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SUMMARY OF EFFORT

Relevance

Lasers, high bandwidth and high time-bandwidth product analog optical signal processing
devices, quantum information, and optical data storage are applications areas for our lasers and
spectral hole burning (SHB) materials. Our lasers stabilized to spectral holes are enabling
technology for optical signal processing and a number of opto-electronic devices based on
spectral hole burning and spatial-spectral holography.

We have transferred our designs and characterizations of hole burning materials to Scientific
Materials Corporation of Bozeman, MT, a DoD SBIR contractor.

We have transferred laser stabilization techniques and spectral hole burning materials to MSU
Spectrum Lab, Scientific Materials Corporation, and other DoD funded groups and have
developed, refined, and characterized materials for both high bandwidth optical signal processors
and high density optical memories based on spectral hole burning in support of DoD programs.

We collaborated with IBM Almaden Research Center and MSU Spectrum Lab.
Overview of Impacts on Montana Business and Other Montana Programs

This project impacts Montana business, commercial products under development, the Spectrum
Lab at Montana State University which is the device oriented arm of our cooperative Montana-
based spectral hole burning research activities, and other research groups in the Physics
Department at Montana State University.

¢ Our stable laser devices are required for a number of Montana-critical applications. Our
new lasers and laser systems are required for optical signal processing devices produced
by Scientific Materials Corporation and MSU Spectrum Lab; for new initiatives at MSU
in the high-profile computer technology based on quantum physics and called ‘quantum
computing,” ‘quantum information,” or ‘quantum cryptography;’ and for military
applications such as remote sensing of vibrations (laser vibrometry).

e We have provided enabling technology for the S*CHIP optical signal processing program
that Scientific Materials Corporation, Bozeman, MT, has with the US Missile Defense .
Agency (MDA) and US Army Space and Missile Defense Command (USA/SMDC). The

name “S°CHIP” stands for “Spatial-Spectral Coherent Holographic Integrating
Processor.”

e We have transferred our laser stabilization techniques and materials to MSU Spectrum
Lab as enabling technology for (a) signal processors for the US Defense Advanced
Research Projects Agency (DARPA), (b) the S*CHIP for Army Missile Defense
Agency/Space and Missile Defense Command, and (c) other Spectrum Lab projects
funded by the US Government through cooperation with the University of Colorado.




The MSU Spectrum Lab highlights the two fundamental technologies responsible for Spectrum
Lab’s success:
e Spatial-spectral holography — relying on our materials

e Laser development and stabilization: Frequency locking to spectral holes — developed
in our laboratory.

The S*CHIP “proof of concept’ demonstration SZCHIP for RADAR
mentioned on page 3 was done in Autumn 2001,
e with Cone group stabilized lasers,
¢ in the Cone lab, and
¢ in a laser stabilization and hole burning
material that the Cone group developed —
Er’":Y,SO0s.
That experiment led to a family of high optical bandwidth and high time-bandwidth product
analog optical signal processing devices.

Details are discussed beginning on page 6 of this report and in Applied Physics Letters:
Coherent Integration of 0.5 GHz Spectral Holograms at 1536 nm using Dynamic Bi-
Phase Codes, Z. Cole, T. Béttger, Krishna Mohan, R. Reibel, W. R. Babbitt, R. L. Cone,
and K. D. Merkel, Appl. Phys. Lett. 81, 3525-3527 (2002). '

Three US Patents Issued

1. United States Patent 6,407,831. Coherent interaction of optical radiation beams with
optical-electronic materials of generalized crystal symmetry. Inventors: Rufus L. Cone
(Bozeman, MT), Guangming Wang (Marlborough, MA), Yongchen Sun (Bozeman, MT),
Randy W. Equall (Bozeman, MT), issued June 18, 2002.

2. United States Patent 6,516,014. Programmable Frequency Reference for Laser
Frequency Stabilization, and Arbitrary Optical Clock Generator, Using Persistent
Spectral Hole Burning, J. L. Carlsten, R. L. Cone, P. B. Sellin, N. M. Strickland, issued
February 4, 2003. '

3. United States Patent 6,654,394. Laser Frequency Stabilizer Using Transient Spectral

Hole Burning, J. L. Carlsten, R. L. Cone, P. B. Sellin, N. M. Strickland, issued November
25, 2003.

Refereed Papers
Twenty published..

Conference Presentations
Seventeen invited and plenary talks & fifty contributed talks.

Conference Organization
Twelve conference program and organizing committees and conference sessions chaired.




CONFERENCE ORGANIZATION, 8" International Meeting on Hole Burning,

Single Molecule, and Related Spectroscopies: Science and Applications - HBSM 2003,

July 27 to 31, 2003, Bozeman, MT. Rufus Cone, Randy Babbitt, and Aleks Rebane, together
with Randy Equall of Scientific Materials Corporation, hosted the 8™ International Meeting on
Hole Burning, Single Molecule, and Related Spectroscopies: Science and Applications, ‘HBSM
2003,” on July 26 - 31, 2003, in Bozeman, Montana. The conference was sponsored by The
Physics Department, The Spectrum Lab, and Scientific Materials Corporation and was supported
by Air Force Office of Scientific Research and Scientific Materials Corporation.

Accomplishments in the following areas are described on pages 6-67:

Topic Page Number
Analog Optical Sighal Pfocessing Enabled by Lasers Stabilized to'Spectfal Hblés . 6
Lasers Stabilized to Spectral Holes ' A ' 11
Laser Stablhzatlon using Regenerative Spectral Hole Burning in Er :Y3Si0s 11
Reviews of Laser Stabilization to Spectral Holes 19
Models Developed for Laser Stabilization to Spectral Holes 19
Laser Stabilization using Regenerative Spectral Hole Burning in Er’":K TP 25
Laser Stabilization using Persistent Spectral Hole Burning in Er**:CaF,:D” 29
Laser Stabilization using Gated Spectral Holes in Eu**:CaF, 32
Material Optimization for Laser Frequency References 33
Material Optlmlzatlon of Er** 'Y,SiOs at 1.5 pm 33
Other Er** Materials _ 43

Photon Gated Spectral Hole Burning & Relation of Ions to Band Structure by PES 45
Development of Photon Gated Hole Burning in Oxide Materials including YAIO; 54

Development of Tb** Gated Spectral Hole Burning Materials 57
Gated Spectral Hole Burning and Energy Level Structure of Tb**:LiYF, 58
The Role of Symmetry in Spectral Hole Burning Materials 66
Design and Characterization of Optical Memory Material Eu**:Y,SiOs 67
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ACCOMPLISHMENTS

Our laser frequency stabilization to spectral hole frequency references has been applied to diode
lasers in our laboratory, and our technology has been transferred to several Ti:Sapphire lasers,

demonstrating that these concepts and material references are broadly applicable to other types
of lasers.

Our laser technology has been fundamental to the development of the analog optical signal

processing as epitomized by the S2CHIP processor developed by MSU Spectrum Lab and

Scientific Materials Corp. of Bozeman. Advantages compared to conventional signal processing,

are a) high bandwidth, large time—bandwidth product, and large dynamic range operation, b) the

ability to process waveforms that change from shot to shot, ¢) coherent integration or signal

averaging of up many shots, and d) Doppler processing. Our laser technology has been adopted
by a number of other groups who focus on development of similar devices.

External cavity diode lasers have typical free-running linewidths of 100 kHz to 1 MHz or more,

~ and standard diode Fabry-Perot lasers have linewidths far far larger. Our stabilization techniques
have improved linewidths dramatically to the 20 Hz region over millisecond time scales. This
corresponds to stability of a part in 2x10". '

Analog Optical Signal Processing Enabled by Lasers Stabilized to Spectral Holes

Coherent integration of 0.5 GHz spectral holograms at 1536 nm using dynamic biphase
codes
Z. Cole, T. Bottger, Krishna Mohan, R. Reibel, W. R. Babbitt, R. L. Cone, and K. D. Merkel,
Appl. Phys. Lett. 81, 3525-3527 (2002).

This technology relies on our SHB materials and our laser stabilization in addition to the
concepts of spatial-spectral holography under development by Spectrum Lab. This discussion
illustrates the significant application of our stable lasers to important warfighting technology.

Spectral hole-burning-based optical processing devices are created for coherent integration of
multiple high-bandwidth interference patterns in a spectral hole-burning medium. We developed
the hole-burning medium, provided the laser and most of the processing apparatus, and this
demonstration was carried out in our laboratory in collaboration with personnel of the Spectrum
Laboratory at Montana State University. This was the first experimental demonstration of what
has become the S?’CHIP system described in the introduction of this report. Spectrum Lab
personnel have since advanced the performance to ~10 GHz bandwidth in a compact package
slated for commercialization.

In this first implementation, 0.5 GHz spectral holographic gratings were dynamically
accumulated in Er**:Y,SiOs at 4.2 K using a 1536 nm laser frequency stabilized to a spectral
hole, along with commercial off-the-shelf components. The processed data, representing time
delays over 0.5-2.0 s, were optically read out using a frequency-swept probe laser, an approach
that makes possible the use of low-bandwidth, large-dynamic-range detectors and digitizers.




Applications of SHB analog optical signal processing devices include optical storage,
processing, true-time delay, rf spectrum analysis, and quantum computing. In previous
processing demonstrations, spatial-spectral holographic gratings were recorded and then
coherently probed to stimulate the emission of an optical coherent transient signal representing
the processed output.

The present approach enables SHB-based processing applications including RADAR discussed
here, LIDAR, vibrometry, and radio astronomy. In RADAR range and Doppler processing, a
coded rf waveform is transmitted, reflected by a target, and then received (with inevitable
additive noise) after a delay Tp. The delay can be accurately determined by modulating the
transmitted and returned rf waveforms onto an optical carrier and illuminating a spectral hole-
burning material that acts as a correlative signal processor. For a single processing shot, two
time-ordered waveforms resonantly interfere in a frequency selective inhomogeneously
broadened transition, resulting in a spectral holographic grating — a frequency-dependent
population grating that includes the spectral product of the waveforms modified by a 1/ tp
periodic component. The processed information persists for and may be readout within the
optical transition lifetime 77 . For multishot processing, with pulse repetition frequency of 1/Tgrep,
up to N = T1/Trep shots may be coherently integrated by the medium, given sufficient laser
frequency stability over 77, resulting in an accumulated spectral grating in the SHB processing
material. For N coherent shots, all having a common delay, the primary 1/ 1p grating component
accumulates as ;N°* where o<1 for small N. For large N, the integration gain saturates due to
population dynamics. For agile RADAR processing applications, where each transmitted
waveform is a unique code, the material coherently integrates the processing sequence, recording
a dynamically accumulated spectral grating. The primary 1/7p component accumulates while the
changing spectral features of the dynamic codes and additive noise are averaged. Coherent
integration of spectral gratings is achieved with low optical input power at pulse repetition
frequencies of 1 kHz to 1 MHz with presently available materials near 1550 nm and 800 nm..
Further, Doppler processing is achieved by introducing multiple optical frequency shifted copies
of the transmitted waveform into different spatial channels of the material and parallel
processing the returned signal (nonshifted) in all channels. Accumulation of the 1/t grating
component occurs only when the frequency shift closely matches the Doppler shift on the return
signal. The reconfiguration of a spectral grating in a single spatial location is limited by T3.

We experimentally demonstrated coherent integration of up to 800 shots over 0.5 GHz
bandwidth at 1536 nm in an Er3+:YZSi05 crystal maintained at 4.2 K. Each transmit waveform
was a 200-bit long binary-phaseshift-keyed code. The code time-bandwidth product is a factor of
~T7 higher than previous spectral holographic processing efforts. A frequency-swept probe '
measured processed time delays ranging from 0.5 to 2.0 ms. We report coherent integration
dynamics and material parameters under these conditions. This demonstration utilized
technologies developed through Montana State University collaborations, including a laser
frequency stabilized to a transient spectral hole and a rare-earth-doped spectral hole-burning
crystal, along with commercial components. In the processing sequence, a shot consisted of a
randomly generated zero-mean waveform and its time-delayed replica, emulating a RADAR
transmit and return waveform pair without additive noise. Shots were introduced at a repetition
interval Trep , With a fixed delay 1p for n=1,2,..N. To avoid coherent beating between
consecutive shots, we set Trep >275 , Where T3 is the coherence time of the transition.




We implemented a frequency-swept readout technique to probe the grating structure by
frequency dependent transmission, rather than using the traditional brief pulse to stimulate a
photon echo. The transmitted signal can be detected, digitized, and post-processed to extract the
processed delay(s). Frequency-swept probing enables practical system development, with the
following advantages: (1) use of currently available low bandwidth, large dynamic range
detectors (~1 MHz and ~120 dB), and digitizers (~2.5 MS/s and ~16 bit) to extract delay
information from high bandwidth gratings, and (2) use of low power lasers with electrooptic
frequency tuning elements to provide reproducible, high-bandwidth frequency-swept probes. The
frequency-sweep rate should be less than 1/(Tpmax)’ to ensure sufficient temporal resolution,
where Tpmax is the maximum resolvable delay limited by 75 . The required bandwidth of
detection is just 1/ Tpmax rather than the signal bandwidth B. The required sweep duration is

[B(tpmax))*. For example, if Tpmax = 1.0 s, a sweep rate of 1.0 MHz/pis and a detection
bandwidth of 1 MHz << B is sufficient.

Experiments were performed in a 2 mm thick 0.005 at.% Er**:Y,SiOs crystal grown by Scientific
Materials Corporation, with oL = 1.8 at the 1536.14 nm line center. The *Lisn - 4113/2 (N
transition of site 1 had a 0.5 GHz absorption profile. The integration time for the holographic
processor is set by 77 = 11 ms, the population lifetime of the excited state of the Er’* ions.
Material studies determined the optimum direction for an applied magnetic field to minimize the
effects of spectral diffusion on the holographic grating. When a 3.0 T external field was applied
parallel to the D; axis, operation was practical at 4.2 K, a temperature that can be provided by
closed-cycle cryocooler technology. The external cavity diode laser was stabilized to a
regenerative spectral hole in a different spatial region of the same crystal. The stabilization
occurs at the required wavelength and provides the required stability over T . Thus, the
processing and stabilization techniques can be transferred to other hole burning materials. The
spectral hole was nominally 30 kHz wide and frequency stability of ~1 kHz (Allan deviation
over an integration time of 10 ms) was achieved. Both processing and stabilization beams
propagated parallel to the crystal b axis and were polarized along D;.

Figure 1 depicts the main experimental components. The stabilized laser—tuned to the
absorption line center—was fiber coupled and split into a processing and probing beam. The
processing beam was continuously biphase-shift-keyed modulated by an electro-optic phase
modulator driven by a pulse
pattern generator and then
PULSE PATTERN amplified. Each waveform S” was
LOCKTO )| GENERATOR DETECTOR modulated at 0.5 Gb/s. Between
SPECTRAL .
' all 8%, the light was square wave
AOM modulated (...101010...) at 1
Gb/s. A chopper created a 4 ms
- - off window in the processing
. RF FREQUENCY .
. |SWEEP CENERATOR beam to allow for probing 0.5 ms
into this window. The probing
beam was amplified and
frequency swept by an acousto-
optic modulator. The beams were

FIG. 1. Experimental schematic is shown: EOM—electro-
optic modulator; EDFA—erbium-doped fiber amplifier;
and AOM—acousto-optic modulator.




made collinear and focused to a ~50 um (1/e2 diameter) spot in the crystal. The transmitted
probe was deflected toward a 125 MHz bandwidth, ~50 dB dynamic range photodetector.

For all experiments, each waveform was 400 ns long (200 bits at 2 ns/bit) with Trep, = 5 ms. The
probe pulse was 10 mW and swept over ~15 MHz, shifted 165 MHz from the carrier at a sweep
rate of 0.2083 MHz/us. Post-processing of the transmitted probe consisted of filtering to
minimize the low-frequency components of the unabsorbed probe envelope, performing a fast
Fourier transform, and calculating its magnitude squared. Figure 2 plots post-processed data for
N = 800 shots, where tp was varied from 0.5 to 2.0 us in 0.1 ps increments using a 25 mW
programming beam. The primary peak of each trace was normalized to the 0.5 ms peak. Analysis
of the peaks, representing the extracted time delays, showed an arrival time accuracy of ~3 ns.
The inset of Fig. 2 shows corresponding traces of the filtered transmitted probe, revealing the
periodic 1/1p structure and reduced grating strength with increasing delays due to coherence
decay. For 25 mW and 40 mW excitation, a first-order fit of the non-normalized peaks to exp(-
21p/T5) results in a 75 value of 0.82 £ 0.03 ms for these conditions.

Figure 3(a) plots two examples
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FIG. 2. Normalized traces of extracted time delay data are Trep/T1)] between shots. In Fig.
shown for processed time delay tp values ranging from 0.5 — 3(a), the primary peak and its
2.0 ps, after 800 shots using a 25 mW processing beam. The second harmonic can be clearly
inset shows traces of the frequency-swept probe, which map observed and as expected

increase with input power.
Figure 3(a) is divided into four
regions: I contains the primary
peak representing the time delay 1p ; II contains the right temporal correlation sidelobes; 111
contains the second harmonic of the primary peak; and IV contains the system background noise.
There are residual low-frequency components due to imperfect post-processing of the
unabsorbed probe, limiting absolute comparison between the regions in this demonstration; we

the corresponding accumulated spectral gratings.




are, therefore, not including the left temporal sidelobe regions in our analysis. The peak temporal
width of ~65 ns (full width at half maximum) is set by the probe bandwidth.

Figures 3(b) and 3(c) plot the root-mean-square (rms) values for regions I-IV (log scale) versus

N (log scale) for a fixed 1p = 0.5 ps with (b) 25 mW or (c) 40 mW programming power. In

Fig. 3(c), the higher programming power exhibits larger grating strength and stronger

nonlinearities, as expected. Region I peaks of both Figs. 3(b) and 3(c) increase as 2¢. ~ 1.8 for

the first 100 shots. The second harmonics in region IIT of Fig. 3(b) and 3(c) rise above the noise
floor at N =70 and N = 30,

N S T . T respectively, and both grow (for N
LU {CORE SE R B v <200) as 4B ~ 2.4. The relatively
3 T A P e 200: flat nature of region II, particularly
= oF i\ ol P25 mW - for the first 100 shots of Fig. 3(b),
o loF ¥ % highlights the effects of coherent
g , : P integration with dynamic codes.
f,—‘, 10 Improved performance is expected
2 10 with wider bandwidth frequency-
5 swept sources, detectors with larger
“ 10° dynamic range, and materials with
3 higher bandwidths and longer
Tos0 o7 Lo L5 150 coherence times.
EXTRACTED TIME DELAY ({1S) ‘ '
~10°5(b) 25 mW 1 Kc)40 mW. 2 Adoption of these techniques offers
3 q vy v ! - the following for analog signal
E 10 w 1L v ;gﬁg{gﬁ il processing applications: (1) high
o f v" S A REGION III bandwidth, large time—bandwidth
& v v O REGION IV . product, and large dynamic range
?, 10 v 1k R operation without high-bandwidth
::E v : ol de‘fe.ctors and digitizers, (2) the
% 10" A 3- 1 | ability to process waveforms that
@ !f > 00 » - change from shot to shot,
2] (o) . .
S o A ol 1 A‘ o] (3) coherent integration of up to
2 107 bl ] & Gﬁq;,‘%% ~T1/Tgep shots, or of two continuous
o ] . _ .
SRS S SR | signals correlated over a T, window
10 10 100 10 10 10 for a time T3, and (4) Doppler
N (PROCESSING SHOTS) processing.
FIG. 3. (a) Traces of the extracted time delay are shown
(log scale) for processed time delay tp = 0.5 pus after N=  In summary, dynamic accumulation
200 shots for 25 mW pulses (thin trace) and 40 mW of spectral holographic gratings by
pulses (bold trace). The data has four regions of interest: coherent integration of up to 800
() the primary peak; (II) the right-hand side sidelobe shots was demonstrated. The signal
region; (III) the second harmonic of the primary peak; processing bandwidth was 0.5
and (IV) the background noise of the system. The rms GHz, limited by the crystal used.
values of regions I-IV vs N are shown in (b) for 25 mW Performance in the 10 GHz range
and (c) for 40 mW programming pulses over a 4 ms has now been achieved by

integration time. Spectrum Lab in extensions of this




work. Time delays of 0.5 to 2.0 pus were processed and extracted with 3 ns accuracy in the initial
work described here. The demonstration used a stabilized diode laser, 1550 nm telecom
components, and a frequency-swept probe. Successful processing and frequency stabilization in
crystals at 4.2 K make possible the use of closed-cycle cryocoolers, and enable practical, high
performance, multi-GHz, analog correlative processors using spectral holography.

This signal processing demonstration has led directly to the development of processors for
RADAR signals that exceed the state of the art for electronic processing.

Lasers Stabilized to Spectral Holes

Laser Stabilization at 1536 nm using Regenerative Spectral Hole Burning

P. B. Sellin, N. M. Strickland, T. Bottger, J. L. Carlsten, and R. L. Cone, Phys. Rev. B 63,
155111-1 — 155111-7 (2001)

This development of stable lasers provided the basis for the processing application discussed
above. Having the same material be used for the analog signal processing and the frequency
reference for the laser provides important vibration immunity to devices.

This work also transferred our concepts to the important communication band at 1550 nm. That
makes our work applicable in telecom devices and also means that the important component
infrastructure developed by the telecom industry can be incorporated in our lasers and

processors. A goal is to integrate and develop ‘all optlcal’ devices and connect all elements with
optical fiber.

Laser frequency stabilization giving a 500 Hz root Allan variance for a 2 ms integration time
with drift reduced to 7 kHz/min over several-minutes was achieved at 1536 nm. A continuously-
regenerated spectral hole in the inhomogeneously broadened *I;s, (1) — *Iy35 (1) optical
absorption of an Er’*:Y,SiOs crystal was used as the short term frequency reference, while a new
variation on the locking technique allowed simultaneous use of the inhomogeneously broadened
absorption line as a long term reference. The reported frequency stability was achieved without
vibration isolation. Spectral hole burning frequency stabilization provides ideal laser sources for
high resolution spectroscopy, real time optical signal processing, and a range of applications
requiring ultra-narrowband light sources or coherent detection; the time scale for stability and the

compatibility with spectral hole burning devices make this technique complementary to other
frequency references for laser stabilization.

Frequency stable lasers are required for applications such as

e solid state optoelectronic devices based on spectral hole burning (SHB) such as
o GHz-scale time-domain optical signal processing
o) network packet switching,

high resolution spectroscopy of solids, molecules, and atoms,

precision laser ranging,

long-baseline interferometry, including laser vibrometry

gravitational wave detection,

spatial coordination of satellite arrays,




optical communication using coherent light detection,
sensitive vibration monitoring devices, and
a variety of other optical and fiber optical sensors.

Spectral holes provide alternatives that are complementary to precision atomic resonances or the
reflection modes of Fabry-Perot optical cavities. Our demonstrations were carried out with
crystals cooled to liquid helium temperatures, but higher temperature operation at 15 — 20 K with
1 kHz frequency stability can be projected for our Tm*" or Er** doped and deuterated CaF,
materials described below. Best performance with atomic resonances or Fabry-Perot cavities also
typically requires liquid helium temperature.

The availability of ultra-narrow SHB resonances down to 15 Hz in rare earth doped crystals, the
relative immunity of spectral holes to environmental disturbances such as vibrations, and the
portability and compactness of a stable laser system using SHB references with a closed cycle
cryocooler are important features that should enable application in a variety of fields beyond
those normally associated with spectral hole burning.

Stabilization of the repetitive pulse trains from mode locked lasers to spectral holes also should
be practical and will have applications in signal processing and in other contexts that require
short pulses, “frequency combs,” or optical clocks. The SHB frequency references are well
suited to applications where multiple frequencies are required and where the programmability of
SHB materials allows programmable frequency differences up to the multi-GHz range or, if
disordered solids are used, to the THz range. With the development of suitable photon-gated (or

two-photon) SHB materials, the production of long term secondary frequency standards based on
SHB may become practical.

When stabilized laser sources are required for real time optical signal processing in SHB
materials, the use of a second piece of the same signal processing material as a SHB frequency
reference provides automatic frequency compatibility between the signal processing material and
the stabilized laser source. The relative vibration immunity of the spectral holes provides an
important simplification in system design and performance for either spectroscopy or SHB
devices; this advantage is even greater when both the frequency reference and spectroscopic
sample or SHB device are mounted on the same platform or sample holder. This has been
demonstrated here for Er**:Y,Si0s. A stabilized laser of this type will be especially helpful, for
example, in measurements of spectral diffusion using the stimulated photon echo technique.

The importance of stabilization in SHB signal processing is underscored by the observation that
early moderate-speed demonstrations were limited by laser frequency jitter that led to a loss in
signal fidelity. Those problems can occur at several levels: (a) uncontrolled phase variations
between programming pulses when repeated pulse sequences are used for writing or refreshing
~ spectral interference gratings, (b) the more extreme case where the jitter exceeds the Fourier
width of the exciting pulses so that the processed pulses fail to overlap spectrally with the
programming pulses, and (c) the case where the jitter exceeds the Fourier width of the exciting
pulses so that the excitation pulses fail to overlap spectrally with the probe pulse in
measurements of spectral diffusion. Lasers stabilized to spectral holes are already playing an




important role in proof-of-principle demonstrations of a variety of SHB devices at the MSU
Spectrum Lab.

In our work, an Er**-doped SHB crystal has been used to demonstrate laser stabilization in the
important 1.5 pm telecommunications band. We have shown that Er3+-doped crystals have the
frequency selectivity required for optical storage, real-time address header decoding for all-
optical packet routing, and all-optical correlation. Since the laser can be stabilized to the same
transition used in the device demonstrations, the requirements of frequency overlap, frequency
and phase stability, and time scale of stabilization are all automatically fulfilled. The limits on
device performance are set then by material parameters rather than by instability of the laser.

A transient spectral hole is continuously regenerated by the stabilized laser in the present work,
and that provides a frequency reference at an arbitrarily chosen location in the inhomogeneous
Er**:Y,SiOs absorption profile. The stability of the laser is determined by the dynamical
properties of the SHB materlal together with the design of the locking system.

To substantially improve the long-term frequency stability, we have extended the locking
technique by using a combination of the error signal contributions from the spectral hole and the
inhomogeneous line. The reduction of longer-term drift to 7 kHz/min over several minutes
obtained with the new technique represents a substantial improvement over the 600 kHz/min we
reported previously for stabilization to Tm**:YAG at 793 nm. [N. M. Strickland, P. B. Sellin, Y.
Sun, J. L. Carlsten, and R. L. Cone, Phys. Rev. B 62, 1473-1476 (2000).] Anticipated
refinements to the feedback system and frequency modulators may be expected to provide
further substantial improvement over both the long and short term stability reported here, which
is already 1000 times better over important
integration time scales than that for
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FIG 4. Transmission spectrum of 0.005%
Er**:Y,SiOs scanned by a diode laser showing the
entire inhomogeneously broadened absorption
profile at zero applied field (B =0 T). The arrow
indicates a spectral hole burned by a second laser.




of this Er*" transition decreases substantially in applied magnetic fields, leading to narrower
spectral hole widths. The homogeneous linewidth for this crystal was determined from the
optical dephasing time T obtained from two-pulse photon echo decay experiments at 1.6 K, and
the measured value is I'y ~ 5 kHz. Stronger magnetic fields reduced the homogeneous line width
to 78 Hz, and it is expected that further elucidation of the angular dependence of the Zeeman
splittings will reveal a field direction that provides more rapid freezing out of electronic spin
flips involving the excited component of the ground state and thus allow the linewidth to more

closely approach the T lifetime limited value of 15 Hz. Those Zeeman splitting experiments are
under way. :

Two frequency reference crystals were cut from the same crystal boule to give an absorption of
~50% at line center. Crystal dimensions were 5 mm along Dy, 6 mm along D and 1 mm along b.
Each crystal was oriented with its D;-axis parallel to the magnetic field, the lasers’ k-vectors
parallel to the b-axis, and the lasers polarized with E along D,. Both crystals were immersed in
superfluid helium at 1.6 K in a single dewar with a superconducting magnet that provided for
adjustment of the magnetic field. The laser beams were spatially separated, and the crystals were
masked so that each crystal was exposed to only one beam. The spectral holes were created with
irradiances of 100 uW/cm? using ~3 mm beam diameters. Beam irradiance was controlled using
a A/2-plate and a prism polarizer.

The experimental apparatus is shown in Fig. 5 below. Two external cavity diode lasers in the
Littman-Metcalf configuration were equipped with InGaAsP/InP quantum well diodes that had
one facet angled to eliminate intra-cavity optical feedback. The Pound-Drever-Hall technique
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Photo-
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RSHB-Stabilized X ;D_ = = = —»] Frequency
Laser Setup #2 Counter

FIG. 5. Experimental apparatus for laser frequency locking to spectral holes and beat
frequency measurement of laser stability by combining the beam from the laser shown and
that from an independent second laser system.

was used for locking the laser frequency to the spectral hole. The error signal was derived from
the spectral hole transmission using frequency modulation (FM) spectroscopy, with the two
lasers modulated by external electro-optic modulators driven at 27 MHz and 30 MHz,
respectively. These frequencies greatly exceeded the spectral hole widths but were far less than
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the inhomogeneous absorption linewidth iy, = 500 MHz. The primary laser side bands had a
modulation index M = 0.4, and secondary side bands were small but observable. The sharp
resonance of the spectral hole in the inhomogeneous absorption line creates a corresponding
dispersion in the refractive index. Each laser burns a hole in its reference crystal, primarily at the
carrier frequency but also at the frequencies of the FM side bands.

The FM error signal was processed by a servo loop that provided both fast corrections to the
injection current of the laser diode and reduced bandwidth signals to the piezoelectric control of
the laser’s external diffraction grating. Control of the grating keeps the current servo within its
operating limits. Due to laboratory constraints, the two lasers were on one table, and the
reference crystals, magnet dewar, and locking beam detectors were on a separate table. Neither
table was pneumatically floated, so the results reported here demonstrate the immunity of this
locking technique to vibrations. By contrast, most other frequency references require extreme
vibration isolation measures to reach this short-term stability.

Evaluation of the frequency stability of a single laser at sub MHz resolution is difficult if one
lacks a frequency standard at the appropriate wavelength for comparison. For that reason, two
independent lasers were constructed and locked to two separate SHB crystal references. The
frequency stability was determined by beating unmodulated portions of the two stabilized laser
beams on a photodiode detector, recording the beat frequency measured by a commercial

frequency counter, and carrying out subsequent statistical analysis of the time dependence of the
beats using a computer.

The stability over broad time scales

P/ R R 8 was characterized by the root Allan
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FIG. 6. Root Allan variance values for the beat phase at the mixer. Under those

between two lasers: (a) lasers free-running (triangles),  conditions, the dominant contribution
(b) locked to spectral holes in different crystals using to the error signal comes from the

straight quadrature detection of the error signal at spectral hole. Comparison of the
applied field B = 0.5 T (squares), and (c) locked to curves in Fig. 6 (a) and (b) shows that
spectral holes using the strategy of intermediate phase  slow frequency drift (integration times
detection of the combined error signal from the longer than 100 ms) of the stabilized
spectral hole and inhomogeneous line at applied field lasers in these early experiments

B =0.2.T (circles).
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approached that of the unstabilized laser. Much of this drift is attributable to slowly-varying DC
voltage offsets in the feedback servo loop arising from residual amplitude modulation at the
optical phase modulators and temperature drift in the feedback electronics and modulators. The
servo offsets cause the laser to lock off-center to the spectral hole and consequently cause the
regenerated spectral hole to drift continuously until the drift in the voltage offset undergoes a
change of sign. Further development of the feedback servo system should substantially reduce
these slowly-varying offsets and thus reduce this long-term drift.

A new locking strategy was devised to reduce drift by simultaneously exploiting the high
resolution short term frequency reference of the spectral hole and the long term stability of the
significantly broader inhomogeneous absorption line. Crystal transmission is increased at the
frequency of the spectral hole, so the transmission property of the hole and inhomogeneous
absorption line have opposite signs. Their pure absorptive and dispersive FM contributions also
have opposite signs in simple limiting cases. The shape of the FM signals, however, also depends
on the relationship between the modulation frequency v, and the width of the relevant spectral
feature. There is broad latitude for making this choice, since the hole width ~2 T’y can be from
10° to 10 times narrower than the inhomogeneous line width iz In the present case, the line
widths of the hole contribution and inhomogeneous line contribution lie at opposite extremes
relative to the modulation frequency: I', << vy, << I'isn. The two contributions to the error signal
at line center are then strongly phase dependent and are maximized for different quadratures —
the dispersive case for the spectral hole and absorptive case for the inhomogeneous profile. For a
phase angle of ¢ = 0° the inhomogeneous line signal is negligible and the locking signal is
derived primarily from the spectral hole and for a phase angle of ¢ = 90° the signal from the
inhomogeneous line is maximized, but the contribution from the spectral hole has vanished at the
line center of the hole. By choosing an intermediate phase 0°< ¢ < 90°, both contributions to the
error signal contribute to locking stability; a steeply sloped signal from the spectral hole drives

the short term stability while at the same time a signal of lower slope from the inhomogeneous
line opposes long term drift.

With this procedure, the introduction of a static DC offset in the servo loop leads to an’
equilibrium lock point where a balance occurs between the sloping contribution from the
inhomogeneous line and the DC offset. While not a perfect solution, this is preferable to the
original situation where a DC offset caused the locking to be displaced toward one side of the
hole and consequently caused a steady drift in hole position and laser frequency as regenerative
hole burning took place asymmetrically. Drift in hole position and hence in laser frequency can
still occur with the present strategy if the DC offset is slowly varying, but the impacts on stability
are reduced. This tendency to settle into an equilibrium position instead of continuing to drift not
only improves the long-term frequency stability but also provides a means to choose an arbitrary
frequency within the inhomogeneous absorption profile as the stabilization frequency. To adjust
the locking frequency, either the DC offset level or'the local oscillator phase (and hence the
contribution of the inhomogeneous line to the error signal slope) may be adjusted. The system
initially drifts towards and then settles at the equilibrium frequency, where the offset cancels the
FM signal. This behavior was verified by computer simulation and by direct observation using a

probe laser to monitor the position of the spectral hole and the locked laser within the
inhomogeneous line.
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The impact of this new hybrid locking strategy on frequency stability is shown in the root Allan
variance plot in Fig. 6 (c) above. There is no degradation of the short-term stability, and the long-
term stability is improved dramatically for integration times of 100 ms to greater than 1000 s,
with the improvement exceeding two orders of magnitude at the longer times.

Evolution of the heterodyne beat frequency over a period of 30 minutes (1800 s) is shown in

Fig. 7 (a) when both lasers were free running and in Fig. 7 (b) when both lasers were locked
using the new strategy. For integration times of 1 s and longer, the drift has been reduced to
about 7 kHz/min over several minutes. The inherent sub-MHz free-running stability of the lasers
is already sufficient for many spectroscopic applications, but an improvement over the free
running case of about two orders of
magnitude has been accomplished
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= (@ ] minute. Minimum root Allan
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5 051 ] resistance to drift, the modulation
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line contribution to the slope at the
desired locking frequency; this
increases the amplitude of the
contribution from the
inhomogeneous line with little
effect on the contribution from the
spectral hole.

Time (minutes)
FIG. 7. Change in heterodyne beat signal between (a)
free-running and (b) independently locked lasers to
separate spectral holes and inhomogeneous lines in
different crystals at field B=0.2 T.

The Er’*:Y,SiOs homogeneous resonance width in a magnetic field of 0.2 to 0.5 T is narrower
than that from the preceding work on Tm>*:YAG, so it might be expected to provide lower short-
term root Allan variance values than Tm**:YAG using the same technique and apparatus. In this
case, however, the 4f'! electron configuration of the Er’* ion leads to strong Er*" magnetic
moments, whereas the Tm>* ion with configuration 4f' has an electronic singlet ground state
with ‘quenched’ angular momentum and no first order magnetic moment. Electron spin flips of
nearby Er’*-ions in the ground state as well as nuclear spin flip-flops by Y>* nuclei lead to
fluctuations in the local fields and thus to measurable spectral diffusion of the Er**-ion
population that makes up the spectral hole frequency reference. The 0.2 to 0.5 T applied
magnetic field reduces electron spin flips by reducing thermal population of the upper
component of the Er’* Kramers doublet ground state, but it does not eliminate them completely.
It also suppresses the far weaker spectral diffusion due to Y** (or Er’*) nuclear spin flip-flops.
Evolution of the spectral hole width by spectral diffusion limits the currently achieved frequency
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stability of the hole on time scales longer than 2 ms and hence of the locked laser. Detailed
studies of the spectral diffusion phenomena are being carried out both to improve laser

stabilization performance and to improve these materials for other spatial-spectral holography
applications.

Further sources that limit stability are residual amplitude modulation produced by the electro-
optic phase modulator and thermally induced drift in the locking circuitry and modulator, all of
which introduce variable offsets to the error-signal, causing the laser to lock slightly off the
center of the spectral hole. In the previous implementation this produced unrestrained long-term
frequency drift of the spectral hole. With the new method reported here, it results instead in
smaller changes to the equilibrium lock point in the inhomogeneous line profile. As noted above,
further improvements from passively and actively stabilizing the temperature of the feedback
electronics are expected to improve system performance.

Time-domain spectroscopy and a wide range of proposed SHB optical devices are based on the
photon echo and stimulated photon echo, the capabilities of these techniques can be improved
with the level of frequency stabilization reported here. For optimal exploitation of the stimulated
photon echo, laser frequency stability to better than the spectral width of the broadest excitation
pulse, or in the limiting case to better than a homogeneous linewidth, is required for the storage
time of the material, which is defined by the decay time of a transient spectral hole for the

transition being probed. With lasers stabilized to spectral holes, this requirement is naturally and
automatically met.

We demonstrated this improvement by measuring stimulated photon echoes on the

*Lisn O s (1) site (1) transition of Er’*:Y,Si0s using a stabilized 1536 nm laser, an Er-
doped fiber amplifier, and the echo apparatus described previously. Approximately 5 mW of
unmodulated continuous-wave laser power was available for producing echo excitation pulses
after continuous wave amplification of the laser by the Er-doped fiber amplifier, which was
located outside the servo loop for laser stabilization. A portion of the un-amplified laser output
was used to frequency-lock the laser to a regenerative transient spectral hole in the same
transition as described above. Echo excitation pulses were produced using two acousto-optic
modulators in series to improve the on/off contrast ratio and to cancel any net shift in the laser
frequency, since the Er**:Y,SiO0s spectral lines are narrow. The resulting photon echo signal was
gated from the transmitted beam by a third acousto-optic modulator to discriminate against the
exciting pulses. The echo was detected with a fast InGaAs-photodiode. To generate stimulated
photon echoes, three 2 pis excitation pulses were incident on the crystal, with the delay ti2
between the first and second pulses fixed at 19 us. The strength of the stimulated echo was
measured as a function of the delay tz3 between the second and third pulses.

With the laser frequency locked to a transient spectral hole, photon echoes could be measured
consistently for t; delay times of several hundreds of microseconds, giving the data in Fig. 6b.
The limiting factor for measuring echoes with longer t,3 delay times was the detector signal-to-
noise ratio, rather than laser frequency jitter, even though additional jitter may have been
introduced by the Er-doped fiber amplifier. After 800 us total delay time the stimulated echo
signal was buried in the noise. In contrast, when the stimulated echo decay was measured with
the laser free running, the reproducibility of the stimulated echo became unreliable after only
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200 ps. All the data points were single-shot acquisitions of the stimulated photon echo without
thresholding to reject low-intensity echoes. Frequency jitter was the cause of the echo signal
amplitude fluctuations when a free-running laser was used, since occasionally an optimum echo
was produced when the laser frequency of the third pulse happened to match that of the first two.

The concept of laser frequency stabilization using regenerative transient spectral hole burning
has been extended to the technologically important 1.5 pm wavelength region. Stable laser
sources based on this method improve both spectroscopic capability and the performance of SHB
devices such as all-optical network routers and address header decoders. Moreover, by
stabilizing the laser source to the same SHB material already employed in the SHB device,
system complexity is significantly reduced. A hybrid method to control long-term frequency drift
has been demonstrated, using an intermediate phase delay in the phase sensitive detection of the
frequency locking error signal that exploits contributions from the narrow spectral hole and from
the inhomogeneous absorption profile. This stabilization method is particularly well suited for
spectroscopy and for optical data processing devices based on time-domain spectral hole
burning. Substantial improvement in stimulated photon-echo reproducibility was demonstrated,
showing the impact of this technique on spectroscopy of rare earth materials.

Reviews of Laser Stabilization to Spectral Holes

These and other developments in our laboratory were summarized in an invited review,
Semiconductor Lasers Stabilized to Spectral Holes in Rare Earth Crystals, R. L. Cone, T.
Béottger, G. J. Pryde, N.M. Strickland, Y. Sun, P. B. Sellin, and J. L. Carlsten, in Physics
and Simulation of Optoelectronic Devices IX, Yasuhiko Arakawa, Peter Blood, Marek
Osinski, Editors, Proceedings of SPIE Vol. 4283, 335-346 (2001).

Our work on laser stabilization to spectral holes was also a feature in Optics in 2001 published
by the Optical Society of America.

Semiconductor Lasers Stabilized to Spectral Holes in Rare-Earth Crystals, Thomas -

Bottger, Geoffrey J. Pryde, Nicholas M. Strickland, Peter B. Sellin, and Rufus L. Cone,
Optics & Photonics News, 12, #12, 23 (2001).

Models Developed for Laser Stabilization to Spectral Holes
Several generations of models of the process of laser stabilization to spectral holes have been

developed by us and reported in these publications.
) Thomas Béttger, Y. Sun, G.J. Pryde, G. Reinemer, and R.L. Cone, J. Lumin. 94-95, 565-

568 (2001).
. Numerical modeling of laser stabilization by regenerative spectral hole burning,
G. J. Pryde, T. Béttger, and R. L. Cone, J. Lumin. 94-95, 587-591 (2001).
. Semiconductor lasers stabilized to spectral holes in rare earth crystals to a part in 10"

and their application to devices and spectroscopy, G. J. Pryde, T. Béttger, R. L. Cone,
and R. C. C. Ward, J. Lumin. 98, 309-315 (2002).

Details of the models are given below.




First Numerical Model of Laser Stabilization by Regenerative Spectral Hole Burning

Our regenerative transient spectral hole frequency references have provided relative optical
stability on the 10" scale over tens of ms and longer. These references are comparatively
insensitive to vibration and, unlike traditional Fabry-Perot cavities, atomic references or gated
spectral holes, the reference shape and position can depend on the laser input as well as the
material properties. Numerical modeling of a frequency stabilization system incorporating
regenerative spectral holes has been carried out, and the importance of the specific spectral hole
burning material has been considered. It was shown that for intervals shorter than the spectral
hole lifetime, the hole reference is similar to a Fabry-Perot cavity reference. For periods longer
than the hole lifetime, the performance of the spectral hole reference can be affected by
uncompensated offsets in the stabilization system caused by the environment.

The SHB frequency references can be grouped into three categories.

o Regenerative (or transient) spectral holes have a lifetime limited by the T of the optical
transition or a bottleneck state. For the materials described in this report, this time is
typically 10 ms. _

. Persistent spectral holes have a lifetime which is much longer than the optical T.
Persistent holes arise from photophysical or photochemical hole burning, or long-lived
metastable states such as the Eu’* nuclear spin states.

. Gated spectral holes require application of some physical process, such as an electric
field or another optical field, as well as the usual optical field for hole burning to occur.

In the SHB materials explored to date, regenerative spectral holes are orders of magnitude
narrower in frequency than persistent holes at the 1.5 um telecommunications wavelengths and
at 793 nm; both of those wavelengths are important for a variety of SHB-based optical signal
processors. The absence of narrower persistent holes at these wavelengths represents the current
state of materials development. Narrow, gated SHB materials have been under development as
we describe below but have not yet been realized. Persistent holes with widths as narrow as 100
Hz and lifetimes of weeks do exist for the 'Fo* *Dj transition at ~ 580 nm in Eu**:Y,Si0s.

Much of our attention is focused on regenerative holes in the context of signal processing
devices. We subsequently refer to regenerative spectral holes with the acronym RSHB.

Since regenerative and persistent spectral holes are ungated, there exists potential for
modification of the hole spectrum by the incident probe laser field. This is a fundamental
difference between ungated SHB frequency references and the more familiar Fabry-Perot or
atomic references, and our models explicitly take this into account. There is in general an
interplay between the system noise and the properties of the SHB that determines how an
ungated spectral hole will perform as a frequency reference. Therefore, the optimization of a

laser stabilization system incorporating ungated SHB references is a more complex problem than
for traditional frequency references.

We describe in the next few pages our first numerical approach to the problem of determining

and optimizing the performance of RSHB frequency references. The same technique can be
employed, with slight modifications, to examine persistent hole burning references as well. The
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numerical modeling draws on techniques familiar in the frequency stabilization community: a
time-dependent frequency, the spectral noise density, and feedback control theory. The spectral
hole is represented by population rate equations, the noise by a spectral noise density (with
optional time domain additions such as long timescale drift), and spectral diffusion processes by
repeated convolution of the hole spectrum with a Gaussian broadening function. The shape of the
inhomogeneous line is also considered as a factor that can be included in the calculation, since
experimentally it can provide improved absolute stability. The modeling is based on a typical
Pound-Drever-Hall experimental stabilization system, such as the one used in parallel
experimental efforts.

The most significant complication of the time-dependent hole spectrum is the inability to treat
the numerical modeling strictly in the frequency domain, as is usually done with Fabry-Perot
references, for example. Consequently, a hybrid time- and frequency-domain approach must be
adopted. This technique will be described in more detail elsewhere. In brief, it is convenient to
group noise in the system into stationary (time-independent mean) and non-stationary (time-
dependent mean) processes, where these terms are expanded to include deterministic as well as
stochastic noise. Examples of stationary processes are white frequency noise and sinusoidal
frequency modulations; examples of non-stationary processes are random walk frequency noise
and deterministic linear frequency drift. The stationary processes are then treated using the
spectral hole as a time-dependent filter and the non-stationary processes that are not easily
treated by the hybrid model are considered entirely in the time domain.

Following the standard approach in
frequency stabilization literature,

G the noise on the laser is described
10°F ’ by the time-dependent
10* | 20KkHz . instantaneous frequency deviation.
f Skiz The interaction of the laser and the
= 10°F 1kHz ] . . .
T Lf ions is taken into account through
c 0¥ @ 7 the use of a population rate
E R R ST PR EEPU ST T R R equation, rather than the use of the
3 o r T oows S tms ] full optical Bloch equations. This
c 10ms approximation is valid in the
I 10F . condition that the Rabi frequency
10°h 100ms | is smaller than the homogeneous
linewidth of the transition. The
10° 3 ®) interpretation of this
wconad vl s sl L P A N approximation is that the laser is

10° 10° 10* 10° 10* 10" 10° 10" 10’ weakly probing the absorption of
Integration time (s) the ions rather than coherently
driving them. This situation
corresponds to the usual condition
in the associated experiments,
where the Rabi frequency is
deliberately made small so as not
to power broaden the spectral hole.

FIG. 8. Variation of computed laser stability, as
measured by the Allan deviation, as a function of (a) the
spectral hole width, with hole lifetime = 10 ms and (b) the
hole lifetime, with hole width = 1 kHz. In both cases, the
input noise is 140 Hz/+ Hz of white frequency noise and 1
MHz/second linear frequency drift.
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The effects on stabilized laser performance of the hole width, hole lifetime and rate of spectral
diffusion were examined for several characteristic noise types, including white frequency noise
introduced through noise on the laser electronics or random fluctuations in the laser cavity and
also linear frequency drift, which can arise from a variety of sources including offsets in the laser
electronics. Figure 8 shows the effect of the hole width and hole lifetime of the RSHB reference,
for white noise and linear frequency drift. It can be seen that the hole lifetime dictates the short-
term performance of the system in a manner similar to a Fabry-Perot cavity. Over longer times,
the hole lifetime has a part to play. As expected, when the hole lifetime is increased for a specific
hole width, the long-term performance of the system is greatly improved. This is because the
‘memory time’ of the spectral hole is being increased — it remains a valid frequency reference for
longer periods. The numerical model has also been used to examine the effect of spectral
diffusion, which acts to reduce tht memory of the system; the effective memory time is reduced
if the ions’ population diffuses rapidly compared to the hole lifetime.

The results of the model compare favorably with the experimental results achieved. Figure 9
shows the stability achieved experimentally, using two different SHB materials, Er’*:Y,SiOs,
which exhibits RSHB and Er**:CaF,:D", which exhibits persistent SHB. These materials have
contrasting properties in the sense that the first has narrow (~ 1 kHz) holes and a T limited
lifetime of 13 ms, whilst the second has broad (~ 40 MHz) holes but a lifetime that is effectively
infinite on the time scale of the experiment. It can be seen that the persistent SHB material is
better for suppressing long-term drifts in the experiment, observable over long integration times

in the Allan deviation, while holes in Er**:Y,SiOs suppress the short time scale noise more
effectively. :

A more complex model has been
developed that treats the problem
exclusively in the time domain
from the standpoint of the electric
field and incorporates the full
4 optical Bloch equations, allowing
% "o P the low intensity approximation to
1 : .\ o 1 S - be surpassed. Treatment of the
E . \ J electric field of the laser allows for
\ Y : o{o-oﬁpo‘d calculations of two-time

’\. Y o ' correlations in the manner of
quantum noise problems and gives
access to numerical predictions for
S S S S S T the performance of lasers locked to
107 10° 10° 10 10® 107 10" 10° 10" 10* 10° 10° spectral holes and used for

Integration time (s) interferometry and advanced

spectroscopy. This treatment of the
problem from the point of the
electric field will be reported in
full elsewhere.

-—
o
[3,]
1
oo
1

Allan deviation (Hz)
2 ,

-—
o
w
T
A
®
[ ]
VO
1

FIG. 9. Experimentally measured Allan deviations for
independent lasers locked to separate spectral holes in the -
s 13, transition of the RSHB material Er**:Y,Si0s
(filled circles) and the persistent SHB Er’*:CaFy:D’
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A simplified version of the electric field model highlights the similarities and differences,
already discussed, between the RSHB reference and a Fabry-Perot cavity. The optical Bloch
equations were used to calculate the noise frequency dependence of the Pound-Drever-Hall
reference signal recovered from a regenerated spectral hole. The result of this calculation is
compared with calculations for a Fabry-Perot reference cavity in Fig. 10. The hole width is
chosen to be coincident with the width of the Fabry-Perot resonance. It can be seen that for
frequencies greater than the inverse hole lifetime, the spectral hole and the Fabry-Perot exhibit a
similar frequency response. At
lower frequencies, the response of

10 —— : : . , the hole is rolled off relative to the
- cavity. This is the reason behind
@ 0 i . 1 the lifetime-dependent stabilization
> 10} . 4  performance at longer time scales,
E 20l | as shown in Fig. 8 (b). It can be
o I - shown from feedback control
o 30 " 4  theory that the servo electronics
& i can be designed to compensate this
o 40T 1  rolloff and suppress noise on the
s 50+ 4 laser or electronics with substantial
° low frequency components.
60| , . :
I cavity However, servo gain cannot
-70 + m  hole 4  compensate low frequency noise
80 Lot vl v vt on the reference itself, so passive
10 102 10° 10* 10° reduction of this noise becomes
Noise frequency (Hz) essential for good long-term -
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FIG. 10. Calculated AC response of (a) a Fabry-Perot with short hole lifetimes. Of
cavity with 10 kHz linewidth and (b) a regenerated course, linear frequency drift can
spectral hole with 10 kHz hole width and 10 ms hole be removed after the fact, as with
lifetime. lasers stabilized to traditional

references.

In conclusion, numerical modeling of RSHB frequency references has shown that, on time scales -
shorter than and corresponding to the hole lifetime, regenerative spectral hole frequency
references are functionally equivalent to Fabry-Perot cavities. The narrow hole widths of 1 kHz
(and potentially better) that are available in RSHB references results in precise frequency
stabilization, with the added benefits of compactness and insensitivity to vibrations. Over longer
time scales, the gain of the reference rolls off, imposing the requirement for ultimate
performance that the reference be passively stabilized against low frequency noise components.
Narrow, persistent spectral hole references are far less sensitive to roll off at much lower
frequency and gated spectral hole references under development will not roll off at all. The
results of the model are in agreement with experimental observations and have allowed rapid
experimental system optimization. Continued materials development, based on model

predictions, will result in even more precise frequency stabilization to regenerative and persistent
SHB frequency references in the near future.




Improved Hybrid Time- and Frequency-Domain Numerical Model of Laser Stabilization to
Regenerative Spectral Holes

Spectral hole burning frequency references using regenerative or persistent spectral holes are
qualitatively different from other references, such as Fabry-Perot cavities or gas absorption cells,
since the reference hole can, in general, be modified by the laser probing it. This dynamic
interplay between the reference and the laser cannot be described by the traditional frequency-
domain techniques of feedback control theory, since the hole spectrum may be time-dependent.

A hybrid time- and frequency-domain numerical model and a more complicated time-domain
only numerical model have been developed to investigate the dependence of the laser stability on
materials and system parameters and to speed optimization of the experimental demonstrations.
These simulations use rate equations and the optical Bloch equations respectively to represent
the interaction of the material with the optical field. In these models, stochastic and deterministic
noise are provided as inputs, along with the material parameters and varying degrees of system
detail, such as the frequency- or time-dependent servo response. The input noise can either be
mathematically generated or derived from the measured spectral noise density of the
experimental system. The stability of the system, characterized by the Allan deviation or spectral
noise density, is examined as material or system parameters are varied in turn. Furthermore, the
output of the simulations can be used as an input for other spectroscopic or optical processing
models, such as the simulation of coherent transient pulse sequences.

Stabilization of lasers to regenerative spectral holes - where the hole lifetime is of the order of
the optical T; - has been of
I B B B particular interest, since to date, the
: e m ko . lowest experimental Allan
deviations have been achieved in
this regime. It has been found that
the hole width, governed by a
combination of homogeneous
linewidth and the probing Rabi
frequency, dictates the stability
over short integration times, while
the stability measured over
integration times longer than the
hole lifetime is governed by the
-130 ' N hole lifetime or rate of spectral
el el el el il difﬁlSiOI‘l, parameters that
10 10*  10°  10* 10°  10° characterize the memory time of
Modulation Frequency (Hz) . the reference. Employing the time-
domain model, which describes the
material in terms of the optical
Bloch equations, we obtained the
frequency-dependent response of
the error signal. This is shown in
Fig. 11, where it is compared with

X

(=]

o
T

-120

gain relative to 1 V/Hz (dB)
=

FIG. 11. Frequency response of the error signal generated
from a regenerative spectral hole frequency reference:
experimental measurement in Er**:Y,8i0s (solid line) and
the model (open circles), compared with the calculated
response of a Fabry-Perot cavity with the same linewidth
(dashed line), scaled for comparison.
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the response of a Fabry-Perot cavity of the same spectral width and with the experimentally
measured spectrum for the regenerative hole burning material Er :Y,SiOs. The experimental
result was obtained by probing a regenerative spectral hole in Er’*:Y,SiOs with the stabilized
laser. Phase-modulation sidebands were swept over the frequency range of interest and the phase
modulation spectrum recorded. This spectrum was scaled by a factor proportional to the inverse
modulation frequency, for comparison with the calculated responses for the hole and cavity,
since the latter assume frequency- rather than phase-modulation. Since the phase modulation
signal goes to zero at DC, the signal-to-noise ratio imposes a lower limit on the measurable error
signal response. The low frequency response of the hole can be inferred beyond this limit by
taking the ratio of the spectral noise density measured relative to the regenerative spectral hole
and that measured relative to a static reference, in this case, a 150 MHz FWHM inhomogeneous
line in isotopically purified Er*":LiYF,. This measurement is the source of the experimental data
in Fig. 11 at frequencies below 300 Hz. The narrow features in the low frequency error signal
response are artifacts of this technique.

Over the range of the measurement, the model and experiment agree, and they are both in
coincidence with the response of a Fabry-Perot cavity. It is clear that the high-frequency rolloff
is close to 20 dB/decade, which is ideal for servo design since the accumulated phase shift from
the reference is limited to 90+¢ At lower frequencies, the predicted rolloff of the gain is
observed, consistent with the idea that the system is losing its memory as a frequency reference
because of the limited hole lifetime. In principle, this can be partially compensated by servo gain
and the issues associated with compensation are presently under investigation.

The modeling has led to understanding of the process of stabilization to regenerative spectral
holes and identification of the ideal hole burning material — one with long-lived, narrow spectral
holes and no spectral diffusion. In addition, it allows investigation of the effect of varying

locking system parameters for a given spectral hole frequency reference, leading to optimization
of the stabilization experiments.

Stabilization of Diode Lasers at 1537 nm to Regenerative Spectral Holes in KTP

Single-frequency diode lasers have been stablllzed to 200 Hz at 1.5 microns using narrow
spectral holes in the absorption lines of Er’*:KTP. Potassium titanyl phosphate, KTiOPO4 (KTP),
is an important nonlinear electro-optic material primarily used as frequency doublmg crystals
and for optical waveguides. We achleved 200 Hz laser stabilization utilizing Er**: KTP crystals
grown at Oxford University with an Er’* concentration of 0.004 at. percent as a spectral hole
burning frequency reference. The crystal was oriented with its a-axis parallel to an external
magnetic field and its b-axis parallel to the laser k-vector. The lowest energy *I;sn — Tiap Er?
transition has been observed to exhibit six dlstmct sites near 1537 nm. The site with the strongest
absorption, located at 1536.87 nm (6506.69 cm™), exhibits tran51ent spectral hole burning by
population storage in the excited state of the optically active Er** ion; laser stabilization
experiments were performed using the absorption transition between the lowest Zeeman split
levels. Fig. 12 (a) shows the transmission through the ~ 2 GHz (FWHM) wide inhomogeneously
broadened line for a magnetic field of B = 0.25 T and temperature T = 1.9 K. The origin of the
shoulder appearing at higher frequency is most likely due to absorption from a spectrally similar
site, as indicated by fluorescence decay experiments. A narrow spectral hole, indicated by an
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FIG. 12. (a) Transmission spectrum of 0.004 % Er*":KTP
at 1537 nm showing the entire inhomogeneously
broadened *I;5, — *I,3 optical absorption scanned by a
diode probe laser. The arrow indicates a spectral hole,
which has been burned by a second laser. (b)
Transmission of a phase-modulated probe laser through a
single spectral hole created by a second laser, using an
applied magnetic field of B = 0.25 T. (¢) Demodulated
FM-error signal derived from the spectral hole in (b).

arrow, has been prepared by a
second laser and can be placed
anywhere within the
inhomogeneously broadened line.
The homogeneous linewidth has
been characterized using two pulse
photon echoes measured as a
function of delay time between the
two excitation pulses. The
measured dephasing time
corresponds to a homogenous
linewidth of 2 - 3 kHz for small
magnetic fields below B=0.4 T.

Two external cavity lasers in the
Littman-Metcalf configuration
equipped with quantum well
InGaAsP/InP single angled faceted
laser diodes have been stabilized
using the conventional Pound-
Drever-Hall technique. The lasers
were modulated with modulation
index M ~ 0.4 at 27 MHz and

30 MHz, respectively, values
greatly exceeding the spectral hole
width. The error signal was derived
from the spectral hole transmission
exploiting frequency modulation
(FM) spectroscopy. Fig. 12 (b)
shows the transmission through a
spectral hole burned by a second
laser and Fig. 12 (c) the
corresponding demodulated FM -
error signal probed with a phase-
modulated laser; detector signal
and local oscillator are in phase.
For active laser frequency
stabilization the error signal is
applied to a fast servo loop
providing rapid modulation of the
injection current of the laser diode

whereas a slow servo loop makes corrections to the piezoelectrically-driven feedback prism plate
of the external laser cavity. To obtain a good signal to noise ratio in the detection under low laser
locking irradiance, it is beneficial to choose a large frequency reference crystal. Crystal
dimensions were 12.87 mm along a, 14.89 mm along ¢, with a 5.18 mm optical path along b;
both lasers were locked to the same crystal. To avoid spatial overlap or interaction of the two




independently locked laser beams, a mask with separated 4 mm apertures was placed over the
crystal. A small magnetic field of B ~ 0.25 T has been conveniently applied by sandwiching the
sample holder between two permanent Nd-Fe-B magnet disks of diameter 2.5 cm, greatly

simplifying the experimental apparatus. The mounted crystal was immersed in liquid helium at
T=19K.

The laser irradiance of ~ 100 wW/cm?” at the crystal was split from the laser beam using a A/2-
plate/ prism-polarizer combination, leaving most of the laser output power to be used for
experiments requiring a stabilized source or to saturate an Erbium doped fiber amplifier for
higher power applications. Using higher irradiance at the locking crystal leads to a deeper
spectral hole, which in turn becomes since there is less saturation of material absorption in the
wings of a hole than at the center. During active stabilization, each laser burns a spatially and
- spectrally separated transient spectral hole into the inhomogeneously broadened absorption
profile. Error signal feedback to each laser leads to a continuous regeneration of the transient
spectral hole until a balance between spontaneous hole relaxation and hole burning occurs.

Relative frequency stability of the two stabilized lasers was characterized by the statistical Allan
standard deviation of the optical beat frequency since no absolute frequency reference was
available. The beat signal from a photodiode was measured with a frequency counter and
recorded over time with a computer at 50 ms time intervals. Allan deviations for integration
times up to 50 ms were directly measured with the frequency counter, whereas for longer
integration times the Allan deviation was calculated from the recorded heterodyne beat
frequency data.
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intermediate phase setting at the mixer between detector signal and local oscillator. This
technique combines the excellent short-term stability of the spectral hole with the good long-
term stability of the inhomogeneous line; long term drift of the beat frequency between the two
lasers has been suppressed to ~ 10 kHz per minute. The demonstrated short-term stability shows
a clear improvement compared to the earlier results using transient spectral holes in Er**:Y,SiOs
and is the best result achieved in Er3+-doped compounds. As in the case of Er3+:Y2$i05, spectral
diffusion plays a significant role in the achieved performance. Even though the transient spectral
hole provides a narrow (few kHz) wide reference, the narrow hole width cannot be fully
exploited over longer periods because of the T;-limited hole lifetime. In addition, the strong Er’*
ion magnetic moments are perturbed by local field fluctuations due to electron spin flip-flops
between nearby Er** ions in the ground state. These perturbations lead to a broadening of the
homogeneous linewidth over time. The small applied magnetic field of B = 0.25 T slows this
spectral diffusion process by thermally depopulating the upper Zeeman component of the Er**-
ion ground state but does not eliminate it completely.

Technical limitations are also set by reflections inside the electro-optic modulators, temperature
dependent residual amplitude modulation at the electro optic modulators, and voltage offsets
created in the electronic servo loop. Since a transient spectral hole is a dynamic reference, any
voltage offsets introduced to the error signal baseline cause the lock frequency to shift and
consequently introduce long-term laser drift since the laser is modifying its own reference.
Further improvements can be expected from passive and active temperature stabilization in order
to minimize and stabilize voltage offsets. Environmental disturbances due to vibration and
acoustical noise sources have been partially addressed by floating the optical table and covering
the experiment by the acoustical enclosure. The 250 Hz improvement in stabilization ,
performance for Er:KTP relative to Er’'Y,SiOs is due to a combination of three factors: extra
vibrational and acoustical isolation, reduced noise in system components such as electronics, and
the subtle differences in regenerative holeburning material. Materials studies to date suggest that
the last contribution is minor.

The hybrid model of laser stabilization to regenerative spectral holes, described several pages
earlier, was used to compute the predicted Allan deviation for locking in Er**:KTP, based on the
measured spectral noise density of the unstabilized laser and the known materials and system
parameters. The results of this computation are compared with the experimentally measured
Allan deviation in Fig. 13. It can be seen that there is good agreement between the computed and
measured values for shorter and longer integration times. Over the range of integration times
from 1 ms to 100 ms, where the measured Allan deviation is a minimum, there is some
divergence of the computed values from the measured values. This deviation is attributed to a
reduced spectral noise density of the unstabilized laser, over the relevant integration times, at the
time that it was recorded, compared to the time that the directly measured Allan deviation was
acquired. The narrow (~ 5 kHz) spectral hole in Er**:K TP results in high gain, leading to
excellent suppression of the noise over short integration times. Over longer integration times, the
limited lifetime of the hole causes the reference to lose its frequency memory and the effects of
drift and other slow fluctuations begin to dominate the Allan deviation curve. The effective hole
lifetime used in the modeling is 10 ms, which is in agreement with our experiments.




Stabilization of diode lasers at 1523 nm to Persistent Spectral Holes

Programmable Sub-kHz Laser Frequency Stabilization at 1523 nm using Persistent Spectral
Hole Burning, Thomas Bottger, G. J. Pryde, and R. L. Cone, Opt. Lett. 28, 200-202 (2003).

Diode laser frequency stability of 2 kHz to 680 Hz over 20 ms to 500 s has been demonstrated at
1523 nm in the technologically 1mportant commumcatlon band using perszstent spectral holes in
the inhomogeneously broadened Er s — 113/2 optical absorption of Er**:D":CaF,. Laser

frequency stabilization was realized without vibrational or acoustical isolation of either the laser

or spectral hole frequency reference, providing the means for implementing a versatile, compact,
stable source.

Persistent spectral holes can have lifetimes ranging from several weeks to months or longer;
consequently, they can serve as long-term secondary frequency standards. We have recently
reported compact vibration-insensitive laser stabilization in regenerative spectral hole burning
materials and demonstrated a persistent spectral hole frequency reference. We reported improved
performance to longer integration times for diode lasers stabilized to persistent spectral holes at
1523 nm in Er*:D :CaF,, which we believe is the first example of a programmable frequency
reference material in the spectral region at 1.5 pm. Although the ideal persistent spectral hole
burning material at 1.5 um is not yet available, these results highlight the concept of using a
persistent spectral hole for laser frequency stabilization.

Many scientific and device applications require frequency stability at the achieved and
anticipated levels. Lasers stabilized to spectral holes already find important application in
coherent transient spectroscopy and optical devices and are a key component of optical
correlators with improved time-bandwidth products. Besides applications related to spectral hole
burning, simple stable laser systems like ours, which does not require vibration or acoustic
isolation, open up 1.5 um technology for a new variety of uses, such as eyesafe laser radar,
remote vibrometry, and interferometry in the field. Anticipated system performance will extend
the use to ultrahigh resolution spectroscopy, quantum optics research, electromagnetically
induced transparency (EIT), optical clocks, metrology, and other applications requiring ultra-
narrow band light sources or coherent detection.

The material Er’*:D":CaF,, to our knowledge, is the only material yet known to show per51stent
spectral hole burning at 1.5 pm. Deuteride (D")-ions introduced into a 0.05 at % Er’* doped CaF,
crystal both mterstltlally and by substitution for F~ ions in the vicinity of Er** ions give rise to
additional Er** “I;sp, — 131 absorption lines. The lines at 1523 nm from the R center exhibit
persistent hole burning by optically induced D™ ion migration. Spectral holes of full: width at half
maximum (FWHM) of ~ 40 MHz showed no measurable degradation over forty-eight hours. The
activation energy deduced from those results suggests that the hole lifetime could be indefinitely
long for samples held at liquid helium temperature. The material Er**:D:CaF, should be
practical as a frequency reference up to a temperature of 15 K where the hole width reaches

200 MHz (FWHM), and that enables 51mpler operation with a cryocooler Wavelength versatility
can be achieved by replacing the Er** ions with other rare earth ions, since the hole burning
mechanism is a property of the host, rather than being dopant-specific.




Figure 14 (a) shows a transmission spectrum of Er**:D":CaF, and illustrates a number of spectral
holes programmed in the inhomogeneous absorption line of the R center. Laser beat frequencies,
pulse spectra, holograms, or data can be recorded and read out at a later t1me or location as long
as the sample temperature is maintained.

Laser frequency stabilization was
implemented using frequency
80 |- | (@) modulation (FM) spectroscopy to
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Fig. 14. (a) Transmission spectrum of Er’*:D":CaF; at corr esl.)ondmg.demodulated. FM
1523 nm. A number of spectral holes have been burned error signal [Fig. 14 (c)]. Diode
into the inhomogeneously broadened *I;s;, — “I;35 laser injection current and piezo-
transition demonstrating the programmability of the driven feedback prism plate
material. The arrow indicates a spectral hole that is provided fast and slow frequency
enlarged in (b). () Demodulated FM-error signal derived ~ corrections. Both stable laser and
from the spectral hole in (b). modulator systems — each

10 cm x 20 cm, the optical

cryostat, locking electronics, and
laser diagnostics were fitted on a tabletop. breadboard without vibrational or acoustical isolation.
Miniaturization of this apparatus is feasible with waveguide-based external cavity diode lasers

and electro-optic modulators, leading to a compact system with size hmlted by the required
cryocooler. : -

Each laser was independently stabilized to a separate reference crystal immersed in a single
cryostat at T = 1.9 K. Since width and depth of the programmed persistent spectral hole
determine the slope of the error signal for active laser frequency stabilization, careful preparation
of the initial persistent spectral hole was important. An increase in hole width as a function of
burn time was observed, resulting from the longer hole burning time for ion centers having only
partial frequency overlap with the laser and consequently a lower effective transition probability
than centers resonant with the laser. This implies a tradeoff between hole depth and hole width
has to be made, limiting error signal slope and signal-to-noise ratio for detection. Good locking
results were achieved using persistent holes of ~ 40 MHz (FWHM) and a depth corresponding to




a change in transmission by ~ 5 percent, prepared by illuminating the sample for 20 seconds with
incident light intensities of ~ 300 pW/cm?. Since the hole width was much wider than the
unstabilized laser linewidth, no active stabilization was required during hole preparation. For
materials with narrower persistent spectral holes, it will be necessary to reduce the laser
linewidth by bootstrapping the hole burning and stabilization procedure. To minimize continuous
modification of the hole while maintaining a good signal to noise ratio on the locking detector
during active stabilization, a beam spot diameter of 4.8 mm and a low irradiance of ~ 30 pW/cm?
were required at the sample. An additional factor of twenty in signal to noise ratio should be
achievable with a larger illuminated area of ~ 20 mm.

Laser frequency stability was

107 T characterized using the Allan

10" F N deviation of the beat frequency
T el N between the two lasers. Figure 15
= (a) 3 contrasts measurements for (a) the
20 | e A ] free running lasers with (b) that for
3 o ] ] the lasers stabilized to spectral
s I (b) holes. The free running lasers
< 10k ; 4 already show excellent frequency
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Integration Time (s)

to the ~ 40 MHz (FWHM)

persistent spectral holes an
improvement of more than three
orders of magnitude was achieved
for integration times greater than
300 s, while an order of magnitude
was achieved for integration times
of 2 ms. Allan deviations down to
680 Hz were attained over a wide

: S : range of integration times without
requiring vibration isolation of the laser or the crystal frequency reference, demonstrating laser
frequency stabilization to better than 6 parts in 10° of the ~ 40 MHz hole width.

Fig. 15. Allan deviation for the heterodyne beat frequency
between two lasers: (a) free-running (triangles), (b)
independently locked to persistent spectral holes in the
4115/2 - 4113/2 transition in Er**: D":CaF, at 1523nm '
(circles). Filled symbols, 300 sample Allan deviations
measured directly by a frequency counter; open symbols,
values computed from the beat-frequency data of Fig. 16.

Characterization and optimization of spectral hole burning references by experiment and
simulation have shown that the Allan deviation over short integration times is determined by the
width of the spectral hole, whereas stabilization over long integration tlmes is determined by the
lifetime of the spectral hole. In Er**:D":CaF, the stablllty over short (< 107 s) integration times is
limited by the relatively low gain of the reference arising from the broad hole and the reduced
laser power used to probe it. Nevertheless, the long lifetime of the persistent Er*":D":CaF,
spectral hole