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As part of a search for suitable materials for coherent quantum operations, relaxation times and hyperfine
structure of the1D2s1d-3H4s1d transition in Pr3+:KY sWO4d2 (0.29 at. %) at 4 K have been obtained using
photon-echo and spectral hole burning techniques. The homogeneous linewidth and the effect of excitation-
induced dephasing were measured using two-pulse photon-echo techniques. Linewidths of 23.4±1.0 and
17.6±0.9 kHz were obtained in the absence and presence of an external magnetic field of about 9 mT. The
radiative lifetimesT1d of the 1D2 state was measured to be 43±2ms using time-resolved laser-induced fluo-
rescence and three-pulse photon-echo measurements. The transmission hole spectra were measured and di-
rectly yielded the quadrupole level splitting in the1D2 (3.77±0.03 and 4.58±0.04 MHz) and 3H4 (17.1±0.1
and 33.2±0.3 MHz) states. The spectral hole lifetime due to population redistribution between the ground-state
nuclear levels was also determined to be 70±10 ms. A strong dipole-dipole interaction observed in this crystal
opens for potential applications in quantum computing schemes for performing quantum logic operations, but
the short dephasing time makes it less useful in data storage applications.
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I. INTRODUCTION

Rare-earth-ion-doped crystals are used in experiments
within the areas of optical data storage and processing,1–6

quantum information and computing,7–9 as well as for fre-
quency standards.10,11 The spectroscopic properties of the
materials determine their usefulness for the various applica-
tions and it is of interest to expand the range of available
materials and to search for materials with properties even
more suited for particular applications. Properties that make
these materials attractive include the exceptionally narrow
homogeneous optical linewidths,12,13 or equivalently, the
long dephasing time, and the ability to create(semi-) persis-
tent spectral holes through optical pumping to metastable
levels. The large ratio between the homogeneous and the
inhomogeneous linewidths in these materials provide the ba-
sis for frequency and time domain data storage and the nar-
row spectral holes have provided frequency references for
laser stabilization to less than 1 kHz at a range of optical
wavelengths.11

Recently rare-earth-ion-doped materials have been used in
quantum optical experiments, such as the demonstration of
slow light based on the method of electromagnetically in-
duced transparency14 and in experiments aimed at using the
dopant ions as quantum computer hardware.8,15,16 In both
cases, the spin transitions and the properties of the hyperfine
levels are highly relevant. In the quantum computing scheme
in Ref. 8 the long-lived hyperfine states are used as qubit
states and spectral hole burning is used to prepare an en-
semble of ions in a specific state, absorbing at a specific
frequency within the inhomogeneously broadened absorption
profile.

The quantum computing schemes exploit another property
of rare-earth ions in solids, namely ion-ion coupling through
electrostatic dipole interaction. In a crystal host, the ions can

have a permanent electric dipole moment, which changes
when an ion is optically excited. This in turn changes the
resonance frequency of nearby ions, through dipole-dipole
interaction, which leads to a line-broadening mechanism
known as excitation induced frequency shifts.17 For many
applications, this effect is detrimental, since it increases the
effective homogeneous linewidth, but in quantum computing
schemes it can be used in a controlled manner to perform
quantum logic operations. The investigation presented here
was motivated by the search for new materials with long
optical coherence times and strong ion-ion interaction for use
in few qubit quantum computing applications.

Pr:KYsWO4d2 was identified as a material that could pos-
sess the useful properties mentioned above and was sub-
jected to further studies. Praseodymium is an attractive ion
since it has only one naturally occurring isotope, which
makes spectral analysis simpler, and because Pr ions often
have higher transition strengths and stronger electrostatic di-
pole coupling than, e.g., Eu3+ ions in similar hosts. Many
Pr3+-doped materials have been investigated, in particular
Pr3+:Y2SiO5,

18,19 which has been used for experiments con-
cerning quantum optics and quantum computing.14 The con-
stituents of the host material KYsWO4d2 have relatively low
nuclear magnetic moments, which is favorable since homo-
geneous broadening is often caused by spin fluctuations
where the magnetic moments of the host lattice nuclei couple
to the dopant ions.20 The main contribution in this host
comes from39K, with an isotope abundance of 93% and a
nuclear magnetic moment of 0.39mN.

In this paper, we report the hyperfine structure and the
homogeneous broadening in a Pr3+ doped KYsWO4d2 crystal
with a Pr3+ concentration of 0.29% using photon-echo and
hole-burning techniques. The paper is organized as follows.
Section II describes basic material properties and the experi-

PHYSICAL REVIEW B 70, 214115(2004)

1098-0121/2004/70(21)/214115(8)/$22.50 ©2004 The American Physical Society214115-1



mental apparatus. The experimental results are given in Sec.
III, in which the homogeneous linewidth, hyperfine struc-
tures, and spectral hole lifetimes are discussed in detail in
Secs. III A, III B, and III C, respectively. Finally some con-
clusions are drawn in Sec. IV.

II. EXPERIMENT

Pr3+:KY sWO4d2sKY0.9971Pr0.0029sWO4d2d single crystals
have been grown by the top seeded solution growth(TSSG)
method using a K2W2O7 solvant. Crystal growth experi-
ments were carried out at 948–925 K at the
31.41 K2O:1.90 Y2O3:0.02 Pr2O3:66.67 WO3 point of the
phase diagram(molar ratio). Details of the growth procedure
have been explained previously.21

The Pr concentration in the sample has been determined
to be 0.29% by electron probe microanalysis, using
CAMECA Camebax SX50 equipment. The crystal host,
KY sWO4d2, belongs to the monoclinic system, space
group C2/c, with unit parameters a=1.06313s4d , b
=1.03452s6d , c=0.75547s3dnm, b=130.752s2d, andZ=4.22

The Pr3+ ions substituting for Y3+ ions are coordinated with
eight oxygen atoms, which form a distorted tetragonal anti-
prism (Thompson cube) havingC2 site symmetry.

The measurements were made on the lowest crystal-field
states of the zero-phonon3H4-

1D2 transition in
Pr3+:KY sWO4d2 at 613.07 nm. The sample was 5 mm long
in the direction of light propagation and had a width and
height of 3 and 5 mm, respectively, with three polished faces.
The crystal was immersed in liquid helium and kept at a
temperature of about 4 K. A Coherent CR-699-21 ring dye
laser, pumped by a Spectra Physics 2080 argon–ion laser,
operating with Rhodamine 6G provided a beam of light reso-
nant with the optical transition3H4-

1D2. The cw dye laser
was linearly polarized and was operated in a single servo-
locked mode with a nominal spectral width of,1 MHz. The
wavelength was determined by a Burleigh wavemeter(WA-
4500).

In the photon-echo experiment and lifetime measurement,
the light was gated by two Isomet 1205C acousto-optic
modulators(AOMs), controlled by an Isomet D320 driver,
creating excitation pulses with a duration in the interval 400–
1200 ns at a repetition rate of 10 Hz. The two modulators
were arranged such that the frequency of the light could be
varied by changing the AOM rf carrier frequencies without
changing the direction of the light. The light pulses were
then focused on the crystal by a 20 cm focal-length lens to a
beam diameter of,0.15 mm. The light propagated along the
b axis and the polarization was parallel to thec axis. In the
photon-echo experiment, a third Isomet 1205 C acousto-
optic modulator was put in the beam after the cryostat as a
gate in order to block the excitation light and only allow the
echo signal to pass through. The energy of the excitation
pulses was measured by a Coherent Fieldmaster LM-2 power
meter. The echo signal was detected by a photomultiplier
tube (Hamamatsu R943-02) and recorded by a Tektronix
2431L oscilloscope. A static magnetic field of about 9 mT,
provided by a pair of Helmholtz coils and oriented along the
b axis, was also applied to the crystal in order to study how

this affected the homogeneous linewidth. In the lifetime
measurement, following pulsed excitation, a 40 cm focal-
length lens was used to collect the fluorescence at right
angles to the incident laser beam in order to avoid the influ-
ence of the optical free induction decay. The captured fluo-
rescence was then focused on the photomultiplier tube and
transferred to a Tektronix TDS 540 oscilloscope.

In the hole burning experiment, the spectral hole was
probed by measuring the transmission of the laser with the
intensity reduced by 2 – 3orders of magnitude relative to the
burning intensity. The two Isomet 1205C modulators used
above were exchanged for an A&A Opto-Electronics
acousto-optic modulator driven by a Tektronix AWG520 ar-
bitrary wave form generator in order to obtain a wider fre-
quency scanning range(200 MHz). The laser output was
split into two beams. One was used to irradiate the crystal
and the other was used as reference signal in order to elimi-
nate the influence of fluctuations in laser amplitude. A
matched pair of electronically amplified photodiodes
(Hamamatsu S1223) was used for detection. The transmis-
sion hole spectrum and reference signal were recorded by the
Tektronix TDS 540 oscilloscope and transferred to a com-
puter, where the analyses of the spectra were performed.

III. RESULTS AND DISCUSSION

A. Homogeneous linewidth

The homogeneous linewidth of the1D2-
3H4 transition was

determined in time domain measurements using two-pulse
photon echoes. The photon-echo signals decay, as a function
of separationt between the pulses, as exps−4t /T2d, whereT2

is related to the homogeneous linewidthGh by Gh=1/spT2d.
Typical parameters for the two excitation pulses in this ex-
periment were pulse durations between 500 and 1200 ns and
excitation intensities between 2.5 and 35 W/cm2. The laser
was continuously scanned over 1 GHz at a very slow rate
(about 150 MHz/s) in order to avoid hole-burning effects
during the photon echo experiments, while still ensuring
spectral overlap of the two pulses within each excitation
pulse pair. The pulse sequences were computer controlled
and the echo intensities averaged over 30 echoes were re-
corded. The optical dephasing time was measured at several
points in the absorption line, which had a maximum of ab-
sorption of about 80%(the absorption coefficienta is about
3.2 cm−1). The resulting echo decay, with about 6 W/cm2

excitation intensities, was 3.3µs. This gives an optical
dephasing timeT2=13.2ms, yielding a homogeneous line-
width of Gh=24.1 kHz(see Fig. 1).

The homogeneous linewidthGh in Pr3+:KY sWO4d2 arises
from several dominant mechanisms, namely

Gh = G0 + GPr−Pr+ GPr-Host+ GPhonon, s1d

whereG0 is the broadening due to the natural lifetime of the
1D2 state,GPr-Pr is due to Pr3+-Pr3+ interaction, andGPr-Host is
due to the Pr3+-host interaction. The last termGPhonon de-
scribes the contribution due to coupling to phonons and con-
sists of one-phonon direct processes, two-phonon Raman
processes, two-phonon Orbach processes, and two-phonon
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intrinsic Raman processes. Phonon broadening dominates at
temperatures above a few Kelvin, but is strongly suppressed
at 4 K.23 In the present work, this temperature dependence of
the homogeneous linewidth has not been studied. TheGPr-Host
term comes from the guest-host interaction among the
nuclear spins due to fluctuation of the local fields. This con-
tribution depends strongly on the host crystal. The interac-
tion is magnetic in origin and can be reduced to some extent
by decoupling the host nuclei from the Pr3+. Therefore, in
this work, echo decays were also recorded in a static mag-
netic field of 9 mT to study the contribution to the linewidth
from nuclear spin fluctuations of the host crystal. A reduction
in homogeneous width was also observed as illustrated in
Fig. 1. The echo decay with about 6 W/cm2 excitation in-
tensity gives a dephasing timeT2=16.5ms, corresponding to
a homogeneous linewidth ofGh=19.3 kHz. The application
of the 9 mT magnetic field reduced the linewidth by about 5
kHz, showing the contribution from the host ions to the zero-
field homogeneous linewidth and a relatively strong depen-
dence of homogeneous linewidth on the magnetic properties
of the host lattice.

The second term in Eq.(1), GPr-Pr, describes the contribu-
tion due to the excitation induced dephasing(instantaneous
spectral diffusion) which is ascribed to the local multipole
field or crystal field changes induced by the excitation of
neighboring Pr3+ ions.12,17Excitation of ions during the echo
sequence shifts the transition frequencies of neighboring Pr3+

ions because of the difference in electric dipole moments
between the ground and the excited states, giving rise to a
perturbation of phase relationships between the ions and a
reduction of the echo intensity.24 Therefore, theGPr-Pr term
strongly depends on the concentration of doped ions and the
excitation intensity of the laser. In a crystal with a fixed
concentration, the contribution ofGPr-Pr to the homogeneous
linewidth Gh can be extracted by plottingGh as a function of

excitation energy, since the magnitude of theGPr-Pr term is
proportional to the density of excited Pr3+ ions and is there-
fore directly proportional to the excitation density if the ex-
citation density is weak enough that the pulse area is much
smaller thanp.25 This can be explicitly expressed as

GPr-Pr= SISDre s2d

where re is the density of excited Pr ions andSISD is the
instantaneous diffusion slope. The excitation pulses in this
experiment were attenuated by inserting neutral-density fil-
ters. Using the effective beam area(A=pw0

2/2, wherew0 is
the Gaussian beam waist), the excitation intensity and exci-
tation density can be obtained. The homogeneous linewidth
as a function of excitation intensity and excitation density is
illustrated in Fig. 2. The broadening introduced by the mea-
surement process itself is clearly seen and the decays ex-
trapolated to zero excitation energy yielded a homogeneous
linewidth of 23.4 kHz at zero field. For the 9 mT field case,
extrapolation to zero excitation energy yields a homogeneous
linewidth of 17.6 kHz. From Fig. 2, the instantaneous diffu-
sion slopeSISD was found to be 3.5310−11 Hz cm3. Due to
the difficulty of determining the absolute laser intensity, the
value will have a large uncertainty. Compared with the value
found in other materials, e.g.,,1.4310−11 Hz cm3 in
Pr3+:Y2SiO5,

18 and,1310−12 Hz cm3 in Eu3+:Y2SiO5,
23 it

is clear that there is a strong ion-ion interaction in this ma-
terial, leading to a largeGPr-Pr. The interaction is attributed to
electric dipole interaction, which is proportional tosDm̄d2,
where Dm̄ is the difference between the static dipole mo-
ments of the ground and excited states. The exact value of
Dm̄ can be determined using Stark shift measurements.26 A
strong ion-ion interaction is important for the scheme for
quantum computing in rare-earth-ion-doped crystals.8,15,16

FIG. 1. Two-pulse photon
echo decays on the1D2-

3H4 tran-
sition in 0.29% Pr3+:KY sWO4d2

at 4 K without a magnetic field
sH0=0d and with a magnetic field
sH0=9 mTd parallel to theb axis.
The excitation intensity is about
6 W/cm2 and the straight lines
are exponential fits to the decays.
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The first termG0 in Eq. (1) denotes the contribution aris-
ing due to the lifetimeT1 of the excited state1D2. T1 was
measured both by three-pulse photon echoes and by time-
resolved laser-induced fluorescence. In the three-pulse pho-
ton echo experiment, the echo decay shows a decay time of
21 µs, resulting in a lifetime ofT1=42 ms. In order to avoid
the possible contribution from long-lived hyperfine state
storage to the echo intensity, the1D2 fluorescence lifetime
was also measured by directly exciting the3H4-

1D2 transition
with a gated cw laser pulse of 1µs duration and observing
the exponential fluorescence decay. Since there is a large
energy gaps.6000 cm−1d between the1D2 state and the
nearest lower energy state1G4 and the experiment was un-
dertaken at low temperature, nonradiative decay may be ne-
glected and the relaxation is dominated by radiative transi-

tions from the1D2 state to the different lower states. The
lifetime (43 µs) was thus obtained by monitoring the fluores-
cence from the1D2 state to all lower levels. The fluorescence
decay curve is shown in Fig. 3, in which the inset illustrates
the data obtained in the three-pulse photon echo experiment.
A good agreement for the1D2 lifetime was found between
these two methods. The lifetime of 43µs contributes 3.7 kHz
to the homogeneous linewidth. From the results obtained
above, it can be observed that the extrapolated value to zero
laser power in a 9 mTfield is much larger than the ultimate
limit of the homogeneous linewidth of 3.7 kHz, and therefore
we conclude that there is still some residual contribution, for
example from the interaction between the Pr ions and the
host ions or possibly from the last termGPhonondue to cou-
pling between the electronic levels and thermally excited
phonons.

As a summary, Table I lists the parameters obtained in this
crystal, as well as those obtained in Pr3+-doped Y2SiO5 and
YAlO3.

18,27 In comparison with these other crystals
Pr3+:KY sWO4d2 has wider homogeneous and inhomoge-
neous linewidths, and a stronger interaction between dopant
ions.

B. Hyperfine structure

The hyperfine structures of the1D2 excited state and the
3H4 ground state were directly determined in the frequency
domain by spectral hole burning, in which transmission hole
spectra were recorded. Due to the inhomogeneous broaden-
ing all allowed transitions between the hyperfine levels of the
ground and excited states are resonant with the frequency of
the burning laser for some subset of ions and a pattern of side
holes and anti-holes can be recorded. The side holes are due
to transitions from the ground state levels with depleted
population to all of the excited state hyperfine levels and the
antiholes are due to population redistribution between the
ground state hyperfine levels, giving rise to enhanced absorp-

FIG. 2. Dependence of the homogeneous linewidths of the
1D2-

3H4 transition on the density of excited ions in the presence and
absence of an external magnetic field.

FIG. 3. Time-resolved fluores-
cence from the1D2-

3H4 transition.
The exponential fit gives a life-
time sT1d of 43 µs. The inset
shows a three-pulse photon echo
decay with an exponential fit that
yielded a decaysT1/2d of 21 µs.
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tion features. This can be used to determine the hyperfine
splitting of the two states. The Pr nucleus has a spin ofI
=5/2, and thenuclear quadrupole interaction and the second-
order hyperfine coupling split the1D2 excited state and the
3H4 ground state into three hyperfine levelssIz

= ±1/2, ±3/2, ±5/2d. In this case, a pattern of three side-
holes and 21 antiholes are expected on each side of the burn-
ing laser frequency(primary hole). The frequency intervals
between the primary hole and sideholes give the hyperfine
level splittings of the excited state, whereas the frequency
intervals between the primary hole and antiholes yield the
hyperfine level splittings of the ground state, as well as the
sum and difference of the splittings in the excited state and
the ground state.

In this experiment, the burning pulse duration was
changed from 0.5 to 20 ms and the burning intensity was
2—3 orders of magnitude larger than the intensity of the
readout pulse. The readout pulse was scanned over a range
from 20 to 200 MHz in the spectral vicinity of the burning
pulse and had a duration between 20 and 800µs. In Fig. 4, a

typical transmission spectrum of holes and antiholes is pre-
sented. The overall hole picture of the ground and excited
states was obtained by irradiating for 5 ms and probing by
letting the laser scan once over 150 MHz during 800µs. The
separation between the burning and reading pulses is 1 ms
and recording is done in a single shot in order to avoid laser-
frequency jitter which will decrease the resolution of the hole
spectrum. In Fig. 5, the transmission hole spectra for the
1D2-

3H4 transition with a higher frequency resolution is
shown. The probe pulse was scanned over 20 MHz during
200 µs. A resonant hole width of about 0.5 MHz, limited by
laser-frequency jitter and readout chirp rate, was achieved.
As shown in Fig. 5, the resolution is sufficient for determin-
ing the splitting in the1D2 excited state.

The frequencies of the excited-state and the ground-state
splittings and the results are summarized in Table II. The
values were compared with numerical simulation of the hole-
burning spectra from the observed hyperfine splittings as il-
lustrated by solid lines in Figs. 4 and 5. The theoretical
analysis was performed using a simple linear-absorption

TABLE I. Spectral and relaxation parameters for the1D2s1d-3H4s1d transition in 0.29% Pr3+:KY sWO2d4,
together with comparable data for Pr3+:YAlO3 and Pr3+:Y2SiO5.

Pr3+:KY sWO4d2 Pr3+:YAlO3 Pr3+:Y2SiO5 (0.02%)b

Crystal (0.29%) (0.1%)a Site 1 Site 2

l 613.07 nm 610.5 nm 605.977 nm 607.934 nm

Ghom 23.4±1.0 kHzsH0=0d 4.5 kHz sH0=0d 2.4 kHz sH0=0d 1.05 kHzsH0=0d
Ghom 17.6±0.9 kHzsH0=90 Gd 2.0 kHz sH0=80 Gd 1.8 kHz sH0=77 Gd 0.85 kHzsH0=77 Gd
Ginhom .25 GHz 5 GHz 4.4 GHz 2.5 GHz

T1 43±2 ms 160µs 164µs 222µs

THF 70±10 ms — .100 sc .100 sc

SISD 3.5310−11 Hz cm3 — 1.2310−11 Hz cm3 1.4310−11 Hz cm3

aSee Ref. 27.
bSee Ref. 18.
cSee Ref. 19.

FIG. 4. Experimentally ob-
tained (dashed line) and theoreti-
cally fitted (solid line) transmis-
sion hole spectra for the transition
between the lowest crystal-field
split components of the1D2 and
3H4 states.
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model. The burned primary hole, sideholes, and antiholes
were assumed to be Gaussian in shape and to have a 0.5
MHz width at half maximum. The transition probabilities for
all possible pairs of the hyperfine levels between the ground
state and the excited state were assumed to be the same. It
was also assumed that the relaxation only takes place from
the1D2 state to the ground state and the population is equally
distributed among the remaining two hyperfine levels. As can
be seen in Figs. 4 and 5, there is good consistency between
the experimental and simulated spectra. The measured hyper-
fine splittings can be used for calculating the combined quad-
rupole and second-order-hyperfine coupling constantsD and
E in the effective quadrupole HamiltonianHQ=DfIz

2− IsI
+1d /3g+EsIx

2− Iy
2d.20 In our experiment, the ordering of the

hyperfine splittings of the1D2 excited state and the3H4
ground state was not determined. Therefore, the signs ofD
andE cannot be specified. The hyperfine coupling constants
D andE were fitted according to the procedures as presented
in Ref. 28 and they are also listed in Table II.

C. Spectral hole lifetime

In this work, the lifetime of the spectral holes was also
measured by burning a hole in the absorption line and sub-

sequently probing the spectral hole after a variable time. The
spectral hole lifetime depends on the rate of population re-
distribution among the ground-state hyperfine levels, which
can be due to several possible mechanisms including direct
one-phonon process, two-step Orbach processes, inelastic
Raman scattering, and spectral diffusion through Pr3+-Pr3+

interaction.23 The hole was measured by scanning the laser
frequency with intensity attenuated by a factor of 103–104 in
comparison with the burning pulse in order to avoid that the
probing laser affected the hole decay. The spectral hole depth
as a function of the time separation between the burning and
probing laser pulses is illustrated in Fig. 6. A single expo-
nential fit gives a lifetimesTHFd of 70 ms. The estimated
single exponential value is the effective overall lifetime for
the hole relaxation process, since different spin-lattice relax-
ation rates among the three hyperfine levels is possible. The
contribution to spectral hole lifetime due to direct one-
phonon processes(absorption and emission of phonons) can
be very slow because the phonon density at the hyperfine
splitting frequency is very low. However, the contribution of
the remaining three mechanisms to the hyperfine level rela-
tion could not be distinguished, since our experiments did
not explore the dependence of hole refilling on temperature
and concentration.

IV. CONCLUSION

In summary, the techniques of photon echo and spectral
hole-burning have been applied to Pr3+-doped KYsWO4d2.
The dephasing mechanisms and spectroscopic properties of
Pr3+ ions in this crystal were investigated. The homogeneous
linewidth of the optical transition from the3H4s1d ground
state to the1D2s1d excited state was determined and the con-
tributions to the linewidth were also identified by studying
the effects of excitation-intensity-dependent dephasing and
the influence of a magnetic field. A strong dipole-dipole in-

TABLE II. The splitting between hyperfine levels of the3H4 and
1D2 states together with the hyperfine coupling constantsD andE.
Our experiments did not determine the ordering of the hyperfine
levels and the signs of the constants are not specified.

Frequency(MHz) Ground state3H4 Excited state1D2

d1 17.1 3.77

d2 33.2 4.58

d1+d2 50.3 8.35

uDu 8.34 1.25

uEu 0.419 0.321

FIG. 5. Experimentally ob-
tained (dashed line) and theoreti-
cally fitted (solid line) transmis-
sion hole spectra for the1D2-

3H4
transition in a higher frequency
resolution for determination of the
hyperfine splittings of the1D2
state.
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teraction in this material was observed, which can be helpful
in quantum computing schemes for performing quantum
logic operations. On the other hand, the homogeneous
dephasing time is considerably shorter than in Pr3+:Y2SiO5,
which is a disadvantage for several applications. Using the
spectral hole-burning technique, the quadrupole level split-
tings of the1D2 and 3H4 states in this crystal were resolved
and accurately assigned. The hyperfine coupling constantsD
andE were also obtained. The results reported are relevant to
those searching for new materials for various potential
practical applications with regard to optical amplifiers,

phosphors, laser stabilization, laser emission, and optical
data processing.
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