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Infroduction

This proceedings volume records the inaugural meetfing of the conference on
Quantum Electronics Metrology (QEM). New frontiers beckon as investigators
explore the limits of precision in the physical world. Metrology is the apparent
inheritor of such explorations, as instrumentation generally is among the early
adopters of emerging technologies.

Broadly speaking, QEM encompasses two themes: quantum coherence and
quantum entanglement. Quantum coherence has been at the forefront of
precision metrology for a long fime. Examples include atomic clocks, atomic
magnetometer, atomic interferometer, SQUIDs, and so on. More recently, use of
engineered dispersion, in the form of slow and fast light, for example, have led to
prospects of revolutionary enhancements in precision interferometry, with
applications to rotation sensing and gravitational wave detection. Another area
of rapid progress is the use of trapped atoms and ions for optical clocks. Efforts
are also underway o produce chip-scale atomic clocks by making use of novel
advances in miniaturization of vapor cells.

Application of quantum entanglement to metrology is a more recent
phenomenon. The use of squeezed light for enhanced precision in optical
interferometry is the preeminent example. This idea continues to thrive, as mature
and robust schemes are currently being pursued to improve the precision of
gravitational wave detection using squeezed light. More recently, attempts are
being made to enhance the precision of magnetometry, ranging, frequency
measurement and imaging via the use of entangled states. The use of the so-
called NOON states, employing multipartite entanglement, for precision
interferometry as well as super-resolution lithography is a potentially promising
development in this area.

In this conference, we have aftempted to represent leading edge efforts in these
two broad categories. More explicitly, the subscribed topics at this year's meeting
comprised:

e interferometry incorporating ensemble and multipartite quantum
entanglements

e inferferomeftry incorporating quantum coherence

e delineation and characterization of quantum-optical phase;

e bridges between coherence and entanglement, often via the
mechanism of quantum dispersion that produces slow and fast
light

¢ single photon generation, propagation, and detection;

e chip-scale atomic clocks for robust usage and ultra-accurate
clocks incorporating trapped ions and atoms

vii
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The eight papers in this volume will enable the readers to get a concise view of
the latest development in these topics, both experimentally and theoretically. In
addition, we have included, in the front matter, three other papers from the
conference on Advances in Slow and Fast Light. These papers address important,
complementary developments in the use of engineered dispersion for precision
meftrology.

QEM is an area of enormous interest for fundamental tests of the laws of nature,
as well as for practical applications. We are confident that this field will continue
to thrive, and this conference will grow in both size and impact in the coming
years.

Alan E. Craig
Selim M. Shabhriar
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Quantum interference effects in rubidium vapor on a chip

Bin Wu", John Hulbert®, Aaron R. Hawkins® , and Holger Schmidt*

*School of Engineering, University of CA Santa Cruz, 1156 High Street, Santa Cruz, CA 95064
PECEn Department, Brigham Young University, 459 Clyde Building, Provo, UT 84602

ABSTRACT

Harnessing the unique optical quantum interference effects associated with electromagnetically induced transparency
(EIT) on a chip promises new opportunities for linear and nonlinear optical devices. Here, we review the status of
integrated atomic spectroscopy chips that could replace conventional rubidium spectroscopy cells. Both linear and
nonlinear absorption spectroscopy with excellent performance are demonstrated on a chip using a self-contained Rb
reservoir and exhibiting a footprint of only 1.5cm x 1cm. In addition, quantum interference effects including V-scheme
and A-scheme EIT are observed in miniaturized rubidium glass cells whose fabrication is compatible with on-chip
integration.

Keywords: Integrated optics, ARROW waveguides, quantum interference, nonlinear optics, EIT

1. INTRODUCTION

Recently, there has been a lot of activity in developing optical waveguides with hollow cores. This research is fueled by
the wealth of applications that arise from being able to guide light through non-solid media such as liquids and gases
with the convenience of integrated optics technology. Liquid-core waveguides are ideally suited for microfluidic and
optofluidic applications in analytical chemistry, biology, and biomedicine. Continuing progress in this rapidly expanding
field has enabled a variety of optical sensors, all the way to single molecule detection on a chip'”. Equally big
opportunities exist for gaseous media, molecular gases and atomic vapors, covering both miniaturization of well-
established vapor spectroscopy techniques and the implementation of new functionalities by taking advantage of the
waveguide confinement.

The major conventional areas of interest for vapor-filled optical waveguides are molecular detection/sensing in the
atmosphere, precision spectroscopy”, and frequency references and stabilization’. In addition, waveguides enable for the
first time to harness optical quantum interference effects based on electromagnetically induced transparency (EIT)® in
compact and practical structures. These effects include optical transparency’, slow light®, and nonlinear effects such as
sum-frequency generation9, parametric photon generationlo’“, cross-phase modulation'?, and quantum-nondemolition
measurements using single photon detection'’. The nonlinear effects benefit particularly from a waveguide environment
as it allows for long optical interaction lengths (optical depths) with simultaneously small mode areas (high intensities).
For example, it has been shown that dispersion-limited giant Kerr phase shifts can continue to increase down to
waveguide cross sections of a few micrometers'?.

The most promising paths towards integrated atomic spectroscopy are based on using hollow-core photonic crystal fiber
(HC-PCF)", antiresonant reflecting optical waveguides (ARROWSs)'®, and nanophotonic slot waveguides'®. HC-PCFs
represent the most mature technology and allow for low loss propagation and large optical depths in the thousands.
Saturated absorption spectroscopy in acetylene, EIT in acetylene, V-EIT and A-EIT in rubidium'”?' have all been
reported recently, and prove the feasibility of the integrated approach. Currently, the fiber gas cells are not completely
self-contained as the fiber ends are typically placed within optically accessible vacuum cells connected to a pump
apparatus. Completely miniaturized devices for atomic clock applications as well as saturated absorption spectroscopy
have been developed at NIST where vapor cells with small volumes are constructed. However, these cells are not
waveguiding structures, which limits the ratio of optical path length to beam area that is essential for nonlinear optics.

Advances in Slow and Fast Light, edited by Selim M. Shabhriar, Philip R. Hemmer, John R. Lowell,
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We are pursuing the integration of quantum interference effects in alkali vapors in monolithically integrated ARROW
waveguides™?. These allow for completely self-contained devices by adding the atomic reservoir to the chip, and
providing the possibility to interface with other optical elements on the chip. Here, we review the status of these
developments in the context of atomic spectroscopy with alkali vapors on a semiconductor chip.

2. ARROW WAVEGUIDES FOR ATOMIC SPECTROSCOPY

Fully self-contained integrated atomic spectroscopy devices have two principal characteristics: First, they enable light
guiding through atomic vapors in hollow-core waveguides with micron-scale cross sections. Second, they provide an
effective optical interface that couples the hollow waveguide section with solid-core wavegguides and seals the hollow
section to eliminate the need for an external vacuum pump.

Figure 1a shows a side view of a hollow-core ARROW waveguide that fulfills these criteria. Built on a silicon substrate
using a sacrificial core technique®, waveguiding is ensured by surrounding the hollow core (index n.) with high index
layers whose thickness fulfills a well-known antiresonance condition”. While different dielectric materials can be used,
the work presented here is based on alternating silicon nitride and silicon dioxide layers with thicknesses on the order of
100nm. Interfacing with solid-core waveguides on the chip is accmplished by aligning the topmost, thick SiO, layer with
the hollow waveguide core so that light can be effectively coupled in and out of the vapor-containing space. To this end,
the ARROW layers have to be transmissive at normal incidence as shown in Fig. 1a and reflective at grazing incidence at
which the modes propagate inside the hollow core. This is indeed possible with our structures and illustrated by the
photonic band diagram in Fig. 1b which shows propagation in a hollow core surrounded by a hypothetical infinite
number of SiN and SiO, layers The white lines are the light lines for TE and TM modes, the horizontal dashed line
represents the design wavelength, and the dashed and solid white arrows point to propagating modes being reflected at
grazing incidence and being transmitted at normal incidence, respectively.
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> X
Fig. 1: a) Side view of hollow-core ARROW waveguide structure with core index n, surrounded by dielectric layers
(shades on grey) showing light enetring the hollow core from the top thick silcion nitride layer. b) representative
photonic band structure for 1D photonic crystal composed of SiN and SiO, layers (blue area: forbidden band, green area:

allowed band).

3. RUBIDIUM SPECTROSCOPY IN BULK CELLS

The key step for making integrated atomic vapor cells based on ARROW waveguides is the development of a suitable
process to add a rubidium-containing reservoir on the chip. Several approaches have been developed. In a first approach,
a stainless steel standoff was attached over one of the open ends of the hollow core with an epoxy adhesive. The other
open end was sealed with a drop of epoxy. The chip was then placed in a controlled environment glovebox (Vacuum
Atmospheres, Hawthorne, CA) filled with helium. Solid rubidium droplets were then transferred from a glass ampoule
source into the stainless steel standoff. The top of the standoff was sealed using a stainless steel screw and butyl rubber
o-ring, resulting in an integrated rubidium cell with helium buffer gas at atmospheric pressure. A more recent version of
this process uses copper standoffs and sealing is accomplished by a combination of eoxy adhesive and crimping the top
of the standoff with a commercial crimping tool, resulting in an improved seal.

Proc. of SPIE Vol. 6904 69040E-2



In order to assess the performance of the seal, a set of test experiments with “minicells” (standard chromatography
bottles) was carried out. A minicell sealed using the crimped copper approach is shown in the inset to Fig. 2b, showing
shiny, metallic rubidium droplets at the bottom. The rubidium density in the cells was extracted from the hyperfine
absorption spectra at the Rb D1 line. Fig. 2a shows how the atomic density evolves as it is subjected to repeated heating
and cooling of the cell. It is seen that the density changes with temperature variation. However, the cell degrades with
each heating cycle as is evident by the strongly reduced peak density of subsequent cycles. This observation is likely due
to microscopic leaks that lead to slow oxidation of the Rb which limits the lifetime of the cell. Fig. 2b shows the same
experiment with a different epoxy. Clearly, much higher peak densities along with significantly reduced degradation are
observed. Fig. 2c shows a side-by-side comparison of the reduction in peak atomic density for the two different epoxies,
again showing significant improvement. Minicells fabricated following this protocol can be heated repeatedly and are
stable over several weeks. Most importantly, this fabrication method can be readily translated to integrated ARROW
waveguides.
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Fig. 2: Rb minicell performance a) atomic Rb vapor density in minicell with epoxy sealing subjected to repeated heating
and colling cycles, b) same thermal cycling experiment with different epoxy, ¢) comparison of peak density over time for
the two different epoxies.

4. LINEAR AND NONLINEAR RUBIDIUM SPECTROSCOPY ON A CHIP

Atomic spectroscopy on an integrated optical chip was demonstrated for the first time using cells fabricated with the
original approach using stainless steel reservoirs and o-ring sealing. The hollow core dimensions of the waveguide were
5x12um, and the solid core waveguide width was 12um. The dielectric layer sequence for the ARROW waveguides was
starting from the substrate (all values in nm): SiO,/SiN/SiO,/SiN/SiO,/SiN — core — SiN/SiO,/SiN/SiO,/SiN/SiO,
(550/110/550/110/550/110/5000/303/216/162/379/139/3402).

Fig. 3 shows the experimental layout for the different spectroscopic experiments. For linear spectroscopy, a probe beam
from a tunable ECDL laser at the Rb D1 or D2 line was coupled into the solid-core waveguide using single-mode optical
fiber.

Xi
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Fig. 3. Schematic layout of ARROW-based integrated rubidium cell on a chip.

Transmitted light was collected with an objective lens, focused on a photodetector, and recorded as a function of
wavelength. Alternatively, the excitation beam could be directed to a conventional bulk rubidium reference cell. Fig. 4a
shows the hyperfine structure of the Rb D2 line and the three transitions that could be probed with a single scan of the
laser. Fig. 4b (top) shows the normalized hyperfine-split absorption spectra of the Rb D2-line around 780nm taken at a
temperature of 70°C from an integrated ARROW rubidium cell. Clearly, the integrated Rb cell shows a clean, Doppler-
broadened absorption signal that is nearly identical to that of the bulk cell, demonstrating the essential functionalities of
the ARROW chip: confinement of both rubidium atoms and light within the same hollow-core waveguide. A key metric
for the usefulness of an integrated rubidium cell, in addition to the ability to observe a guided mode and an absorption
spectrum, are the levels of both atomic and optical density that can be achieved. In particular, it has been shown that
EIT-based nonlinear effects require optical densities in excess of one to be practical”®. We found that density levels in
excess of two can be achieved in the integrated ARROW cell, corresponding to optically dense vapors. Higher optical
densities c*;tln be achieved with longer hollow-core sections and by increasing the atomic density, e.g. using light induced
desorption” .
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Fig. 4. a) Rb hyperfine structure and transitions probed during experiment, b) top: single beam absorption signal in
integrated ARROW cell, bottom: saturated absorption spectroscopy in integrated ARROW cell using counterpropagating
beams exhibiting characteristic lamb dips.

A second set of experiments was carried out to demonstrate one of the key advantages of our integrated approach and
show a way towards near-term applications of this technology. The measurement setup was expanded to accommodate
coupling light from both ends into the chip to demonstrate saturated absorption spectroscopy (SAS). SAS is a commonly
used method for frequency stabilization of a light source by locking its emission frequency to that of an atomic
transition. Typically, counterpropagating beams in bulk atomic vapor cells are used to create narrow spectral features by
the elimination of Doppler broadening due to selection of atoms with zero velocity relative to the beams. The width of
these Lamb dips is determined by the much smaller homogeneously broadened linewidth of the transition and leads to
more accurate references. Normally, overlapping the strong pump with the weak probe beam requires some alignment

Xii
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effort. In our integrated ARROW cell, however, this alignment is automatically accomplished by the optical waveguides,
demonstrating one main advantage of the use of integrated optical elements. Fig. 4b (bottom) shows the SAS spectrum
observed in the ARROW cell in the presence of the pump beam and clearly shows the characteristic Lamb dips.

Fig. 5 shows closeups of the three lamb dips (red dots) along with theoretical fits (blue lines) to a SAS lineshape that is
given by
1 S7s (r/2) M

2N+ S (v—v, )’ +(rs/2)

av,z)~

where S is a saturation parameter and y is the homogeneous linewidth of the transition. Fig. 5 shows an excellent match
of theory and experiment for S=2.2+0.1 and y=46+5MHz. The lines are clearly not pressure broadened which indicates
that the helium buffer gas has essentially escaped from the waveguide after fabrication was completed. The observed
homogeneous linewidth is consistent with a predicted transit time broadening of 48MHz that is caused by the finite
interaction time of a rubidium atom with a waveguide mode of a couple of microns width.

-500 0 500 -500 0 500 -500 0 500
Frequency (MHz) Frequency (MHz) Frequency (MHz)

Fig. 5. Closeup of lamb dips from saturated absorption spectroscopy in ARROW cell. Red symbols: experiment, blue
lines: fits to eqn. (1).

5. QUANTUM INTERFERENCE SPECTROSCOPY

Finally, we present the measurement of quantum interference effects in Rb-filled minicells described in section 3. First,
electromagnetically induced transparency (EIT) was demonstrated in a V-configuration on the Rb D1 and D2 lines as
illustrated in Fig. 6a. The V configuration has the advantage that the copropagating control and probe beams are easily
separated based on their large wavelength difference.

a b) o.2s
( ) ( ) 3 0.95+
= 0.27 ]
5P3/5 3 ‘= 0.9f
b F=13 — 9
==, § 0% 3 oss
\ T ﬁ 0.25 £
Control £ g 0.8
Probe 2 =
\ S 0.24 g 075
a F = [
F=1 0.23 a 07
55112 0.65
-2000 -1000 0 1000 e | -0.5 0 0.5 1
Frequency [MHz] Probe detuning [GHz]

Fig. 6: V-scheme EIT in Rb minicell. a) atomic level configuration
and applied laser fields, b) observed transmission spectrum, c)
closeup of EIT peak along with fit to eqn. (2).
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For the experiment, two spatially overlapping laser beams copropagated through approximately 1cm of Rb vapor inside a
minicell. The resulting transmission spectrum of the D1 probe laser at 795nm is shown in Fig. 6b. An EIT transmission
peak is clearly observed in the presence of the D2 coupling laser and marked by the arrow. Fig. 6¢ shows a closeup of
the EIT peak along with a fit (blue line) to the equation for the linear susceptibility*’

4= 4ihc,u122N\/; @)

EoUp

¢ [I—erf (2)]

Here, 1,5 is the transition dipole moment, /V is the atomic density, # is the atom velocity, wp is the probe frequency, erf'is
the error function, and z is given by

02 /4 ] ®)

2= [}/ iNp +
= 21 —iAp :
731 —ilAp —Ac)

uwp

Where y,; and y;; are the dephasing rates of the probe and control transitions, respectively, Q is the control Rabi
frequency, and Ap and Ac are the probe and control detunings, respectively. As can be seen in Fig. 6¢c, the agreement
between experiment and theory is excellent, and allows us to extract a 2-1 dephasing rate of v,;/2n=39MHz for the probe
transition.

Secondly, A-EIT on the Rb D1 line was observed. Fig. 7a shows the generic three level scheme along with its
implementation in *’Rb. Generally, A-EIT can provide much narrower spectral features due to the long coherence time of
the dipole-forbidden 2-1 transition. In addition, there are no contributions to the EIT transparency due to optical pumping
as in the case of the V-scheme. For the experiment, two co-propagating and orthogonally polarized laser beams were
aligned through a minicell. The control laser was tuned to the 2-3 resonance, and the probe laser was tuned across the 1-3
resonance.

(a) (b)

3
5p *P) :
# Tz qws?m; ’ Qc QP
F=2

N
55 "8y,
— 35 MHz

—
(2)
A

=N
transmission
transmission
—

- - 1000 -500 0 500 : ’ N
e Frequency [MHz] frequency

Fig. 7: a) A-EIT three level scheme and implementation in *’Rb, b) probe transmission versus detuning from the 1-3
resonance, ¢) closeup of the EIT peak along with fit to theory (red line).

Fig. 7b shows the experimental result for the probe transmission (blue line) for a control beam power of P.=10mW at
room temperature. A clear transparency dip, the hallmark of quantum interference, is observed on resonance. The red
line shows a fit to the theoretically expected absorption profile using an appropriately modified version of [??]. Again,
very good agreement with the experimental data is found which is also illustrated in the closeup of the EIT peak region
in Fig. 7c.

The control beam power was varied between ImW and 10mW and both the depth and width of the EIT peak were
extracted from the theory fits. These results are illustrated in Fig. 8. Fig. 8a shows the expected increase of the peak
depth with the control laser Rabi frequency (intensity), showing that more than 65% transparency were easily achieved at
room temperature. Fig. 8b shows the EIT linewidth which displays the expected linear dependence on the control Rabi
frequency [??]. Finally, we extracted a coherence dephasing rate on the 2-1 transition of y,,/2n=0.47 MHz which is much
smaller than for the V-EIT scheme, as expected.
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Fig. 8: relative depth (a) and width (b) of EIT peak versus control beam Rabi frequency.

6. CONCLUSIONS

Hollow-core waveguides continue to show progress towards novel linear and nonlinear optical devices when filled with
atomic vapor. A new process for self-contained, monolithically integrated rubidium vapor cells using hollow-core
ARROW waveguides was presented. Both linear and nonlinear atomic Rb spectroscopy on a chip was demonstrated
along with high optical densities. The demonstration of various types of EIT in atomic vapor minicells fabricated with a
waveguide compatible sealing process paves the way for realizing integrated quantum interference devices in the future.
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Simultaneous generation of slow and fast light
for Raman coupled beams

G.S. Pati, M. Salit, K. Salit, S. Tseng and M.S. Shahriar
Department of EECS, Northwestern University, Evanston IL 60208

ABSTRACT

This paper presents an experiment to realize both slow and fast light effects simultaneously using the Raman gain and
pump depletion in an atomic vapor. Heterodyne phase measurement shows the opposite dispersion characteristics at
pump and probe frequencies. Optical pulse propagations in the vapor medium also confirm the slow and fast light effects
due to these dispersions. The method being experimentally simple, and allowing the use of intense pulses experiencing
anomalous dispersion via the fast light, can be applied in rotation sensing and broadband detection schemes proposed
recently.

Key Words: slow light, fast light, Raman gain, rotation sensing, gravitational wave detection

1. INTRODUCTION

Resonant dispersion phenomena originating from optically induced coherence in atomic media have been used
to produce both slow and fast light, and have the potential for many practical applications'***>%7. Subluminal (or slow)
light propagation is observed when the dispersion profile has a positive slope (giving rise to a reduced group velocity),
and has been shown in various types of material medium, including room temperature solids, using a variety of
processes such as electromagnetically induced transparency'” coherent population oscillation®, and photorefractive
beam coupling’. In contrast, controllable anomalous dispersion for superluminal (or fast) light propagation has only been
demonstrated in the transparent intermediate spectral region corresponding to Raman gain doublets’. Recently, we
proposed applications of this effect in ultra-sensitive rotation sensing'® and also in designing a white light cavity for
broadband gravity wave detection''. The Raman gain doublet method is not, however, appropriate for use with high
power probe beams. An experimentally simpler method using depletion rather than double gain to create the anomalous
dispersion would allow a high power beam to experience anomalous dispersion, a property which is useful in some of
the applications mentioned above. Furthermore, the anomalous dispersion for the depleted pump is accompanied by a
normal dispersion for the amplied probe, thus leading to simultaneous slow and fast light propagation in the same
medium. For degenerate pump and probe with orthogonal polarizations, this also opens up the possibility of studying
polarization rotation accompanied by pulse cleaving and re-merger.

Raman gain is observed in a three-level atomic medium under the two-photon resonance condition, as
illustrated by the energy level diagram in figure 1. It is normally achieved by applying a strong coupling laser that
creates both population inversion and drives a stimulated Raman process'?. Under this condition, the atomic medium
behaves as a two-photon gain medium. Single-pass Raman gain with a large gain coefficient and subnatural linewidth
can be achieved using a medium with modest atomic density [N ~ O(10'%)] and ground-state dephasing. Experimentally,
self-pumped off-resonant Raman gain can be observed using frequency-detuned pump lasers detuned far below the
atomic resonance. However, gain can also be extracted more efficiently using a relatively weak pump laser intensity and
observed over a wide range of frequency detunings, if optical pumping is used to create the population inversion
between the two coherently coupled ground states. During the stimulated two-photon Raman transition, the pump energy
gets depleted as the pump photons are converted to produce the probe photons. This creates a situation where the probe
frequency experiences a positive dispersion (subluminal effect), while the pump frequency experiences a negative
dispersion (superluminal effect). We have investigated this experimentally and observed both these effects
simultaneously in the atomic vapor medium.
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2. EXPERIMENTAL DETAILS

Our experiment uses a spatially non-overlapping incoherent optical pump and a moderate Raman pump
intensity. For observing gain, an off-resonant Raman excitation is constituted in a A-type configuration using the
hyperfine ground states and the Doppler-broadened unresolved hyperfine 5P;/, excited state manifolds of the D2 line in
Rb®. Fig. 2 shows the schematic of our experimental setup. The probe and pump laser beams are obtained using separate
accousto-optic modulators (AOMs) from an external cavity frequency-locked CW Ti:Sapphire laser (line width ~ 1
MHz). The frequency difference between them is matched to the ground state splitting in Rb*® (3.0357 GHz) for two-
photon resonance. An incoherent beam from a tapered amplifier diode laser is used as an optical pump to populate the
lower ground state. Raman gain at the probe frequency is observed by scanning the probe around the two-photon
resonance. The pump and probe beams are linearly and orthogonally polarized for the stimulated Raman process. A 10
cm long rubidium vapor cell containing mixtures of both the 85 and 87 isotopes is used in the experiment. The vapor cell
is magnetically shielded using two-layers of p-metal. During the experiment, the cell is also heated to nearly a steady
temperature of 70°C using bifilarly wound coils that produce a negligible axial magnetic field. All the beams are
combined using a polarizing as well as non-polarizing beam splitters at the input end before being sent through the cell.
After passing through the vapor cell, the probe beam is separated from all the other beams by using a high extinction
prism polarizer (the spatially non-overlapping optical pump beam does not fall on the detector and therefore does not
have to be separated out). Rubidium atoms moving with an average thermal velocity (~ 300 m/sec), diffuse through the
cross-section of the non-overlapping optical pump beam and get optically pumped. A strong optical pump beam (~ 20
mW) has been used to ensure optical pumping over large velocity group of atoms required for population inversion and
gain.

Stimulated Raman gain is considered as a two-step process where a relatively intense incoherent pump field
acts on the upper ground state F=3 creates population inversion between the two ground states, and the pump and probe
then excite a Raman transition to produce gain at the probe frequency. While observing the probe gain, we vary the
average frequency detuning of the laser fields for the Raman transition by tuning the laser frequency away from the
5S1, F =3 - 5P;;, F’ = 4 transition. Maximum probe gain is observed for a detuning close to 1 GHz below the transition.
When this happens, the pump energy is depleted due to the energy transfer from pump to probe. Thus the two-photon
resonance can also be observed in pump depletion. Figure 3a shows the gain in the probe and corresponding depletion of
the pump beam.

We then used a heterodyne technique to accurately measure the dispersion associated with probe gain and pump
depletion (figure 3b). A non-resonant auxiliary beam is produced by frequency shifting (by 80 MHz) a fraction of the
probe beam using an acousto-optic modulator. This is then divided in two parts, one of which is combined with the
probe that experiences Raman gain and the other with the unperturbed fraction of the probe that does not propagate
through the cell. These two heterodyne signals are detected using two fast photodetectors. The phase difference between
the two rf signals varies in response to probe dispersion as the probe frequency is scanned around the gain resonance. A
low phase noise mixer and a low-pass frequency filter are used to demodulate the rf signal from the detectors. The
amplitude of the demodulated signal is proportional to the refractive index variation in the dilute atomic medium. A
similar heterodyne technique was used to measure the dispersion due to pump depletion in fig. 3b by using an auxiliary
frequency shifted pump beam shown in dashed line in fig. 2. This beam is blocked during the probe dispersion
measurement, but turned on during the pump dispersion measurement. The polarizer and the half-wave plate in the
unperturbed and perturbed beam paths are also rotated to measure the pump dispersion using the same experimental
arrangement. The sign of dispersion is observed to be opposite and negative in comparison with the probe.

Having determined in this way that the theoretical group velocity a pulse centered at the probe frequency should
be less than ¢, due to the positive slope of the dispersion profile at its frequency, and that the group velocity for a pulse
at the pump frequency should be greater than c, due to the negative slope of the dispersion at that frequency, we next
used optical pulses in these beams so that their group velocities could be measured directly.

The beams were pulsed using an RF switch on the voltage controlled oscillator (VCO) which generates the
drive frequency for the AOM. Turning the switch off and on with TTL pulses from a digital pulse generator turns the
AOM on and off quickly, creating, effectively, square pulses at the pump and probe. Square pulses, however, are not

xviii

Proc. of SPIE Vol. 6904 69040L-2



suitable for these group velocity measurements since they have many frequency components outside the dispersion
bandwidth. The VCO output was therefore passed through a mixer and multiplied with a low-pass filtered TTL pulse
before being amplified and connected to the AOM transducer. The pulses created had smooth rise and falling edges, but
had the two lobed shape which is evident in figure 4 and figure 5 (the shapes of these lobes also differ because of two
different frequency mixers that were used for the two beams) Figure 4 shows the delay and gain experienced by the
probe pulse in the presence of the pump. The transmission of the probe in the absence of the pump is shown by the black
line, and the transmission when the pump beam is on, by the red line. The peak of the pulse clearly emerges later in the
presence of gain, and the re-shaped pulse takes longer to fully emerge from the medium, as shown by the long “tail” on
the red line. For reference, we also recorded a pulse which was routed around the material and experienced no
dispersion, shown in blue. The smaller amplitude is due to the imperfect beam splitter used to separate this pulse from
the pulse which was sent through the medium.

Figure 5 shows similar data for the pump pulse, but in this case the dashed line represents propagation of the
pump pulse in the absence of the probe beam, and the solid line represents the propagation of the pump when the probe
beam is on. Here the difference is less dramatic, but still clear. The solid line shows the reduction in amplitude due to the
depletion of the pump beam, and a very slight advancement at the leading edge, and a more significant one at the trailing
edge. The group velocity of this pulse is greater than ¢, due to the anamolous dispersion it experiences.

3. CONCLUSION

This data confirms that the same medium may simultaneously act as a slow light medium for pulses
centered at one frequency and a fast light medium for pulses centered at a different frequency. It also points to a simple
method of creating steep anomalous dispersion profiles for high power beams, which promises to be useful in the
applications we are pursuing for rotation sensing and gravitational wave detection. This work was supported in part by
the Hewlett-Packard Co. through DARPA and the Air Force Office of Scientific Research under AFOSR contract no.
FA9550-05-C-0017, and by AFOSR Grant Number FA9550-04-1-0189.
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Active Slow-Light Rotation Sensor

Jacob Scheuer* and Ben Z. Steinberg
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ABSTRACT

We study the lasing eigen-modes and dynamics of circular coupled laser array in a rotating framework for ultra-sensitive
integrated optical rotation sensing applications. The dependence of the mode and frequency splitting on the array
parameters is studied in details. The impact of variations of the resonance wavelength of the individual cavities and the
inter-cavity coupling is studied and found to generate a “dead-zone” which limits the sensitivity of the sensor.

Keywords: Gyroscopes, Sagnac Effect, Integrated optics devices

1. INTRODUCTION

An electromagnetic wave propagating along a circular path in a rotating medium accumulates additional phase shift
which depends on the medium rotation. This phase shift, known as the Sagnac effect, is the underlying mechanism of
contemporary high-resolution optical rotation sensors and Gyros. Optical rotation sensors can be roughly divided into
two sub-categories: 1) Passive devices that generally measure the phase shift between the clockwise (CW) and
counterclockwise (CCW) rotating waves using interferometric methods and 2) Active devices (lasers) that measure the
beating between the resonance frequencies of the CW and CCW rotating waves'. The detection threshold of Gyros
belonging to these sub-categories is limited by different mechanisms. Passive devices are basically limited by the
minimal power which can be detected, which is determined by Schott noise while laser Gyros are theoretically limited by
a phenomenon called injection locking which tends to lock the frequencies of the CW and CCW rotating waves at low
rotation rates. This frequency locking is caused by undesired reflections and backwards scattering of one mode to the
other due to imperfections in the optical path. However, the injection locking phenomenon can be eliminated by
employing various techniques' such as biasing the Gyro using a known rotation rate, etc. As a result, laser Gyros are
more commonly used then their passive counterpart, especially when the detection of very low rotation rates are desired.
Nevertheless, the responsivity, which determines the device accuracy, of both active and passive devices is determined
almost solely by the area circumvented by the optical path’, thus necessitating relatively large devices.

Recently, the Sagnac effect was studied in slow-wave structures consisting of single and multi mode coupled micro-
cavities” *. These studies demonstrated the slow-wave structure potential for responsivity enhancement while retaining
compact dimensions. In particular, it was found that the Sagnac effect is manifested differently in slow-wave structure
and that the responsivity is determined not only by the area of the device. Other parameters such as number of cavities,
inter-cavity coupling and the area of the individual cavities play a role in determining the Gyro responsivity>™.

These studies, however, where focused on passive devices which exploit the difference in the phase accumulated by the
CW and CCW rotating waves. Generally speaking, the performances of passive CROW based devices, particularly
CROW delay lines, are inherently limited by the losses (i.e. the Q-factor) of the individual cavities®. Recently, it was
suggested to incorporate gain into the cavity to overcome this problem’. Here we study active slow-wave rotation sensors
in which each cavity is a micro-laser. A realization of such structure employing a circular array of vertical cavity surface
emitting lasers (VCSELSs) is depicted in Fig. 1. Unlike continuous optical path ring lasers (such as fiber lasers) the
“backwards scattering” in a coupled resonator optical waveguide (CROW) structure is inherently manifested by the
inter-laser coupling coefficient and does not need to be introduced phenomenologically.

In Sec. 2 we present the theoretical framework and derive a set of rate equations for the circular laser array. In Sec. 3 we
study the lasing modes and dynamics of the array. In Sec. 4 we study the effect of structural variations and inaccuracy on
the device performance. In Sec. 5 we discuss the results and summarize.

*kobys@eng.tau.ac.il; Phone: +972-3-6407559; Fax: +972-3-6423508; www.eng.tau.ac.il/~kobys/
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Fig. 1. Active CROW gyro based on a circular array of VCSELs

2. THEORETICAL FRAMEWORK
2.1 The passive CROW

We base our derivation of the passive CROW based gyroscope on the tight-binding approach adopted to rotating
system’, in conjunction with the array rate equations on the notations and definitions of Ref. 8. We assume that each
single microcavity with center at 7 has a (complex) dielectric profile ¢.(7#—7) supporting a single mode with

resonance frequency @), and field profile y (7 7)) at stationary conditions:

Vi =g (F )i’gy/ (1)

The wave equation describing the total field in a rofating laser array is given by:

VE =—¢(F) % 42220 g @)
c? w0l
where g(7) is the dielectric coefficient of the whole structure, ¢ is the speed of light, - the optical frequency of the
field, Q2 - the (mechanical) rotation frequency and E( 7 ) is the electrical field profile. It should be noted that both & and
& have real an imaginary parts, i.e. ¢.(F)= ¢l (F)+ic.(F), e(F)=¢&"(F)+ie' (F). Therefore, we normalize the mode
profile of the individual laser according to I el (Mw(ry (rd’r=1. To solve Eq. (2), we adopt the extended tight

binding approach and expand the total field of the rotating system using the modes of the isolated and stationary micro-
cavities:

E=Y, Ay(F-i) G)

where L in the number of lasers, and 17;1 is the center of the n cavity. Due to the tight-binding (weak coupling)

assumption, the effect of inter cavity coupling, as well as the effect of rotation, are manifested essentially via the (yet
unknown) expansion coefficients 4,. Note that the relevant wave equation for the total field (2) is no longer self adjoint
(due to rotation), thus the variational solution procedure usually employed in tight-binding theory cannot be invoked.
Instead, we follow the steps: introducing (3) and (1) into (2), multiplying both sides by 1//*(;7 -7, ) , and keeping only the

exponentially dominant terms (nearest neighbor coupling). The result is the matrix equation for the field expansion
coefficients A4,, (m=1..L):

AwA, (1+i6)=1 O|K|e’¢” (4, +A4,,)-La4, |Aa|e’%+ia)0§271(Am+1—Am_l) 4)
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where we assume o ~ @, define Aw = ® — w, and
=[lec (=)= (F)Jw (F-R)y" (F-7)dr

A =[[e(F) = (F=7,) v (F-F7,)[ &

5=[et G) () o' N
7= :ew(r By (F-#)d’r

We assume that the imaginary part of the refractive index is relatively small, i.e. <<l and, therefore, the coefficient
multiplying 4,, on the LHS of (4) merely introduces a negligible phase shift. The assumption is valid because in all
practical devices (lasers) &<<&". Aa is also, in principle, complex but its impact can be divided into a frequency shift
(the real part) and gain shift (imaginary part) for each individual laser and, thus, can be absorbed into the resonance
frequency and cavity loss of each laser. The significant contribution stemming for the imaginary part of the refractive
index is expressed in ¢, (nearest neighbor coupling). This phase is strongly affected by the guiding mechanism of the
mode of lasers (gain or index). For example, in the case of pure gain guided lasers x; is purely imaginary (@, =n/2)
Therefore, this phase cannot be neglected.

2.2 The active CROW rate equations

To derive the rate equations for temporal evolution of the slowly varying field envelope of £ we assume the following:
The time dependent amplitude of the field in each cavity can be represented by a Fourier integral -

.[ A exp la)t)da) This amplitude is assumed to have a relatively narrow bandwidth around @, i.e.

Am (z):Em( )exp(za)ot) and therefore E I E, Aa))exp(zAa)t)dAa) where Aw = w-w). By inverse Fourier

transforming equation (4) we get a set of coupled ordinary differential equations describing the temporal evolution of the
field in each micro-laser:

dE . i . i

_dtm =1im, |K1 |e *“(E, +E,. )-LioE, |Aa| ¢ —aQy, (E,.. - E,_,) (6)
The frequency shift term due to the self-coupling coefficient Aa can be eliminated from (6) by substituting
E, (;) = Em (t)exp(—% ioAa - ;). Similarly, the imaginary part of A can be absorbed into the photon lifetime. Next, we

introduce the cavity photon lifetime and the gain into (6), as well as, the rate equation for the carrier population
inversion:

ddi;m - %[G(N,n )~ T;l ] (1 + iR)Em +Jicyxe” (Emfl B, ) ~ 22, (E’"H - E"H)
(7
B PN -GN, JE,[

where N, is the excess carriers in laser m, P is the pump level, 7, and 7, are correspondingly the photons and carriers
lifetimes and R is the linewidth enhancement factor connecting the change in the gain level of the semiconductor
material with the change in it refractive index. G(V,) is the optical gain in laser m given by:
G(N ):G(Nm)+ g.(Nm _N,h) where y is the differential gain 0G/ON at threshold and G(N;)=1/7,. Finally, we

m

normalize the rate equations according to the conventions of Ref 8: 4 = t¢r E, .Z =iN,er, (N,/N, —1),

p = hgz— ( / th 1) Wherel)lh = ]vzh/f.\' s 77 = %wOTp |Kl|’ 771 = wOTp |7/1|’ T = TS/T[) » T = t/Tp : IntrOducnlg the
normahzed variables to (7) yields the following normalized rate equations:
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A,=Z, (1+iR) 4, +ine”™ (4

m+1

+ Am—l ) - UIQ(AmH - Am—l )

; > (®)
T-Z,=p,-Z,—(1+2Z,)|4,]

where the dot indicates a derivative with respect to 7. For a circular array consisting of L lasers the boundary conditions
are Aj=A; and A;.1=A4,. Eq. (8) possesses the functional form of the conventional rate equations but with an additional
term which is linearly dependent on the mechanical rotation rate, Q, and a new coupling coefficient, 77;, defined by the
overlap integral in (5).

3. THE LASING MODES IN THE ROTATING FRAMEWORK

To study the dynamics and lasing properties of the circular arrays subjected to mechanical rotation, Eq. (8) were solved
numerically using a fourth order Runge-Kutta integration scheme’. For simplicity it was initially assumed that the two
coupling coefficients between adjacent micro-lasers (77 and 7,) and the pumping levels (p,,) are identical for all the lasers
in the array. An array consisting of L lasers has L eigen-modes of which L-1 (L-2) are degenerate for an odd (even) L.
The degenerate modes correspond to CW and CCW rotating waves. The non-degenerate modes of the array are the in-
phase (no phase shift between adjacent lasers) and the anti-phase (n phase shift between adjacent lasers) modes which
are stationary (standing waves). In should be noted that, in a circular array of odd L the anti-phase mode does not exist
due to phase frustration’ and, therefore, for such arrays there is only a single non-degenerate eigen-mode.

For rotation sensing applications we are interested in the beating frequency generated due to the rotation induced
splitting of originally degenerate CW and CCW rotating modes. Therefore, the non-degenerate solutions are unusable
(see e.g. Refs. 9 and 10 for a general discussion on the role of mode-degeneracy under rotation). However, it is well
known that (non-degenerate) anti-phase mode tends to be the dominant lasing solution in coupled laser arrays, having the
lowest lasing threshold'?. On the other hand, the in-phase mode generally has the highest threshold level and is seldom
exhibited unless specific arrangements are made'?. Therefore, in order to suppress the anti-phase lasing mode, it is
advantageous to use an array of odd number of lasers.
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) —— N=5w=-0.0162

121 e N=5 w=0 0062 1
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Fig. 2. Beating frequency of the different modes of CROW Gyro with 3-11 cavities. R=0, p=0.1 and 7=300. The parameter
w indicates the shift of the specific resonance frequency of each CROW mode from the resonance of the individual
cavity in normalized frequency w = (0-@y)-7 /2%

Figure 2 depicts the (normalized) beating frequency as a function of the (normalized) rotation rate for the various lasing
modes of circular arrays consisting of 3-11 micro-lasers. The coupling coefficient 77=0.01 is identical for all the arrays
and -10™ <77,Q < 10™. The rest of the parameters are defined in the figure caption. Each curve in the figure corresponds
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to the rotation induced frequency difference of originally degenerate CW and CCW rotating waves, and is designated by
the (normalized) frequency shift of the degenerate modes (i.e., at Q=0) from the resonance frequency of the individual
cavity.

Figure 2 illustrates several important properties of the active CROW rotation sensor. The responsivity of Gyro,
represented by the slope of the curves, is mode dependent, i.e. each (originally) degenerate mode exhibits different
splitting when subjected to rotation. As can be expected, the mode with highest sensitivity is the one for which the
resonance frequency is closest to that of the individual laser. This is because the slope of the dispersion relation is
steepest at this point. Another prominent characteristic is the increase in the responsivity for larger array. This trend is
not surprising as it stems directly from the corresponding increase in the device area (assuming the inter-laser distance
remains constant).

4. STRUCTURE VARIATIONS - THE FORMATION OF A DEAD-ZONE

In ideal structures, such as the ones analyzed in section 3, the resonance wavelengths and inter-laser coupling are
identical. In real-world devices, fabrication errors and tolerances induce random variations of these parameters around
some mean values.

We start our analysis by noting that under stationary conditions (Q2 = 0), the entire structure possesses second order mode
degeneracy at each of its optical resonances; it supports two modes propagating in CW and CCW directions.
Alternatively, since any linear combination of degenerate modes is by itself a degenerate mode, these modes can be
equally well presented as two real standing waves. When the structure rotates, the corresponding degenerate resonance
splits into two distinct resonances’. Similarly, structural disorder splits mode degeneracy'®. Thus, one can invoke the
theory of mode-degeneracy under rotation’ , and extend it to hold also under structure inaccuracy using essentially the
tools of Ref. 10. This combined approach has three important advantages. First, it enables one to obtain quickly the
general expression for the effect of rotation and structure inaccuracy on the mode splitting, where the fact that each
global mode can be expressed as a summation of the form of tight binding theory (3) is done at a later stage, and is used
only to get more explicit final results pertaining to the gyroscope dead-zone. Second, it enables one to express the
structure variation using its most fundamental form — the variation of & while its manifestation as variation of the
individual cavity resonances and its effect on the gyro dead-zone “pops out” later as derived results. Finally, this
approach also reveals an interesting physical picture of two competing effects: both, structure inaccuracy and mechanical
rotation break the mode degeneracy and cause resonance splitting” . Splitting due to the former is Q-independent,
while splitting due to the latter scales linearly with Q. The device can be used as a gyroscope only when the splitting due
to rotation exceeds the splitting due to structure inaccuracy. Hence, a dead-zone in Q is formed. This novel physical
effect of competing processes is derived analytically and backed up by numerical simulations.

4.1 Theoretical analysis

Let Hg be the magnetic field of the entire structure, under rotation and structure variation. It satisfies the following wave
equation.

©H, =k’H, +ikL,H,, ©=Vx[l/¢(F)|Vx, k=w/c ©9)
where &(r) describes the entire dielectric structure, including structural disorder. Lg, is the rotation operator:
LoH, =Vx[B/e(F)xH,|+B/e(F)x[VxH,], B=c'QxF (10)

At rest, and in the absence of structural disorder, the two degenerate modes H (" (¥) (m =1,2) of the entire structure

satisfy:
©H" =kiH", ©,=Vx[l/e,(F)]Vx, k,=a,/c (11)

where ¢, (7) describes the entire unperturbed structure and ay is the corresponding resonance frequency. As will be
shown, rotation and structural disorder cause it to split into two different resonances. Note that /" (¥) can always be

presented as real and orthogonal set. Therefore, we have:
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©=0,+3, I=Vx(s[lfe(®)])Vx, S[e()]=¢"F)-&F) (12)
so the wave equation (9) can be written as:
®,H,-k’H, = (ikL, —®)H,,. (13)

Clearly, the LHS of (13) is nothing but the conventional wave equation governing the field in the stationary and
unperturbed structure. The RHS describes two effects; that of rotation and that of structural disorder. We follow now a
similar analysis to Ref. 9 with the only exception that an additional term (structural disorder) appears in the RHS. The
total field is a summation over /" (7) serving merely as building blocks:

2
HQ = ZanH(gn) (14)

n=1

We substitute this expansion into (13), use (11), perform inner product of the resulting equation with /(™ and use their

mutual orthogonality. The result is the following 2X2 matrix-eigenvalue equation for the expansion coefficients ¢, and
frequency splitting k-ky
D, D,lla a
R T = (k—ky ) 2k, | (15)
D, D, || a, a,

D, =-ik, (L H",H")+(®H" ,H")=kQB, +d, (16)

where

and where (f, g) is the L, inner-product. Clearly, the two different eigenvalues of the equation above represent the
frequency splitting. The coefficients B, here were studied in detail in Ref. [9]. They depend only on the perfect
(unperturbed) structure and form a skew-symmetric imaginary matrix, with By;=B»=0. d,,, depend only on d® and
therefore represent only structure disorder effects. By careful examination one can show that d\,=d,, and d,,+d;,—0 as
the number of (statistically independent) micro-cavities comprising the entire structure, increases. Thus, we are left with
the following analytical expression for the frequency splitting:

I
k—k, = i?\/dfz —dydyy + Q7 |B (17)
U

Thus, the splitting vs. Q clearly possesses the form of Hyperbola, with a “dead-zone” €4 originating from the
“competition” between disorder-induced splitting and rotation-induced splitting. It is given by:

Q, ~ (dlzz —d,dy )1/2/(k(,2/ |Blz|) (18)

as shown in Fig. 4. It can be shown analytically that the d,, coefficients, responsible for the dead-zone extent, are
directly related to the variance of the individual cavity resonance frequency'” .

4.2 Numerical results

A numerical statistical analysis of the impact of fabrication errors was performed for a 7-cavity circular CROW. The
coupling coefficient between adjacent cavities was set to be 7= 0.01 and the normalized rotation rate is scanned between
-10 < Q2 < 10™. For an ideal structure (all cavities having identical resonance frequency) the stationary system has 4
resonance frequencies where three of them are doubly degenerate. Under rotation the degeneracy is lifted and a beat
signal between the originally degenerate modes is formed. Fig. 3 shows the frequency of the beat signal of an ideal
system undergoing rotation. The three lines correspond to the three different degenerate modes.
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Fig. 3. Beating frequencies of an ideal rotating CROW consisting of seven cavities. The parameters are as in Fig. 2.

Fabrication errors are modeled by introducing shifts (deviations) in the resonance frequencies of the individual cavities.
The deviations lift the degeneracy of the modes and, as a result, there is a beat frequency even without rotation. More
over, at low rotation rates the sensitivity of the Gyro is reduced. The differences between the resonance frequencies of
the cavities comprising the CROW are assumed to be normally distributed with variance c. Fig. 4 shows the frequency

of the beat signal of a “realistic” CROW Gyro with 6 = 107.
The stars indicate the numerically calculate beat frequency while the solid line represent a fit to hyperbola -
Aw,, =+a’ +b2(;7|Q)2 . Fig. 4 illustrates the decrease of the Gyro sensitivity for lower rotation rates. The excellent

agreement of the numerical data to the hyperbolic fit (as predicted by the analysis of section 4.1) enables the extraction
of the sensitivity (the slope of the linear parts of the hyperbola) and the “dead-zone” — the minimal rotation rate that can

be detected by the Gyro.

— 0=0018
=-00045
— o=00125

3 I I 1
-15 -1 0.5 0 05 1 1.5

72 ot

Fig. 4. Beating frequencies of a realistic rotating CROW consisting of seven cavities. The parameters are as in Fig. 2, the
standard deviation of resonance of the individual cavities is o = 107..

An intuitive method to define the sensitivity is to calculate at the slope of hyperbola:
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dw,,, _ b
dnQ) 1+ (a/p) -(Q)*

For large rotation rate the slope is almost constant but when 77,Q becomes smaller than a/b the slope starts to decrease.

Therefore, it is reasonable to define the minimal detectable (normalized) rotation rate as (77;C)min = a/b, where a and b
are the hyperbola parameters found from the fit.

(19)

The statistical analysis was performed by evaluating the sensitivity and dead-zone for o ranging between 10~ and 5x107
(in the normalized time units). For each o, 10 different structures where analyzed and the average slope and (77;2)min
were found for each of the three beat signals. Fig. 5 depicts the average dead-zone (a) and the sensitivity (b) for different
G.
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Fig. 5. Dead-zone (a) and sensitivity (b) of a “realistic” CROW as a function of . The rest of the parameters are as in Fig. 2

Two points that are clearly indicated in Fig. 5 The sensitivity is relatively independent of the fabrication errors — only a
minor decrease of the slope is observed when the resonance frequency variance is increased. The dead-zone, on the other
hand, increases significantly as o is increased. Similar increase in the dead-zone is found for the three different modes.

5. DISCUSSION AND SUMMARY

Closed loop slow light structures based on coupled micro cavities form a novel approach for the realization of ultra-
compact, chip level, rotation sensors. The incorporation of optically active cavities (i.e. lasers) can counteract the impact
of optical loss (existing in passive structures) which is the main factor limiting the achievable sensitivity in CROW
rotation sensors. We studied the dynamical behavior of closed-loop coupled laser arrays under mechanical rotation with
applications to sensing. We found that fabrication tolerances generate a “dead-zone”, similar to that found in
conventional laser gyros, which depends on the variations of the individual lasers. This dead-zone is formed because the
originally degenerate modes of the circular arrays split in the presence of fabrication errors. This splitting limits the
minimal rotation rate that can be detected by the gyro (the rotation induced frequency different must exceed the original
splitting). Although the underlying mechanism of the dead-zones observed conventional laser gyros is different (back
scattering), the physics is similar. In both cases the ideal degeneracy between the CW and CCW propagating modes is
removed and the Sagnac effect must exceed the frequency splitting in order to be observed.

However, we expect that as we increase the number of laser composing the gyro while keeping structural disorder at a
constant level, the dead-zone will decrease and the minimal detected rotation rate will be reduced. This is in contrast to
conventional gyros in which the length of the loop does not affect the dead-zone.
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