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Nd:YAG ceramics are promising candidates for
high-power and high-efficiency microchip laser
materials because highly transparent and highly Nd3+-
doped samples are available1) without degradation in
thermomechanical properties.2) We have investigated
the optical properties of Nd:YAG ceramics and suc-
ceeded in microchip laser oscillation.3) In this work we
have investigated depolarization effect caused by ther-
mally induced birefringence in Nd:YAG ceramics,
which should be an essential issue for controlling polari-
zation under high-power operation.

Thermal birefringence effect was measured with the
pump-probe experiment. A Ti:sapphire laser oscillating
at 808 nm was used as the pump source, which was
focused onto the sample with the radius of 80 µm. The
linearly polarized He-Ne laser beam of 1 mm radius was
used as the probe. After passing through the sample,
only the depolarized component of the probe beam was
detected. The measured samples were 1.0, 1.3, 2.0, and
3.4 at.% Nd3+-doped YAG ceramics, and 1.0 and 1.3
at.% Nd:YAG single crystals. The thickness of each
sample was ~ 1 mm, and (111)-cut samples were used
for the single crystals.

Figure 1 shows the depolarization as a function of
Nd3+ concentration at the absorbed pump power of 1000
mW. We found that the depolarization is nearly same
between the ceramic and single-crystal YAG for the
same Nd3+ concentrations. Because YAG ceramics
consist of a lot of YAG single-crystal grains (their sizes
are in several tens of microns) with various directions,
which means that the birefringence effect in a ceramic
sample is average of that in those grains, we suppose
our results indicate that the average is close to the
birefringence effect for (111)-cut Nd:YAG single
crystals.

Moreover, it was also found that the depolarization
became larger in samples with higher Nd3+ concentra-
tions even if the same pump power was absorbed. We
believe that the main reason is the difference of thermal

loading for the samples with different Nd3+ concentra-
tions. For a highly Nd3+-doped sample, in which the
interaction between Nd3+ ions is significant, the amount
of nonradiative relaxation increases and radiative
quantum efficiency gets smaller. Under the condition of
no laser extraction, the smaller quantum efficiency
causes larger thermal loading, that is, more heat genera-
tion in the sample even at the same absorbed power, and
this induces larger thermal birefringence. The dotted
line in Figure 1 shows the calculated result, in which we
used the values of thermal loading obtained by Lupei et
al.4) The agreement between the experiment and rough
estimation is satisfactory. When lasing occurs, on the
other hand, thermal birefringence is expected to be
greatly reduced because the thermal loading is then
independent of radiative quantum efficiency. This
means that cw or high-repetition-rate, high-average-
power Q-switched operation is preferable for highly
Nd3+-doped ceramics.
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Figure 1. Depolarization as a function of Nd3+ concentration
for the ceramic and single-crystal samples at the absorbed
pump power of 1000 mW. The dotted line is the calculation
taking account of increase of thermal loading.

VIII-B  Development and Research of Advanced Tunable
Solid State Lasers

Diode-pumped solid-state lasers can provide excellent spatial mode quality and narrow linewidths. The high
spectral power brightness of these lasers has allowed high efficiency frequency extension by nonlinear frequency
conversion. Moreover, the availability of new and improved nonlinear optical crystals makes these techniques more
practical. Additionally, quasi phase matching (QPM) is a new technique instead of conventional birefringent phase
matching for compensating phase velocity dispersion in frequency conversion. These kinds of advanced tunable
solid-state light sources, so to speak “Chroma Chip Lasers,” will assist the research of molecular science. 

In this projects we are developing Chroma Chip Lasers based on diode-pumped-microchip-solid-sate lasers and
advanced nonlinear frequency conversion technique.
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Thermally induced birefringence in solid-state laser
materials is a serious problem in developing high-power
and high-beam-quality lasers and amplifiers because it
causes bifocusing and depolarization of a linearly
polarized beam. A number of techniques which use a
90o rotator and a quarter-wave plate, etc., have been
suggested to compensate the depolarization. However,
these compensations have been applied exclusively for
(111)-cut YAG crystals, presumably because the (111)
plane has simple, circularly symmetrical birefringence
so that using (111)-cut rods is conventional. We report
intrinsic reduction of depolarization without any com-
pensation by use of Nd:YAG rods cut other than (111).

Koechner and Rice analyzed thermally induced bire-
fringence in Nd:YAG rods with various directions,1),2)

and concluded that the amount of depolarization at the
high-power limit is independent of rod directions, as
shown in Figure 1. However, there were two mistakes in
their theory. Figure 1 also shows the dependence of the
depolarization on absorbed pump power based on our
calculation when the laser beam radius ra is equal to the
rod radius r0. The amount of depolarization depends on
the directions of planes and polarizations even at high
power, and becomes smallest when the angle between
the direction of polarization and the crystal axis, γ, is
equal to 45˚ in the (100) plane, the amount for which is
half that for the (111) plane at high power and 1/6 at
low power. 

Moreover, we have found that the depolarization can
be greatly reduced by use of a (110)-cut rod under
condition that ra is smaller than r0. When the distance
from the center of the rod, r, is as large as r0, the eigen-
vectors are directed nearly to the radial and the
tangential directions at all the angles. On the other hand,
when r is small, all eigenvectors are nearly aligned in
one direction. Because of this nature, if the direction of
the polarization is close to the crystal axis, a beam with
small radius can propagate through the rod almost
undepolarized. Figure 2 shows, as an example, depen-
dence of the depolarization on the absorbed pump
power when ra = r0/5 and γ = 0˚. The depolarization for
the (110) plane reduces to about 1/50 of that for the
(111) plane. This condition can be realized by use of an
aperture to control the beam size in the case of the
uniform pumping. A composite material in which the
doped YAG is surrounded by the undoped YAG also
makes the same condition and realizes better extraction
efficiency. For the end pumping, on the other hand, the
condition is easily satisfied because the focused pump
beam itself plays a role as a gain aperture.
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Figure 1. Dependence of the depolarization on the absorbed
pump power for the (111), (100), and (110) planes based on
Koechner and Rice’s theory (thin curves) and our calculation
(thick curves).

Figure 2. Dependence of the depolarization on the absorbed
pump power for the (111), (100), and (110) planes when ra =
r0/5.
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The renewed interest in the use of highly concen-
trated Nd:YAG laser materials for constructing solid
state lasers rises important questions concerning the
effect of Nd concentration (CNd) on the spectroscopic
and emission decay characteristics that determine the
performances of these lasers. Highly doped Nd:YAG
components can be produced by various techniques
such as crystal growth by the Thermal Gradient Tech-
nique,1) flux,2) epitaxial thin film deposition3) or ceramic
techniques.4) Despite of the fact that some of these
components have been used in laser experiments, no
detailed account of the effect of CNd on their spectros-
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copic and emission decay properties has been reported.
This work reports the results of spectroscopic and emis-
sion decay investigations of Nd:YAG ceramics with up
to 9-at.% Nd.

High optical quality transparent Nd:YAG ceramics
have been produced by the technique described in
Reference 4). The high-resolution transmission spectra
were measured at temperatures between 10 and 300 K
by using a high-resolution (better than 0.3 cm–1) one-
meter double monochromator. For the emission decay a
photon counting technique of 20-ns resolution was used
and the excitation was made non-selectively at room
temperature with the 2nd harmonic of a Q-switched
Nd:YAG laser (10-nsec pulse width). The intensity of
excitation was kept low in order to avoid a high
population of the emitting level 4F3/2 (under ~1%) that
could favor upconversion by excited state absorption or
energy transfer.

The transmission spectra of Nd:YAG ceramic
samples of 1-at.% Nd are similar to those of single
crystals5) of the same CNd. No obvious line shifts or
broadenings have been observed in any spectral range in
agreement with previous investigations on 1-at.%
Nd:YAG ceramics.6) With increasing Nd concentration
the positions of the spectral lines remain practically
unchanged with very slight shifts for some of the optical
transitions and with a selective broadening. The
structures of the satellites in the low-temperature high-
resolution spectra at 1-at.% Nd do not contain any
additional satellites with respect to those reported in
single crystals,5) showing that no additional defects in
the vicinity of the Nd ions occur. The only major
satellites in the transmission spectra of the Nd:YAG
ceramics are those connected with crystal-field
perturbations inside of statistical ensembles of Nd3+

ions sitting on near lattice sites. At low Nd concentra-
tions the most important of such ensembles are Nd ion
pairs: the satellites corresponding to the first (n.n.)- and
second (n.n.n.)- order pairs are clearly resolved in most
of the optical transitions (satellites M1, spectral shift up
to 5 to 6 cm–1 and M2, shift up to 2 to 3 cm–1, respec-
tively), as shown in Figure 1 for the transition 4I9/2(Z1)
→ 2P1/2 at various Nd concentrations. With increasing
of CNd the relative intensities of the pair lines increase,
while the ones of the isolated ions decrease. Moreover,
at very high concentrations, new satellites T, whose
relative intensities increase with CNd faster than those of
the pairs, show up. Most likely these new satellites are
connected with triads of Nd3+ ions on near lattice sites,
the larger spectral shift being consistent with the
expected larger mutual crystal-field perturbation inside
of these ensembles.

The weakly excited emission decay at room tem-
perature is accelerated and shows departures from
exponentials with increasing CNd (as shown in Figure 2)
The decay can be divided into four successive temporal
regions: (i) a very sharp drop that terminates practically
within the first two microseconds of the decay and
whose extent on the intensity scale increases almost
proportionally to CNd; (ii) a quasi-exponential portion
that blurs at high CNd; (iii) a non-exponential depen-
dence; (iv) a new quasi-exponential dependence. The
border between these regions is not sharp and the transi-
tion is gradual. The extent of the regions (ii) and (iii)

reduces with increasing CNd: the region (iv) is not seen
in the decay of the diluted samples during 6–8 e-
foldings of low noise decay at the low pump intensities
used in this experiment. The emission quantum efficien-
cy ηqe in the presence of energy transfer can be then
determined. It decreases with increasing CNd and all the
excitation lost non-radiatively by cross-relaxation is
transformed into heat. This limits the possibilities of
using concentrated Nd:YAG components in laser emis-
sion regimes implying the storage of excitation energy
(the Q-switched regime). However, these materials
show good prospect to be used in continuous-wave
regimes, where the effect of the reduction of ηqe with
increasing CNd on the threshold can be compensated by
an enhanced absorption of the pump radiation.
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Figure 1. 4I9/2 → 2P1/2 transmission spectra for different
concentrations at low temperature.
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Figure 2. 4F3/2 emission decays for Nd:YAG ceramics of
different concentrations at room temperature.

VIII-B-4  Spectroscopy and Laser Emission
under Hot Band Resonant Pumping in Highly
Doped Nd:YAG Ceramics

LUPEI, Voicu1; TAIRA, Takunori; LUPEI,
Aurelia1; PAVEL, Nicolaie; SHOJI, Ichiro;
IKESUE, Akio2

(1IAP-NILPRP, Romania; 2JFCC)

[Opt. Commun. 195, 225 (2001)]

Owing to important thermo-mechanical properties,
such as hardness, high thermal conductivity and high
stress-fracture limit as well as to its fairly good spec-
troscopic properties (four-level laser scheme, high
emission cross-section, fairly long lifetime), Nd:YAG
remains a material of choice for the construction of
solid-state lasers. However, the inability of the conven-
tional growth techniques for bulk single-crystals
(Czochralski) to incorporate Nd concentrations (CNd)
above 1.2–1.4 at.% without a serious deterioration of
the optical and structural properties, together with the
sharp and relatively weak absorption lines at these
concentrations limit the use of these crystals both in the
direction of the high power lasers and of very efficient
microchip lasers. This paper investigates the spectro-
scopic properties and the emission dynamics of Nd3+

ions in highly concentrated Nd:YAG ceramics. The
implication of these properties on the laser emission is
discussed and illustrated with the 1064-nm emission
under hot band resonant pump in the emitting level.

The samples under study are Nd:YAG ceramics with
Nd concentrations up to 9-at.%, produced as described
in Reference 1). The main techniques of investigation
are the high spectral resolution optical transmission and
the high temporal resolution emission decay. The laser
emission was investigated on samples of up to 3.8-at.%
Nd under Ti:Sapphire laser end-pumping.

The transmission spectra at room temperature enable
the selection of optical transitions suitable for diode
laser pumping. A very promising such transition could
be the doubly-peaked band centered around 885 nm
made up by the hot bands Z2 → R1 and Z3 → R2 of the
absorption 4I9/2 → 4F3/2. Our measurements show that
the absorption coefficients of the two peaks of the 885-

nm band are approximately equal at room temperature
and become appreciable at high values of CNd: they
increase from ~ 1.7 cm–1 at 1-at.% Nd to ~ 6.5 cm–1 at
4-at.% and 13 to 14 cm–1 at 9-at.% Nd, while the
FWHM increases from ~2.5 nm at 1-at.% Nd to ~3.2
nm at 9-at.% Nd, very suitable for diode laser pumping.

The room temperature global emission decay under
low intensity non-selective pump of Nd:YAG ceramic
samples show CNd-dependent departures from exponen-
tial.2) The quantum efficiency ηqe, which was deter-
mined as a function of CNd by using the energy transfer
parameters obtained from the emission decay, is shown
in Figure 1. This dependence is different from that used
traditionally ηqe = [1 + CNd/C0]–1, which is based on a
C2

Nd -dependence of the transfer function at all Nd
concentrations, but is in a very good agreement with the
reported data on quantum efficiency,3) fractional
thermal load4) and pump-induced birefringence.5) These
results indicate that the concentrated Nd:YAG ceramics
show potential for construction of efficient CW solid
state lasers.

The CW 1064-nm laser emission potential of the
concentrated Nd:YAG ceramics was investigated under
resonant pump in 4F3/2 level at 885-nm in an end-pump
laser configuration. The Nd concentration of the laser
active component was 3.8-at.%; the quantum efficiency
ηqe was ~ 0.32, leading to a figure of merit ηqeCNd of
1.21 and to a calculated product ηqeτD of ~ 83 µsec. The
uncoated plane parallel 1.5-mm thick active component
was placed in a 25-mm plane-concave resonator with a
50-mm radius output coupler. The end pumping was
made with a Ti:sapphire laser focused on the sample in
a 160-µm diameter spot. The emission power versus the
absorbed power is represented in Figure 2. For a 5%
transmission output coupler the threshold of emission in
absorbed power was ~ 65 mW and the slope efficiency
~ 40%, and at 500-mW absorbed power the laser
emitted in excess of 167-mW in a beam with a M2

factor equal to 1.61.6. Analysis of these data shows that
for a given output coupler transmission T, the threshold
and the slope efficiency can be consistently described by
using the same value of the global loss parameter (T +
L)ηB

–1, where ηB is the superposition factor of the laser
mode and the pump volumes and L represents all the
other losses, including the residual Fresnell loss at the
wavelength of emission. This global loss parameter
amounts to 0.10.005 for T = 0.05 and 0.045 ± 0.002 for
T = 0.01; these two values are consistent with a super-
position factor of ~ 0.73, in agreement with the mea-
sured ratio of the laser emission and the pump beam
diameters, and with a loss parameter L = 0.023.

In conclusion the laser emission of a 3.8-at.% Nd
ceramic laser component under hot band resonant pump
at 885-nm with a Ti:sapphire laser is demonstrated. The
laser active component used in this experiment is the
most concentrated Nd:YAG active component reported
to lase at 1064 nm. The performances of this laser could
be improved by using coated active components of
higher optical quality.
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Figure 1. Calculated concentration dependence of emission
quantum efficiency ηqe and of ηqeCNd parameter.

Figure 2. Output power function of absorbed power for an
uncoated 3.8-at.% Nd:YAG ceramics sample under 885-nm
end pumping by Ti:sapphire laser.

VIII-B-5  Efficient Laser Emission in
Concentrated Nd Laser Materials under
Pumping into the Emitting Level

LUPEI, Voicu1; PAVEL, Nicolaie2; TAIRA,
Takunori
(1IAP-NILPRP, Romania; 2IMS and IAP-NILPRP,
Romania)

[IEEE J. Quantum Electron. 38, 240 (2002)]

The enhancement of overall efficiency, low trans-
verse-mode laser emission in miniature lasers, and
scaling to high powers are among the most important
directions in the development of solid-state lasers. The
first of these implies an increase of slope efficiency and
a reduction of emission threshold; the second relies on
increased absorption of the pump while the third
imposes the reduction on heat generation. A suitable

choice of the laser material, with optimised spectro-
scopic and thermo-mechanical properties, of the optical
pumping scheme or of the laser design is then crucial.
There is no laser material to fulfill optimally all these
requirements and thus the choice is limited within well-
defined segments of performance.

The present paper shows that a means to overcome
weak pump absorption on transitions directly to the
4F3/2 level in the diluted (~ 1-at.%) Nd laser-materials is
to increase the Nd concentration (CNd). The use of
concentrated Nd laser materials requires the examina-
tion of several important basic aspects such as the state
of Nd ions in YAG samples produced by various tech-
niques, and the effect of CNd on the spectroscopic and
population dynamics properties, in order to select new
transitions suitable for pumping and to determine the
range of CNd adequate for laser emission. The Nd:YAG
ceramic samples used in this investigation have up to 9-
at.% Nd and were supplied by the Japan Fine Ceramics
Center, Nagoya, Japan, while the Nd:YAG crystals (2.4
and 3.5-at.%) and Nd:YVO4 crystals (1, 2, and 3-at.%)
were purchased.

The pumping at 885 nm in Nd:YAG reduces the
quantum defect with respect to the 808-nm pumping
into 4F5/2 by about 30% in the case of 1064-nm emis-
sion and by ~58% for 940-nm emission, thus contri-
buting to a considerable reduction in the fractional
thermal load. Thus, the near degeneracy of the Z2 → R1
and Z3 → R2 absorption lines could be useful for the
occurrence of absorption bands suitable for direct diode
laser pumping into the 4F3/2 state. This near degeneracy
takes place in many Nd laser materials and it could help
to get more efficient or more powerful emission even
from laser active components with good spectroscopic
characteristics but poorer thermo-mechanical properties.
In the case of Nd:YVO4, no accidental degeneracy of
the thermally-activated transitions occurs. However, for
this material the absorption line Z1 → R1 at 879.8 nm
has a FWHM similar to the traditional pump transition
Z1 → 4F5/2(1) at 808.6 nm, while the peak absorption
coefficient is only 40–50% smaller. This reduction can
be easily compensated by an increase in CNd. Thus in
the case of Nd:YVO4, the transition Z1 → R1 of the 4I9/2
→ 4F3/2 absorption can be used for direct pumping into
the emitting level, leading to a reduction of the quantum
defect with respect to 808.6-nm pump by 27.4% in the
case of 1064-nm 4F3/2 → 4I11/2 emission and by 65.6%
for 915-nm 4F3/2 → 4I9/2 emission.

For Nd:YVO4 the effects of the energy transfer on
the emission decay are very poorly characterized and an
analysis similar to YAG1,2) is not possible at the present
time. However, the investigation of emission decay in
Nd:GdVO4 (a crystal similar with YVO4) gives energy
transfer parameters about two times larger than in
Nd:YAG.3) Moreover, the investigation of the pump
intensity effect on laser emission in Nd:YVO4 con-
cludes that the up-conversion processes by energy trans-
fer in this crystal are much stronger than in Nd:YAG.4)

Thus, a stronger decrease of emission quantum efficien-
cy with increased CNd in Nd:YVO4 could be expected,
although figures of merit ηqeCNd larger than for 1-at.%
Nd doping could be still obtained for a certain range of
higher CNd.

The 1064-nm laser emission in concentrated
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Nd:YAG ceramics and single crystals and in Nd:YVO4
crystals is investigated using oscillators end pumped by
Ti:sapphire laser. Figure 1a shows the laser output
power function of the absorbed power for the Nd:YAG
ceramic laser components. The most concentrated
component to lase under 885-nm pumping was a 0.4-
mm thick sample of 6.8-at.% Nd: for the 95% output
mirror the slope efficiency (versus the absorbed power)
was 20% with the emission threshold of 144 mW. For a
1.5-mm thick 3.8-at.% Nd sample and a 95% output
coupler reflectivity the slope efficiency was 42%, the
threshold of emission was 58 mW and the output power
reaches in excess of 132 mW for 350 mW absorbed
pump with a laser beam M2 factor of 1.6 × 1.6. The
highest slope of 51% was obtained for the output mirror
of 90% reflectivity, but with an increased threshold
pump power of 115 mW. The laser output power versus
the absorbed power for uncoated 2.4-at.% (3.0-mm
thick) and 3.5-at.% (1.0-mm thick) Nd:YAG crystals
under 885-nm pumping is shown in Figure 1b, in
comparison with those of a standard 1-at.% (3.0-mm
thick) Nd component. For the 1-at.% Nd:YAG sample
the slope efficiency was 0.54 and the threshold absorbed
power was 31 mW. A deterioration of these parameters
with increasing CNd was observed: while for the 2.4-
at.% Nd:YAG crystal the slope efficiency was 0.50 and
the absorbed power at threshold was 45 mW, for the
3.5-at.% Nd:YAG sample the slope efficiency decreased
to 0.46 with a threshold absorbed power of 65 mW.
Figure 2 presents the laser performances for 0.9-mm
thick Nd:YVO4 components of 1, 2, and 3-at.% Nd
under 879.8-nm pumping in the configuration E//c-
crystal axis and with the 95% reflectivity output
coupler. In spite of using uncoated active elements the
laser parameters obtained with the 1-at.% Nd sample are
substantially improved (slope efficiency of 70% and
absorbed pump power at threshold of 21 mW) with
respect to those reported in Reference 5) for a thicker
sample. For the 2-at.% Nd component the threshold of
emission in absorbed power was 44 mW, the slope
efficiency reached 67% and for 420-mW absorbed
power the laser emitted 265 mW at 1064 nm. A slope
efficiency of 58% and a threshold of 58 mW absorbed
power were determined for the 3-at.% Nd:YVO4
sample. The residual losses L were determined as
~0.005, 0.01 and ~0.016 for the 1, 2, and 3-at.%
Nd:YAVO4 crystals, respectively.

In conclusions, the investigation of the effect of Nd
concentration on emission decay of Nd:YAG indicates
that up to quite high concentrations the reduction of the
emission quantum efficiency by self-quenching can be
compensated by the increase of pump absorption.
Efficient CW laser emission is demonstrated under
direct pumping into the 4F3/2 emitting level of Nd:YAG
crystals with up to 3.5-at.% Nd, Nd:YAG ceramics with
up to 6.8-at.% Nd, and Nd:YVO4 crystals with up to 3-
at.% Nd. Superior performance as compared to tradi-
tional pumping into the 4F5/2 state were obtained. It is
inferred that direct pumping into the emitting level of
concentrated Nd materials can improve the efficiency of
solid-state lasers in the free-generation or low-storage
regimes and opens the possibility of scaling these lasers
to high powers.
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Figure 1. 1064-nm laser emission characteristics for (a)
uncoated 3.8 and 6.8-at.% Nd:YAG ceramics and for (b)
uncoated Nd:YAG crystals under 885-nm pumping.

Figure 2. Comparative 1064-nm laser performances for
Nd:YVO4 components under 880-nm pumping (E//c-crystal
axis) with a 95% reflectivity output coupler.
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VIII-B-6  1064-nm Laser Emission of Highly
Doped Nd:Yttrium Aluminium Garnet under
885-nm Diode Laser Pumping

LUPEI, Voicu1; PAVEL, Nicolaie2; TAIRA,
Takunori
(1IAP-NILPRP, Romania; 2IMS and IAP-NILPRP,
Romania)

[Appl. Phys. Lett. 80, 4309 (2002)]

Owing to the high optical-to-electrical efficiency and
to the ability to excite resonantly the energy levels of
the laser active ions, the diode laser pumping has a
major role in increasing the efficiency of the solid-state
lasers. The resonant excitation of Nd3+ emission was
demonstrated at early stages of laser development by
exciting Nd:CaWO4 directly into the emitting level on
the transition 4I9/2 (Z2) → 4F3/2 (R2) by the 880-nm
recombination radiation of GaAs diodes.1) The first
diode laser pumped Nd:YAG lasers in transverse2) or
longitudinal3) pumping configurations used the direct
excitation of the emitting level on the 869-nm transition
4I9/2 (Z1) → 4F3/2 (R2). Due to the weak absorption on
this transition and to the lack of suitable pump diodes,
the 869-nm pumping was soon replaced by the 808-nm
pumping into the stronger absorption 4I9/2 (Z1) → 4F5/2
(S1). Unfortunately, this introduces a parasitic upper
quantum defect between the pump- and the emitting
laser levels that contributes to the reduction of the laser
emission parameters and to the generation of heat by
non-radiative processes in the pumped laser material.

The pumping into the emitting level of Nd-doped
materials has received a renewed attention in the last
few years: in case of Nd:YAG successful attempts have
been made with diluted (~1-at.% Nd) single crystals
under Ti:sapphire or diode laser pumping4),5) and with
highly-doped ceramics or single crystals6),7) under
Ti:sapphire pump. This paper demonstrates CW laser
emission of highly doped Nd:YAG ceramics (up to 3.5-
at.% Nd) and single crystals (up to 3.8-at.% Nd) under
885-nm diode laser pumping. The laser emission of a
2.4-at.% Nd:YAG single crystal passively Q-switched
with a Cr4+:YAG saturable absorber under CW diode
laser pumping at 885 nm is also reported.

A fiber array packed diode bars FAP-81-16C-800B
laser (Coherent Co.) whose output is delivered in a 19-
fiber bundle confined within an 800-µm diameter
aperture with NA = 0.15 was used as pumping source.
With a collimating achromatic lens of 60-mm focal
length and a focusing achromatic lens of 50-mm focal
length the end face of the fiber bundled was imaged into
the laser active components in a 780-µm diameter spot.
The laser active components were Nd:YAG single
crystals of 1-at.% (3-mm thick), 2.4-at.% (3-mm thick)
and 3.5-at.% Nd (1.0-mm thick) and Nd:YAG ceramics
of 3.8-at.% Nd (1.5 and 2.5-mm thick), AR coated on
both sides for 885 and 1064 nm. A plane-concave reso-
nator of 50 mm length with an output mirror of 0.25-m
radius of curvature was used. The active component was
placed close to the rear mirror, which was coated HR
for 1064 nm and HT for the pumping wavelength.

Figure 1a shows the laser performances for the 2.4-
at.% Nd:YAG crystal. The maximum slope efficiency of

0.64 was obtained for a 90% reflectivity output mirror,
with a corresponding emission threshold 1.51 W. The
slope efficiency and the threshold become 0.62 and 0.87
W for 95% reflectivity and 0.26 and 0.25 mW for 99%
reflectivity. The output power obtained with 95%
reflectivity output mirror for the laser materials used in
this experiment is presented in Figure 1b: the best
results, i.e. a slope efficiency of 0.67 and 0.71 W
absorbed power at threshold, were obtained with the
1.0-at.% Nd:YAG crystal of 3.0-mm thickness. The
laser parameters vs. incident power reveal the practical
advantages of the concentrated materials: for the region
close to the maximum operating point, where the diode
wavelength is ~ 885 nm, the measured slope efficiency
in input power for the 3-mm thick crystals is 0.26 for 1-
at.% Nd and 0.43, i.e. by 65% larger, for 2.4-at.% Nd.
At the same time the emission threshold is by ~ 40 %
lower for the second crystal and the absorption
efficiency is larger by ~ 75%.

The passive Q-switching regime was investigated
with Cr4+:YAG saturable absorber (SA) crystals. A
plane-plane resonator with the active medium posi-
tioned near the rear mirror and the SA crystal placed
closed of the output mirror was investigated. Figure 2
shows the average power vs. the absorbed power for a
70-mm length resonator. With a Cr:YAG SA of 90%
initial transmission (T0) and an output mirror of 95%
reflectivity an average output power of 0.95 W resulted
for 5.2-W absorbed power. The maximum repetition
rate was 7.1 kHz with the pulse width 37.5 ns over the
entire range of absorbed power: this corresponds to a
maximum pulse energy of 134 µJ and ~ 3.6 kW peak
power. With a 90% reflectivity output mirror the
average power decreases to 0.84 W; the pulse width
reduces to 26.5 ns, corresponding to ~ 161-µJ pulse
energy and ~6 kW peak power. With a Cr:YAG SA of
T0 = 85% and a 95% reflectivity output mirror the laser
emitted max. 0.56-W average power at 3.2-kHz
repetition rate: the pulse had 175 µJ energy and 5.6-kW
peak power. In spite of using a non-optimised scheme,
improved laser characteristics (lower threshold, higher
average power and pulse energy) resulted compared
with a 1.1-at.% composite Nd:YAG laser passively Q-
switched by Cr:YAG under 808-nm diode pumping.8)

In conclusion, highly efficient 1064-nm CW laser
emission under 885-nm diode pumping in concentrated
Nd:YAG crystals (up to 3.5-at.% Nd) and ceramics (up
to 3.8-at.% Nd) is reported. First highly doped (2.4-
at.%) Nd:YAG laser passively Q-switched by a Cr4+:
YAG saturable absorber is demonstrated.
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Figure 1. 1064-nm laser emission characteristics for (a) a
2.4-at.% Nd:YAG crystal and for (b) the Nd:YAG laser active
components used in experiments and a 95% reflectivity output
mirror under 885-nm diode laser pumping.

Figure 2. Average output power of a CW diode pumped at
885 nm highly-doped (2.4-at.%) Nd:YAG laser passively Q-
switched by Cr4+:YAG saturable absorber.

VIII-B-7  Diode Edge-Pumped Microchip
Composite Yb:YAG Laser

DASCALU, Traian; TAIRA, Takunori; PAVEL,
Nicolaie

[Jpn. J. Appl. Phys. 41, 606 (2002)]

High power microchip laser based on Yb3+ doped
materials has been recognized as very useful in the
ultrafast-laser field.1),2) Thermal effects in the laser gain

medium generally limit power scaling of diode-pumped
solid-state microchip lasers. Yb:YAG is a gain medium
that has improved properties relative to Nd3+-doped
gain media3) for addressing this issue and efficient
room-temperature laser operation (slope efficiency of
65%) has been demonstrated in this material despite the
fact that it is a quasi-four-level laser.4) Besides of choice
of gain medium the configuration that is chosen for
pumping, cooling, and extraction plays a critical role in
power scaling of microchip laser. Despite of the
Yb:YAG low quantum defect, large thermal effects
occur at high pumping power. One solution to diminish
the thermal lens is to orient the heat flux collinearly with
the direction of laser propagation. We propose an edge
pumped Yb:YAG microchip scheme. This scheme can
be used efficiently only if the pumping power is concen-
trated into a small region of the microchip consequently
a composite material was designed.

The composite material consists in an Yb:YAG core
of hexagonal or square shape surrounded by circular
shaped undoped YAG. The composite crystal consists
of an Yb:YAG doped core surrounded by an undoped
YAG region, the core and the undoped crystal being
diffusion bonded. The crystal has one side high reflec-
tivity (HR) coated at the laser wavelength and the oppo-
site side anti reflection (AR) coated and it is mounted
with its HR coated side on a highly effective micro
channel cooling system, Figure 1. Two fiber-coupled
diode lasers delivering more than of 100 W at 940 nm
are used for pumping. Inside of the microchip the
pumping beam propagates by total internal reflection
and intersects the Yb:YAG core where it is partially
absorbed.

Continuous laser operation was obtained from the 2
at% Yb doped crystal by using an optical resonator of
50-mm length with output coupler of 100-mm radius of
curvature and 97% reflectivity output mirror. The slope
efficiency for laser operation at more than three times
above the threshold is 50% and the laser delivers
maximum 1.8 W output power for 5.1 W absorbed
power.

In order to evaluate the laser performances under
low thermal effects the microchip was operated in
quasi-CW mode with a duty factor of 2.5% and 2.4 Hz
repetition rate. Figure 2 presents the output vs. input
power for the 10-at. % doped sample with 97% reflec-
tivity output mirror. Laser emission with 42% slope
efficiency and 41-W output peak power at 220-W input
power was demonstrated. The experiments show the
potential of the microchip laser to be scaled in the range
of tens of watts output power.
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Figure 1. The diode radial-pumped composite Yb:YAG
microchip laser.

Figure 2. Output power vs. input power for quasi CW laser
operation for 10-at. % Yb-doping crystal, 2 × 2 mm2 square
core dimensions and 15-at. % Yb-doping crystal, 1.2 × 1.2
mm2 square core dimensions. Here R represents the output
mirror reflectivity.
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