in relative rotation sensing.

As is well known, the phase difference induced by
the Sagnac effect is detected for obtaining the rotating
rate of a rotation sensor. In the present paper, based
on the concept of slow light, we present a relative rota-
tion sensor device, by which the group delay between

counterpropagating wave packets can be directly de-
tected, to obtain the rotating rate, and the explicit
expression of the group delay between the counter-
propagating wave packets is deduced.

Figure 1 shows a schematic diagram of the rela-

tive rotation sensor.
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Fig. 1. Schematic diagram of relative rotation sensor.

In the device, the probe beam (dot line) and cou-
pling beam (dash line) are cross-linearly polarized.
They pass around the device in a clockwise sense (from
beam splitter (BS) to mirror 1 (M;), and then cast
into bilateral mirror (BM)) and in a counterclock-
wise sense (from BS to mirror 2 (Ms), and then hit
BM), respectively. In order to accurately measure the
group delay of probe beams, the coupling beams are
filtered by the two polarizing beam splitters (PBS).
The reserved probe beams are incident on detector 1
(Dy) and detector 2 (D) respectively, and then enter
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into a two-channel digital oscilloscope for comparison.
Thus the group delay between the counterpropagat-
ing waves can be obtained. The device, which is con-
strained to propagate in a square path with a length
of side L, is filled with electromagnetically-induced-
transparency (EIT) medium. v = Lf2//2 is the tan-
gent velocity of rotation at BS, M and BM. v,, = L{2/2
is the projection of v along the direction of wave prop-
agation. For the clockwise (+) and counterclockwise
(=) directions, the group velocities v* in the labora-
tory frame, the time t* for wave packets to travel from
BS to BM and the effective distances L* from BS to
BM are related as follows:

L =2L 4+ LOt%)2, T = LFjv*. (1)

Thus, the group delay between the counterpropagat-
ing wave packets can be obtained to be

2L (v- —vt + L)

A=ttt = o Ly P

If the device is filled with the nondispersive

+

medium, the group velocities v= correspond to phase

velocities ’U;t as follows:

L ¢/nt2L/2

Y = 1+ 02L/2en’ (3)

Substituting expression (3) into expression (2), we can
obtain the group delay in a nondispersive medium:

2120
= (4)

which is identical to the time delay of a traditional

Aty =

optical Sagnac interferometer.

If the device is filled with a highly dispersive
medium, such as the EIT medium, and only the
medium was rotated, relative rotation takes place be-
tween the medium and the rest of the device. Ob-
viously, the rotating medium creates a local Doppler
shift in the frequency and wave vector of the probe
light, while the coupling light is not affected by the
Doppler effect. In this case, the group velocity in the

laboratory frame is'4

vt = i\/vg (W) + 2cdvg (W) + 2202/4,  (5)

where vg (w) is the clockwise group velocity in the
rotating frame, vy (w™) is the counterclockwise group
velocity in the rotating frame, § = (w — wp)/wp is the
normalized detuning, wy is the resonance frequency of
the slow-light beam for a medium at rest, and w is the
frequency of the probe light in the laboratory frame.

Expression (5) is valid only within a narrow window
of two-photon resonance,!*! i.e.

|w" = wol < evgwo/c, (6)

where ¢ is of the order of 1073,[15] and «’ is the probe
light frequency in the rotating frame. We consider
that a pulse with the carrier frequency wy propagates
in the laboratory frame, thus the normalized detuning
¢ is zero. Therefore, the probe light frequency in the

rotating frame can be written as
w =wo (1 F 2L/2c). (7)
Correspondingly, the detuning can be written as
§F = wy —wt = +02L/2c. (8)

By substituting § = 0 into expression (5), the fol-
lowing results can be obtained:

vt = 41 /ug (W) + 2212/4. (9)

Note, the group velocity expressed by expression
(9) is valid if only the detuning expressed by expres-
sion (8) satisfies expression (6). Therefore, substitut-
ing expression (8) into expression (6), the range of the
rotating rate {2 can be deduced as

—2evg/L < £2 < 2evg /L. (10)

As is well known, in the narrow window of two-photon
resonance expressed by expression (6), it can be eas-
ily known that ng is symmetrical about ¢’ = 0, and
the detuning values in the clockwise direction and the
counterclockwise direction are F§2L/2c¢ according to
expression (8). Therefore, it can be obtained that
ng (0'7) = ng (6'7), ie. ng(wh) = ng (w™). Subse-

quently, we can obtain
vg (wh) = vg (W) = V. (11)

Substituting expression (11) into expression (9), the
result can be written as

vE =4, /V2+ Q2202/4, (12)

where sign ‘4’ indicates that the propagation direction
of light is the same as that of the rotating medium,

9

and sign ‘—’ indicates that the propagation direction
of light is opposite to that of the rotating medium.
Substituting expression (12) into expression (2), we

can obtain the group delay to be

At = nZAty, (13)
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where Atq = 2L2(2/c? is the time delay of the con-
ventional Sagnac interferometer. Evidently, the group
delay At of the rotation sensor is higher than the time
delay of the conventional Sagnac interferometer. Gen-
erally, the time delay of the conventional Sagnac inter-
ferometer is too small to be detected, so one detects
the phase difference Ap = wAtq for obtaining the ro-
tating rate (see, for example, Ref. [13]), where w is the
frequency of the light source. In fact, the existence of
w in the phase difference can introduce the error gen-
erated by the imbalance of central wavelength. For
the proposed rotation sensor in this paper, the group
delay is detected to obtain the rotating rate, and the
detection method is obviously different from that for
traditional interferometric and resonant optical gyro-
scopes. Evidently, expression (13) indicates that we
can slow down the speed of light in the EIT medium
to enhance the detection sensitivity. It is noticeable
that the experimental observations of slow light re-
ported in atomic and solid media by using EIT have
shown the group index ng to be as large as 102-10%.11
Therefore, one can use this ultra-precise rotation sen-
sor for sensing the relative rotation between the EIT
medium and the rest of the rotation sensor.
Expression (13) is derived on the premise that the
rotating rate {2 belongs to the range of expression (10).
Only in this range can two-photon resonance happen,
and then we can obtain the effective group velocity
in the laboratory frame. As an example, we consider
the rotation sensor with L = 0.2 m and ¢ = 1073,
Figure 2(a) shows the curve of the group delay as a
function of the group index mg at the rotating rate
£2=0.01°/s. As expected, the relation between group
delay and group index is quadratic (rather than lin-
ear). Figure 2(b) shows the curve of the group de-
lay as a function of rotating rate {2 at group index
ng=10°. The range of rotating rate {2 can be ob-
tained from expression (10): —30 Hz< {2 < 30 Hz,
ie. —1718.87°/s < 2 < 1718.87°/s. This detected
range can be controlled by adjusting both group in-
dex ng and length L according to expression (10). As

shown in the two figures, it can be easily known that
the group delay is of the order of milliseconds, so the
group delay can be easily detected by the slow light
technique. All in all, the introduction of the slow light
technique can greatly enhance the sensitivity of the
rotation sensor.
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Fig. 2. (a) Group delay versus the group index ng for
2 =0.01°/s and (b) group delay versus the rotating rate
{2 for ng = 10°. The parameters are L = 0.2 m, ¢ = 1073,

In summary, we propose and analyse a relative
rotation sensor whose sensitivity in measuring rela-
tive rotation is greatly enhanced via the EIT medium
based on the slow light technique. We show that one
can enhance the sensitivity to provide a direct readout
of the group delay between counterpropagating wave
packets.
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