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Physics and Applications of LD-Pumped Microchip Solid-State Lasers

Kenju Otsuka
(Tokai University)

Abstract

Recent topics and physics inherent in LD-pumped solid-state lasers with
microcavity configurations, such as low-frequency coherence created by
quantum inteference of lower laser-level atoms, stimulated phonon sideband
emissions around 1.55ux m, and noise-induced chaotic burst generations with
feedback, have been reviewed. Highly-sensitive self-mixing laser Doppler vibrometry
and velocimetry, as well as stable intracavity SHG have been demonstrated.

¥—U—F: wA7uFy7r—¥% BFFH FEIUER BFHETHSELIA AN AA—X M HOHES
U—¥ Ry 77— NER, SEEBILIRBAE _SRERLE

(microchip lasers, quantum interference, quantum-noise-induced chaotic bursting,
stimulated Raman emission, self-mixing laser Doppler measurements,

multitransition intracavity second-harmonic generation)
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RE’" in Garnets: Relationship between Material and Laser Properties

Voicu LUPEI
Institute of Atomic Physics, National Institute for Lasers, Plasma and Radiation Physics
Quantum Electronics Laboratory, 76900 Bucharest, Romania

ABSTRACT

High resolution optical spectroscopy of trivalent rare earth ions in garnets put into evidence a
large variety of spectral satellites induced by a discrete chain of mutual crystal field perturbations inside
the ensemble of active ions in near crystallographic sites or of the ensembles formed by an active ion and
defects or sensitizer ions. These satellites enable a selective investigation of the energy transfer processes
inside these ensembles and verification of the energy transfer parameters determined from the global
emission decay. The theory is illustrated for the case of Nd*"in YAG. It is shown that an accurate
description of the energy transfer processes leads to calculated quantum efficiencies that describe very
well the observed concentration dependence of the quantum efficiency or of the fractional thermal load
in this system. The importance of these processes for laser emission is discussed.

Keywords: laser crystals, garnets, energy transfer, quantum efficiency, solid-state lasers

1. INTRODUCTION

Owing to characteristics such as a very large variety
of emission wavelengths or temporal regimes, to their
high power and efficiency the solid state lasers constitute
now the most popular class of lasers. To this contribute
also their ruggedness, ease of operation and reliability.
Despite of this the research in the field is very active, with
the aim to extend the wavelength range, to identify
tunable emission systems and to increase the total
efficiency or the power of emission. This implies the
identification of new laser transitions or new active media,
the optimization of the systems already in use, new pump
solutions and new resonator design.

A key in the identification of new transitions or
laser media or for understanding the possibilities of
improvement or the limits of the existing systems is an
accurate and realistic modeling of the laser process that
relates the laser characteristics for a specific temporal
regime of emission with the properties of the laser
material and with the conditions of pumping. This
provides some lines of selection for the laser active media
concerning both the transparent host medium and the
ensemble of active ions as well as the combination of
these two components. Additional criteria come from the
necessity to assure a good heat dissipation and stable
operating conditions as well as from technological or
economic reasons.

Thus, the host medium should be fabricated
economically in proper size with uniform and high
optical quality (high transparency in the range of pump
and emission wavelength ranges, low concentrations of
scattering centers, no variation of the refractive index, no
photochromic effects or color centers).

The host medium should have high hardness for
good polishing and resistance to mechanical action, high
stress fracture and optical damage thresholds, high
thermal conductivity, small thermal expansion and small
variation of the refractive index with temperature. It
should incorporate uniformly the laser active ions in
unique sites, preferably without the need for charge for

charge compensation. The sites should favor the
conditions for an efficient population inversion: they
should have low symmetry in order to favor the electric
dipole transitions for pumping and emission and the
electron-photon interaction should assure an efficient
flow of excitation from the pump to the emitting level
and from the terminal- to the ground level without strong
effect on the lifetime of the emitting level.

The garnets, especially the trivalent structurally
ordered A;B,C;0,, systems satisfy well these conditions.
In these garnets all the three cationic species (A, B and C)
are trivalent; despite the overall cubic symmetry of the
garnet, all these cations are surrounded by O* polyhedra
of lower symmetry: the large cations A occupy the
dodecahedral-coordinated  c-site  orthorhombic D,
symmetry, while the smaller ions B and C occupy the
octahedral a-site (C; symmetry) and the tetrahedral a-site
(S, symmetry), respectively; usually in these garnets the
ions, B and C are identical. Typical such garnets are the
yttrium aluminum garnet Y,AlLO,, (YAG) and the
gadolinium gallium garnet Gd,GasO,, (GGG). These
crystals are very good hosts for the trivalent laser active
ions: the rare earth (RE) ions substitute predominantly
the dodecahedral sites while the transition d-electron ions
enter in the octahedral or/and the tetrahedral sites. The
capability of the garnets to incorporate the doping ions
depends on the ionic size mismatch but also on the
method of fabrication: the crystals incorporate a much
lower concentration of dopants than the thin films or the
ceramic samples. A dependence of the composition on
the temperature of fabrication is also observed: the high
temperature systems, such as the melt grown crystals
show departures the ideal stoichiometric composition an
excess of 2 to 6 % of A ions, depending on composition of
the garnet [1,2]; it was assumed that these excess A ions
replace part of the B ions in octahedral sites. Such
assumption was sustained by the X-ray investigation [3,4]
that shows a disordering of the a-sublattice and by the
EXAFS data [5] that show the presence in the melt-grown
YAG crystals of three Y** - O* bonds, two of them
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corresponding to the dodecahedral sites and one to Y**
ions in octahedral sites. These effects are not observed in
the low temperature (flux) - grown crystals. Moreover,
EXAFS measurements suggested a large-scale (of about
10 %) of inversion between Y* and AI** (a) ions in YAG.

Another problem of concern is the possible existence
of small amounts of anionic impurities such as OH
revealed in some YAG samples. Such anions can induce
localized vibrations larger than the lattice phonons: when
localized in the neighborhood of the active ions, these
anions can induce a very fast non-radiative relaxation of
the excitation from levels above the metastable state, thus
reducing the total emission efficiency without any effect
on the emission decay of the metastable level. This model
was invoked to explain the differences of the emission
efficiency and the heating effects in case of Nd* - doped
YAG and the Nd ions with a near OH" impurity have
been called “dead” Nd* sites [6, 7].

Despite of the expected simplicity in behavior, the
high resolution spectroscopic investigation of the laser
active ions in garnets as well as the measurements of
some important parameters such as the quantum
efficiency of emission of heating effects evidence in many
cases concentration or fabrication method-dependent
departures from the picture expected for isolated RE*
centers occupying a unique structural site. This paper
discusses such effects as the satellite structure of optical
spectra, the concentration' - and pump intensity-
dependent departure from the exponential of the
luminescence decay and their relation with the quantum
efficiency and heating effects and finally with the laser
emission properties. In order to illustrate more dearly
this connection the paper will be concentrated on the
most important laser active system, the Nd*- doped YAG,
although reference to other active ions such as Tm*, Er*,
Pr*, Yb* or to sensitized systems will be also made.

2. THE SATELLITES of the OPTICAL SPECTRA
of ACTIVEIONS in GARNETS

As mentioned above, the garnets can be fabricated
in different forms: bulk single crystals produced by high
temperature melt - growth techniques (Czochralski,
horizontal or vertical gradient methods) or by low
temperature techniques (flux), thin films or ceramic
samples. The ability to incorporate the dopant ions
depends on the mismatch of their ionic radius with
respect to that of the host cation and on the method of
fabrication. Thus, in case of the melt grown YAG crystals
the segregation coefficient is very low for dopant ions at
the beginning of the lanthanide series (it equals 0.18 for
Nd* in YAG) but it could be large (1 or even larger) for
the ions at the end of the lanthanide series. Thus in case of
Nd* doping, good quality YAG crystals can be grown
from melt only up to about 1.5 at % Nd and the
distribution of Nd** along the bole is non-uniform, lower
at the beginning and larger at the end; however, in case of
thin film samples the concentration of Nd* could reach
15at. % and for ceramic samples it could go up to over
9at. %. At the same time, good quality crystals can be
obtained by doping with ions at the end of lanthanide
series. At the same time the degree of non-stoichiometry
depends on the temperature of fabrication: for YAG the
percent of excess Y ions in octahedral sites (Y*(a)
antisites) is of about 1.75 - 2.5% in case of melt-grown
(around 2000°C) crystals but it is almost negligible for the
flux grown (around 1400°C samples; intermediate values

can be expected for the ceramic samples produced at
temperatures of 1600°C - 1700°C.

Both the trivalent dopant ions and the antisites
Y**(a) have the same electrical charge as the substituted
host cations and thus there is not any reason for charge
correlation in the occupation of the available YAG lattice
sites. Thus the distribution of these centers in the
crystalline lattice can be described by the statistics of the
random equiprobable placement: if a given dopant ion is
surrounded by a coordination sphere of m sites available
to the dopant ions, the probability of having n of these
sites occupied by other dopant ions is

!

S —CLY o
n!(m—n)!

where C is the relative concentration of the dopant.

Because of the differences between the ionic radii of
the dopant ions or antisites and the host cations, they can
induce local perturbations of the crystalline lattice that
could sometimes extend over several coordination
spheres. In the case of RE* ions substituting for Y* in
YAG the mismatch runs from + 0.114 or + 0.09 A for Pr**
and Nd* to -0.02 A for Er” and- 0.03 A for Tm* and
Yb*; however, in case of the antisite Y** (a) the mismatch
is much larger, of the order of 0.354, leading to a stronger
lattice distortion.

When the dopant centers are well isolated from
each other in the crystalline lattice, all these ions induce
identical local distortions of the lattice and their optical
spectra will be identical. However, when a dopant ion
and a defect or another dopant ion are placed in near
lattice sites additional mutual crystal field perturbations
are produced, resulting in a shift of the energy levels and
thus the optical spectra of these perturbed centers could
differ from those of the isolated centers. These
perturbations depend on the distance between the active
ion and its associate and on the orientation of the
perturbation with respect to the local symmetry axes of
the center; because of this not all the positions on a given
coordination sphere around the active ion are equivalent.
Thus, owing to the discreteness of the crystalline lattice
and to the various possibilities of placement of the
perturbing center in the neighborhood of the active ion, a
discrete chain of mutual crystal field perturbations can be
obtained for each type of associations, leading to a
specific multicenter (multisite) situation, manifested in
the presence of typical structures of satellites in the
optical spectra. The relative intensities of these satellites
are proportional with the probabilities of occurrence of
the perturbed centers given by eq. (1) provided that the
equivalency of the perturbing effects produced from the
various positions of a given coordination sphere is taken
into account.

The most important types of assodations that are
possible in the garnet crystals are: (i) association of the
active ions with antisite Y*"(a) centers in near lattice sites
(centers P); (ii) associations of active ions in near lattice
sites: pairs (M), triads (T,) and so on; (iii) association of
the active ion with other doping ions such as the
sensitisers in sensitized crystals, (iv) associations of the
active ion with accidental anionic impurities such as OH;
(v) association of the active ion with vacancies or color
centers. However, not all these types have been observed
by high resolution absorption at low temperatures:
satellites P, have been observed [4, 8-10] for practically all
the dopant RE* ions in YAG (up to four resolved
satellites of equal intensity, corresponding to the

1)
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perturbing effects of antisites from the first — and second
coordination spheres) as well for Cr* substituted in
octahedral sites [11]. The most encountered associations
of active ions are the first-order M, (n.n.) pairs [4, 8-10],
although in case of Nd* in YAG the pairs M, of second-
order (n.n.n.) are also observed [4, 12]; in case of highly
concentrated Nd samples satellites corresponding to
triads of Nd ions in near lattice sites are also seen. Typical
spectral satellites have been observed in the spectra of
RE-doped garnets in case of sensitized crystals due to the
perturbing effect of the sensitizer in octahedral - (Cr*)
tetrahedral- (Fe*) or dodecahedral - (Yb*) sites [13].
Although several other much weaker satellites have been
also seen, no structures clearly attributable to OH-
perturbations or to a large-scale a-c inversion of
occupancy (as predicted by EXAFS) were identified. All
the observed satellite structures could be explained only
by assuming on overall cubic structure of the garnet
lattice. ~ Thus the investigation of satellites is an
important tool for investigation of details of the structure
of the doped garnet crystals.

The satellites due to associations of the active ion
with other active ions or with sensitizer ions could be
very useful for a selective investigation of the energy
transfer processes in laser crystals. With increasing
temperature the resolution of the satellites is lost owing to
the electron-phonon broadening of the lines. In samples
of high activator concentration, where the ion pairs have
a high concentration this leads to inhomogeneously
broadened features suitable for diode pump.

The equivalency of the perturbations produced by
the perturbing centers placed on the various sites of a
coordination sphere can be established by calculating the
crystal field perturbation or the line shift caused by each
of these centers. Two methods can be used, the
calculation of the strain-induced shift [14] or the
calculation of the crystal field modification due to the
anion displacements and to the charge redistribution
induced by each perturbing center [15].

In several cases strong and sharp satellites that
could not be attributed to perturbed centers have been
observed in the vicinity of some spectral lines. Such
satellites are in fact vibronic features whose intensity is
enhanced due to the resonance of some crystal field
splitting with the lattice phonons. Such effects have been
observed for Yb or Tm in YAG [16, 17].

3. ENERGY TRANSFER in RE* - DOPED GARNETS

The energy transfer processes influence the flow of
excitation in the active medium. Owing to the large
variety of situations these processes could be either useful
or deleterious. They can be static (direct) when the
excitation of an ion (donor, D) excited from an external
source or by transfer from another ion is transferred
totally or partially to another ion (acceptor, A) or
dynamic (migration assisted), when a migration on
donors takes place prior to the transfer to acceptors.

The non-radiative energy transfer is a consequence
of stationary (multipolar and/or exchange) interactions
between donors and acceptors [18, 19]. The rates of
transfer shows specific dependencies on the donor-

acceptor distance for each of these interactions: for

multipolar interactions W[()i‘) = C(Ds/i /RSD A where s takes

the values 6,8 or 10 for dipole-dipole (d-d), dipole-
quadrupole (d-q) and quadrupole-quadrupole (g-q)

interactions, respectively and C;;Z is a spedific

microparameter that depends on the superposition
integral of the donor emission and acceptor absorption.
The multipolar interactions are governed by selection
rules [20]: the quadrupole contributions are forbidden for
transitions between levels for which |J-J'|>2. For the
exchange interactions W, =1/7p, -exp[y(l - R /R, )]
where ¥=2R,L7, and L and R, are the penetration depth
and the effective Bohr radius; respectively.

The energy transfer processes can be investigated
by their effect on the emission decay of the donor and/or
the acceptor. In crystals each donor is surrounded by a

specific configuration of acceptors and thus the global
response of all the donors to the exciting pulse is
I1=1, exp(—-t/r)exp[—P(t)], where exp [-P(t)] is the
survival probability in presence of transfer, averaged on
all the possible acceptor configurations; function P(#) is
called transfer function. The process of averaging
depends on the model used for the distribution of
acceptors at the available lattice sites i. For a discrete
random and equiprobable distribution of a unique type
of acceptors of relative concentration C, [21, 23]

N
P(t) = —_len{] ~Cy + Cyexp([~Wp, (R )t}
=
If the acceptors are placed on coordination spheres 1, each
containing m, sites, 6, then
N
/
P(ty=-2%m ln[ 1-C, )+ C,exp(-Wt ]
P ( a)+Ca p( ! )

In case of a continuous and uniform distribution of
the acceptors over the entire volume of the sample the
transfer function can be written only for specific
multipolar interactions [24]

(2).

(3).

3/s,3/s

4
P(1) = g””Ar(l =3/s)Cput @)

where IMx) is the Euler function. At large times the

transfer function for discrete acceptor distribution. Eq.(2)
can be approximated by eq. (4) for continuous uniform
distribution, usually with s=6. However, at short times
the transfer function (2) can be approximated by a linear
function of time.

The formalism of the transfer function enables an
accurate rate equation description of the evolution of
donor and acceptor populations

dn n dP(t)
dt Tp dt
(6)
dn, :_fi+dPDA(t)n ~dPM(t)n
D A
dt Ty dt dt

where the transfer function P,,(t) accounts for the
possible energy transfer processes inside the system of
acceptor ions.

In presence of two types of acceptors that could
occupy the same sublattice of the crystal the transfer
function becomes
Py 1=(Cyy + Cyp)+ Cyyexp[-Wp, (R ) @.

(=-%1In

S +C g exp(=Wp, (R )]

For low acceptor concentration, function (7) can be
written as a sum of two individual functions of type (2)

Institute for Molecular Science

13

October 12, 2000



oy RS R

12410 H12 H
fiEFay 77y 2y 24—

corresponding to each of the two systems of acceptors.

The transfer functions of type (2) or (7) describe the
global survival probability for the whole system of
donors and their effect on the emission decay can be
observed by detecting the emission of the whole system
(the line corresponding to the isolated centers and the
satellites corresponding to the various associations the
donor ion with near acceptor ions). The observation of the
spectral satellites shows that the system of donors and
that of the acceptors cannot be considered as spectrally
homogeneous but they can be viewed as consisting of
homogeneous subsystems assocated with the various
spectral lines (the line of the isolated centers and the
satellites corresponding to perturbed centers). The
emission decay for each of these subsystems can be
observed by selective excitation and detection. However,
the effect of transfer on the decay in this case cannot be
longer described with the transfer functions (2) or (7),
obtained by averaging the survival probability of the
donor over all the possible acceptor configurations and a
new averaging procedures that take into account the
peculiarities of the nearest neighborhood for each of these
donor subsystems must be used [12, 13]. Thus in case of
the perturbed donor centers there is always an acceptor
ion in one of the near coordination spheres. If, for
instance, the optical spectra reveal donor-acceptor pairs
up to the second order (acceptor placed on the first or on
the second coordination sphere around the donor), the
transfer function for the perturbed centers will contain
two parts: the transfer to the perturbing companion and
the transfer to distant acceptors, outside, in this case, of
the second sphere

- (d)

P(t) = Wp,;(R)t + Pyt 8)
where 1 indicates the order of resolved D-A pair and
Pp,“(t) describes the distant transfer and has a form
similar to eq. (2) with the summation truncated to exclude
the sites from the spheres that give resolved perturbation.
In turn, the transfer function for the isolated centers
contains only the distant contribution.

This theory can be applied in case of the decay of
emission from the metastable state ‘F,,, of Nd* in YAG.
The global emission decay at the room temperature of
this level after a short (10nsec) nonselective low intensity
excitation with the second harmonic (532 nm) of a YAG:
Nd laser shows concentration-dependent departures from
exponential. This effect can be attributed to a self-
quenching energy transfer process inside the system of
Nd* ions. Measurements function on Nd concentration
show that up to about 1.5 at. % this transfer is static
(direct) but above this concentration the presence of
migration becomes obvious. This static transfer is down-
conversion a cross-relaxation process between a Nd ion
exdted to the metastable state “F,,, and another Nd ion in
the ground state ‘I, ,. This down-conversion (*F,,, ‘Iy;,) —
(Lis;» ‘Lis;») populates the intermediate level °Is;, from
which the exctation relaxes to ground state all the
excitation of the ion that acted as donor is transformed
into heat [10].

The room temperature global emission decay of
‘Fy,, Nd* level in YAG is very unusual: the transfer

function P(t) defined as - [ln(1/10)+(t/1)] shows a

very fast drop, of the extent of about 4C,, that ends
practically within the first two microseconds of decay,

followed up to about 30 psec by a quasilinear dependence

of time, while at times larger than about 100usec a t'/?

dependence characteristic to a dipole-dipole interaction
with the microparameter C,, = 1.85 x 10% am®s’ is
observed. This interaction cannot explain the very fast
drop at the beginning of decay but it accounts for almost
the entire value of the slope W, of the quasilinear portion
of P(t) provided the sum over the sites i excludes the firs
coordination sphere around donor. The fast drop and the
small misfit from W,, can be explained by the presence of
an additional superexchange interaction (R, = 543 A, L =
0.54 A ) that dominates the energy transfer inside the first
Nd ion pair, but it has a much less effect on the next pairs.
These energy transfer parameters (Cp,, L, R,) introduced
in the transfer function (2) describe very well the
observed decay under low pump, over the entire
temporal range for samples with Cy, up to 1.5 at.%. They
are also verified by a consistent explanation with eq. (8)
of the observed emission of the pairs M; and M, and of
the isolated ions line N under selective excitation [12].

With increasing pump intensities the departures
from exponential decay of ‘F;,, Nd* in YAG is further
increased, the effect being more evident at higher Nd*
concentrations [25, 27] . This can be explained by the
increasing effect of upconversion by energy transfer
between two excited ions: by this process one of the ions
is desexcited to one of the states ‘lis;;, ‘lis5 ‘I Or “ly)y
while the excitation of the other is raised to ‘Gs), ‘G,
*G,, or P, respectively. The upconverted excitation
returns almost completely to °‘F;, by multiphonon
relaxation while the terminal level of the donor relaxes
nonradiatively to the ground state. Thus by the combined
effect of upconversion and of the fast multiphonon
relaxation the donor is desexcited to the ground state and
the acceptor returns in the excited state ‘F;,,; the physical
effect is similar for all these four upconversion processes.
This process prepares the donor from upconversion for
the role of acceptor is down-conversion and the acceptor
from upconversion for the role of donor of down-
conversion or for a new role of acceptor in other
upconversion act. Thus even at high initial population of
the excited level the processes if down-conversion and of
upconversion must be taken into account together [28] ;
an excited donor can be considered as surrounded by two
systems of acceptors, the Nd ions in ground state and the
other excited Nd ions and, for Cy, up to 1.5 at.% the
transfer function P(t) can be inferred from eq. (2)

1-C,,,+rC,, exp(-W*P(¢
Ply=- 1) NN p[-W ()
= Hl=r(0]Cpy, exp(-—Wi”t)

where r(t) is the fraction of Nd ions excited to the
metastable level at any moment t and W** and W" are
the rates of transfer for upconversion and respectively for
cross-relaxation for an acceptor placed at the site i. Owing
to the temporal dependence

t
r(e) = r(0)exp(~—) exp[-P(1)]
D
eq. (9) becomes transcendental and a simple analytical
function for P(t) cannot be obtained: thus the theoretical
description of decay needs a numerical solution. The
analysis of eq. (9) coupled with eq. (10) shows that if
strong short-range interactions hold inside the first (or
several) order pairs, a fast drop should be again observed
at the beginning of decay. If the rates of upconversion are
lower than those of down conversion, the decay will be
slower than for the low pump intensity, the effect being

)

(10)
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more accentuated for high r(0) values. The opposite holds
when the upconversion rates are larger than those for
down conversion.

A comparison of the theoretical predictions with
the experimental data on decay under high pump
intensities is difficult since these data are collected
apparently with low temporal resolution that does not
evidence a fast drop at the beginning of decay. However,
the analysis of the observed part of decay indicates that
starting with the second coordination sphere the
upconversion rates for Nd:YAG are very high, about 30-
50 times larger than those for down-conversion measured
at low pump intensity.

For Nd concentrations higher than about 1.5 at. %
the migration on donors becomes evident in the low
pump decay and this was accounted for by adding a

concentration-dependent term W t in the equation (7) for
the transfer function as suggested in [29]. This approach
hides the detailed information on the ion-ion interaction;
moreover, at high pump intensities the effect of migration
immediately after the pump pulse is complicated by the
low concentration of non-excited Nd ions.

This analysis of the decay could be extended for
other RE* active ions or for sensitized systems. For
instance, the analysis of the individual decays of the
satellites induced by near sensitizer ions in the spectrum
of active ion in case of Cr*of Fe sensitized emission
shows that a very selective mixed interaction behavior is
manifested in the pairs of different order. Thus the
presence of spectral satellites due the mutual crystal field
perturbations inside the various ensembles of near active
ions or active ions and sensitizers could be a very
important means for a selective investigation of the
energy transfer and for a better characterization of the
global emission properties.

4. ENERGY TRANSFER EFFECTS
EMISSION QUANTUM EFFICIENCY

on the

The emission quantum efficiency 7n expresses the

fraction of the ions from the metastable that desexcite
nonradiatively. In presence of energy transfer the
quantum efficiency is a product between the intrinsic
quantum efficiency 1), determined by the balance

between the radiative and nonradiative (multiphonon
relaxation) desexcitation processes in the isolated ions,
and the extrinsic efficiency 71, determined by the presence

of energy transfer. Owing to the very high gap between
the emitting level and the nearest lower level the intrinsic
quantum efficiency of *F,, Nd* emission is very high
even in the garnet crystals that have fairly high phonon
energies: for Nd: YAG this intrinsic efficiency amounts to
about 0.98.

The total emission efficiency of Nd: YAG was
measured at low pump intensity by a variety of physical
methods based either on the estimation of the effect of the
loss mechanism on emission (modification of the decay
lifetime at various Nd concentration with respect to the
radiative lifetime or the reduction of the total emission
intensity) or on the measurement of the heating of the
sample or of the thermooptical or of the photoacoustic
effects. Usually these data refer to Nd concentrations
around lat.% and they show an enormous spread from
0.47 to 1; in several cases different quantum efficiency
values have been reported by measuring the same sample
with different methods. In many cases the spread of

reported values is caused by the use of different values
for some reference parameters such as the radiative
lifetime or thermal parameters (thermal conductivity, the
variation of the refractive index with temperature.
However, in some cases physico-chemical of this variety
g have been invoked, such as the presence of OH’ anions
in the vicinity of Nd* ions, that desexcite Nd* from
levels above the metastable state ‘F,,, (Nd “dead” sites).
The absence of any satellite that could be clearlsy
connected with the perturbing effect of OH on the Nd*
crystal field as well as the very low concentration of OH
groups evidenced by the infrared spectroscopy put this
model under question.

Systematic measurements of quantum efficiency or
of the heating effects in samples of various Nd*'
concentrations under low intensity pump show a very
cdlear dependence of these parameters on C,,. Since the
quantum efficiency in a decay experiment is defined by
the area below the decay curve, these effects can be
connected with the Cy, dependence of decay in the
presence of transfer. By using eq. (7) with the transfer
parameters determined from decay the extrinsic quantum
efficiency can be written as

Mi(Cpa) = exp(-bCpy) (D).
For C,, smaller than 1.5 at. % Nd the coefficient b is
independent on Cy, and can be calculated if the
individual transfer rates are known

/i

1131 +W,
In case of Nd: YAG a lattice sum over 120 coordination
spheres of dodecahedral sites around the donor gives b ~
20. Thus for a Nd concentration of lat.% the total
quantum efficiency of ‘F;;, emission under low intensity
pump gives 1 ~ 0.8. This shows that the usual practice to
assimilate the decay by an exponential and to neglected
the initial drop, that gives for 1 at.% an efficiency of 0.9 is
estimated by over 10 %. Eq. (11) imposes thus an upper
limit for the quantum efficiency the global °‘F;,
emission at low pump, owing to unavoidable
nonradiative energy transfer losses.

Eq. (11) for quantum efficiency enables an analysis
of the fractional thermal load defined as the fraction of
the absorbed pump transformed into heat. Under
monochromatic cw pump of low intensity in a level of
energy Ep from which the exdtation relaxes to the
metastable level the fractional thermal load in absence of
the laser emission is

(12).

n, =1 £ 1 (=bCy ) £ (13)
=l=N—=1-7n;exp(- -
h Ep i Nd Ep
where E is the average photon energy quantum of the
spontaneous radiative emission; in case of Nd: YAG it
amounts to 9635cm™. Thus, for Nd* in YAG
9635
n, = 1- 0.98exp(—20CNd)—
E,
The data measured under 808nm pump in Nd: YAG are
very well described by eq. (14) without the need to resort
to the assumption of the existence of dead sites.

At high pump intensities the on-set of
upconversion could modify the quantum efficiency. For
upconversion rates smaller than those for down
conversion the emission quantum efficiency is larger than
that predicted by eq. (11) the effect being more

(14).
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pronounced at high r(o) values while for larger rates of
upconversion the situation is reversed. This analysis
shows that the quantum efficiency [30] and the heating
effects [31] in Nd: YAG can be well described by taking
into account an accurate picture of the energy transfer
processes. These processes impose an upper limit on
efficiency and only when the measurements show
undoubtedly lower values, other causes must be
identified.

In presence of laser emission the transfer processes
influence only the spontaneous emission from the
population of the emitting level clamped at the threshold
value for inversion. In case of a high laser extraction
efficiency (low threshold) the heating effects in laser
emission regime are determined essentially by the
quantum defects. In case of Nd: YAG this recommends
the pump in the emitting level, preferably in the room
temperature broad feature corresponding to the
transitions from the second and third stark level of the
ground level to the lines R, and respectively R, of the
emitting level *F,,: this pump is very suitable for highly
concentrated samples where the satellites corresponding
to Nd* pairs broaden the absorption band assuring
condition for a stable diode pump.

5. CONCLUSIONS

The high resolution optical absorption and
emission spectra and emission decay of RE* ijons in
structurally-ordered garnets such as YAG or GGG show a
very complex behavior, manifested by the apparition of
spectral satellites and by a complex concentration and
pump intensity — dependent temporal evolution of the
global or selectively excited emission caused by the
energy transfer.

The spectral satellites are caused by the resolvable
mutual crystal field perturbations inside the various
associations of the active ions or of such ions and other
dopant ions (such as the sensitizers) or defects. The
structure and the relative intensities of these satellites
depend both on the concentration of the dopant ions and
of defects and on the crystallographic structure of the
host crystal. The presence of these satellites gives ground
to consider the system of active ions as spectrally
inhomogeneous, but composed of homogeneous
subsystems corresponding to various associations of ions
or ions and defects. These subsystems are further
individualised by a selective manifestation of the energy
transfer processes.

The emission decay of several RE* ions in YAG
evidences complex energy transfer governed by multiple
interactions containing multipolar electric interactions
and a short-range superexchange interaction acting in the
near-ion pairs. In case of Nd* in YAG, at low pump
intensities, the ‘F;,, emission is influenced by a down-
conversion cross-relaxation on intermediate levels caused
by superexchange and dipole-dipole interactions; the
absence of quadrupolar contributions is in agreement
with the selection rules for the transitions involved in
transfer. The energy transfer parameters determined from
the global decay are verified from the emission of the
selectively excited pairs of the first and second-order and
of the line of the isolated ions. The pairs formed by
activators and sensitizers are important in the
investigation of the sensitization process.

At high pump intensities the problem can be
complicated by the onset of upconversion processes from

the metastable state. In case of Nd: YAG an unitary
treatment that takes into account the simultaneous
presence of upconversion and down-conversion is
necessary in order to give an accurate description of
emission under high pump.

An accurate description of the effect of the energy
transfer on the emission decay enables a direct
connection of the quantum efficiency of emission with
the parameters describing the energy transfer and the
spectroscopic properties of the active system. Thus a
unitary treatment of the satellite structure of the spectra,
of emission decay in various conditions and of the
quantum efficiency can indicate new lines of action for
improving the performances of the solid state lasers.
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Development of Sub-ps Yb:YAG Laser for Material Processing
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Abstract

The use of sub-ps laser pulses for material processing results in very precise cutting and drilling

with high efficiency, although the energy of such a ultra-short laser pulse is essentially small.

In

order to accomplish high throughput for the industrial applications, it is required to operate the laser

system at a high average power and thus at a high repetition rate.

to fulfill such requirements.

of a LD-pumped femtosecond Yb:YAG MOPA laser system.

Yb:YAG has a high potential

In this report, we summarize our current status of the developments

Performances of the Yb:YAG

oscillator and the broadband gain characteristics (A A ~71 nm) are described.

FoU— K Txh MIL—¥—, YBYAG, L—Y L. ¥kl — i

(femtosecond lasers, Yb:YAG, laser material processing, laser-diode pumping)

1. 130

HEOBENSIVALV—H—HMOBEEELWRRICTHE
W, B2 IZISAS B TOBE/NVA L —H—FIFDER
LTWwa, £z, BE/N\IVAZEAWE L —F—mIid.
MOEEICED XD BEVEHTL - —2REX N
2%, 1) BEICAEROBWINTIAARE. 2) 8
LWL TRIVF—RAENEN, 3) MIOH
HHENRRW, BEOHEERL TV EDEEROEH
EHEDHDTVD, —FH, BE/NIVAL—H—i3/OV 2%/
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Fig.l Ablated volume as a function of laser pulse width .

FTLDERRZELUTOX S ITRE LT,
1) /%)L A& : 100~500 fs (<1 ps)

PN ay hTOBE/SVAMITIRIINE TITH
ENTTHEN, SNIVARE/VIVAY D OBREEHED
BEMN T TIZFANSNTWS ¥, Figure 1 ITXBRE D15
ENEQ@EMIT—YDELEDERT. TRIVF—Hk
D OBREERT. 7OVZIEE 10ns DOBEITENT ps B
TOBFEIE 10 fFE<KEBIND I ENTMND, 100fs LA
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Fig.2 Layout of the Yb:YAG oscillator.
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(b) Double side pumping
Fig.3 Yb:YAG output as a function of pump

power with birefringent filter.
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We measured the tunability performance of the
Yb:YAG to investigate the possibility of ultrashort pulse
generation and amplification. To evaluate the
tunability, we introduced a birefringent filter into the
cavity.  Figure 5 shows tuning curves of the Yb:YAG
laser using a 1-mm-thick quartz birefringent filter.
The solid circles are tuning range which was measured
with the output coupler reflectivity of 94 %.  The solid

triangles were measured with the output coupler
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Fig.4 Q-switch output at various repetition rate.
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reflectivity of > 99 %. Although the solid circles

correspond to the tuning range which is reported in

)

another literature”, the solid triangles shows broader

tuning range from 1031 to 1102 nm. The only

difference was the output coupling.  This wide tunable

(71 nm, 18.7 THz) range corresponds to Fourier-
transform limit pulse of 17 fs.

The observed broad tuning range can be explained by
the spectrum properties of the Yb:YAG crystal.  The
absorption and the emission cross section of the
Yb:YAG crystal used in the experiments are shown in
Fig.6 (a). The Yb:YAG crystal has several peaks in
the emission cross section.  Although 1030nm line is
the generally observed oscillation wavelength, it
overlaps with the absorption peak.  The 1050nm line

is another oscillation wavelength which is also

commonly observed.  There is also fluorescence at the
wavelength longer than the 1050nm where absorption is
quite small.  Figure 6 (b) shows the ratio between the
absorption and emission cross section (solid line) which
agrees well with the observed tuning curve (broken line

with open circles). By reducing the output coupling,

160 e AMALEARAS AARMLAMSAS RARAE

140k [ -~ Output coupler = 94% b

t \ | -4~ Output coupler = 99.9% 3

— 120f :

z \ ]

E 100f .

5 . ]

2 80F \ ﬁ ]

RN |

2 of ]

= \l ] :

© 40 :

20: / P ity it o VOO ]

s /.»“Fl ™ ]

0' ........ il sadaaaataaaadaa 1 .\;,."
1020 1040 1060 1080 1100

Wavelength [nm]

laser

The

Fig.5 The tuning curves of the Yb:YAG
using a 1-mm-thick quartz birefringent filter.

solid circles are tuning range with the output coupler
reflectivity of 94 % and the solid triangles are with

the output coupler reflectivity of > 99 %.

the laser oscillation was dominated by not the cavity loss
but the absorption of the laser crystal itself. As a
result, the laser oscillations were achieved in the broad
wavelength region where absorption is small rather than
in the region where the fluorescence is eminent. It is
noted that we might be able to achieve the oscillation up
to 1250nm which was not realized in the experiments
due to the limited bandwidth of reflection of the cavity
mirror.

It is also noted that the output power increased with
the birefringent filter (BF) about three times as large as
that without the BF.  The maximum output power at
1030nm in a multimode oscillation was 498mW with
2290 mW pump power.  The pump threshold of 832

mW, and slope efficiency of 36.5 % was obtained.
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Fig.6 The absorption and the emission cross
section of the Yb:YAG crystal used in the
experiments (a). The ratio between the

absorption and emission cross section (solid line)
and the tuning data shown in Fig.5 (broken line with

open circles) : (b).
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BENVAL—HF—Z2R0WENMIOEAEEEERT
ERAETE2EDDOL—HF—NTA—F—%RELI, £
DeDOL—H—%EBEE LT LD BEIEMENTETHD
RIE/NIVAEFELD DL —Y—IEETHS Yb:YAG D
HHICEBL., L—U—RBORIEERBL L, H—K
ELT, RERZHUMELTOREZRANZ, KEAE
HOPEITHRNWT, IRETIRES NI EDRM-
FLGEHOBEERERRLL. Yb:YAG 2iFRBLLTD
AH7259 LD EERMEDHIERICHEMA TE S IREEEZR
U7z,

Sk, HIEEH OFKE - WEERZITTWI AT LML, LD
EEMEEZVRLBE/IVA L —H — 0L 25H#
MLTWLSFETH 3,
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Optics developments for CPA lasers in JAERI

Akira SUGTYAMA "and Hiroyasu FUKUYAMA
(Kansai Research Establishment, Japan Atomic Energy Research Institute)
Masamichi KATSURAYAMA and Yutaka ANZAI
(Corporate R&D center, Mitsui Mining & Smelting Co., Ltd.)
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Abstract

M EFFERT)

Nd:YAG crystal with a uniform doped ion concentration along its growth direction was successfully grown by a

Czochralski growth furnace using a double crucible method.  The fluctuation of the concentration was less than 4%,

nearly 1/4 of a Nd:YAG crystal grown by a conventional method. Direct bonding without the use of any adhesives

was also demonstrated on quartz glasses, YAG and Ti:sapphire laser crystals.

The bonded region of Ti:sapphire was

evaluated from the macroscopic to the atomic level by three different methods of transmitted wavefront measurement,

micro defects measurement and magnified inspection by a TEM.

Keywords: Nd:YAG, Ti:sapphire, laser crystals, direct bonding, hydrogen bonding, laser tomography,

transmitted wavefront, CPA, TEM

(FAPY T FE T AT bV L, HEES KE/S. VLY — T T T 41—,
BBEE., Fyv— 7 UV AREEE, BT E T HMNED)

1. Introduction
The ultra-short pulse and ultra-high peak power

lasers have brought a new field called "super strong
field science” which can be studied from sites of large

M@ This

laser facilities to normal size laboratories.
progress has been realized by the technique called CPA
(Chirped Pulse Amplification)®, supported by a solid
laser system using neodymium doped yttrium aluminum
garnet and titanium doped sapphire crystals which are
exceptionally suitable laser materials for the realization
of this advanced concept. Recently, the demand of high
intensity laser system is getting ever higher. The higher
the requirement of the output intensity, the larger the

crystals need to be. For example, to establish a peta

(10" watt class laser system, the main amplifiers
require large laser crystals of Nd:YAG with over 250
mm in length and Ti:sapphire with over 80 mm in
diameter, respectively. It is formidably difficult to
obtain such crystals having high optical quality and
large enough to achieve stable and efficient high power
laser generation since the crystals grown by
conventional methods are often accompanied with
defect formation and inhomogeneity of doped ions,
depending on their small distribution coefficients in the
crystals.  On the other hand, Ti:sapphire crystals in
CPA lasers are normally used under the irradiation of

extremely intense pumping and laser radiation of several
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GW/cm” peak intensity, such conditions together with
the nonlinear propagation of the laser beam frequently
causes internal and surface fractures. Such problems
forces users to recycle damaged crystals by cutting off
the impractical portion of the crystals, polishing them,
and bonding together the smaller crystals. From these
points of view, we have studied to make large crystals
with high optical quality by using two completely

& Ope of the methods is a

different methods.
Czochralski Nd:YAG crystal growth method using a
double crucible linked with a continuous materials
supplying system, and another method is a direct
bonding method to obtain large laser crystals. We

to bond commercially
®

demonstrated this method
available small laser crystals with high optical quality.
Here we recent in these

report our progress

developments. In the crystal growth of Nd:YAG, we
have succeeded to grow the crystal with a total length of
185 mm with the uniform doped ion concentration along
growth direction”  In the direct bonding of
Ti:sapphire, the bonded region of 12 mm x 6 mm was
evaluated from the macroscopic to the atomic level. The
measurements were carried out by three different
ey

measurements by a Fizeau interferometer: (2) micro

methods: transmitted ~ wavefront  distortion
defects measurements by a laser tomography method:
(3) magnified inspections by a TEM (transmission

electron microscope).

2. Nd:YAG crystal growth by a double crucible
method
The intrinsic problem in a conventional Nd:YAG
crystal growth using a single cylindrical crucible is the
enlargement of Nd ion concentration along the growth
direction, which is caused by a small distribution

coefficient, a ratio of doped ion concentration captured

In case of

Nd:YAG, the factor is 0.17, smaller than 1.0, which

in the crystal and in the melting material.

causes a large amount of Nd ions accumulates in the
crucible as the crystal grows. To cancel the dense
concentration of Nd in the melting material and to
create the uniform doped Nd:YAG crystal, we have
proposed a double crucible method linked with the
additional charge system. Fig. 1 shows a conceptual
layout of our growth furnace. The YAG powder
containing 0.58-at. % of Nd, leaner than melting
material in the crucible, was additionally supplied by a
feeder to the space between inner and outer walls of the
crucible through an Ir pipe during the crystal growth.
Since both melting materials stored in the space and
inner crucible are linked through holes at the lower part
of the inner cylindrical wall, the level of melt surface
can be kept in uniform. It can restrict the change of
the melt convection inside the crucible, which can
reduce the fluctuation of growth condition and devise
the stable crystal growth. In our method, the most
significant problem in the development was a thermal
shielding effect by the inner wall of the crucible. It
forced to reduce the temperature gradient of 30 K/cm at
the growth interface. As a result from optimization of
insulator in the furnace, the gradient reached to almost
the same steepness in case of using a single crucible, 70
K/em, and Nd:YAG crystals with a total length of
185mm (straight part length of 110mm) was achieved
in the growth condition of a crystal rotational speed of
I5 rpm, a pulling rate of 0.5 mm/h and a material
charging rate of 1.3 g/h, respectively. The fluctuation
of doped ion concentration along the growth direction
was less than 4 %, nearly 1/4 of the crystal grown by a

conventional method, as shown in Fig. 1.
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Figure 1 Nd:YAG crystal growth by the double

crucible method.

3. Direct bonding process

Our bonding process was composed of five
successive treatments, as shown schematically in Fig. 2.
(a): After the specimens were polished to a flatness
higher than 0.2 ) at 633 nm, the surfaces were prepared
by several steps of chemical treatment to clean up and
to form a hydrophilic (-OH) layer. (b): The wet
specimens were brought to a clean ambient of class less
than 10 to avoid contamination on the surfaces, and one
of them was put on the other to contact gravitationally.
(c): The new larger crystal was dried immediately in an
atmospheric pressure oven at 473 K to get rid of excess

water on the body of the crystal and to form hydrogen

bonding at the contact interface. ~ Hydrogen bonding
|
//\ “o-ai}- o [0

-0 Alf-0--JAL-0--

[ polished faser crystals . H)O/

—0—T(- O-{Ti-O--
“"H,0

' {a} Chemical treatments in vacaum

4 ]18%

L
&7

clean ambient:
class < 10

-

H_H

o
P

o nir
{b} Contact

-
="
NERIRITRNY

forming
hydrogen Bonding

o,

i air

(¢} Drytng

(e) Annealing

4T o

N

{d} Heat treatment

in vacuum

Figure 2 Our direct bonding process

results from the reaction of OH + OH — H,O + O.
(d): The hydrogen bonded crystal was held by a
graphite vice to apply low pressure in the direction
perpendicular to the interface, which can prevent
separation at the interface by thermal expansion of the
specimen during the next heat treatment. Then, the
crystal was brought to a high-temperature vacuum
furnace for the bonding transformation from hydrogen
bonding to the oxygen-bridged direct bonding by
means of acceleration of dehydration condensation at
50 h and 1373 K. (e): The final stage was an
annealing process to remove the optical distortion
inside the crystal by placing the bonded crystal with no
applied pressure at 10 h and 1373 K. In our bonding
method, it is not necessary to use any adhesives and
high pressure, which may lead to optical damage or
distortion in the crystal. To achieve the bonding
successfully, selection of etching chemicals and
optimization of the chemical treatment in the process
(a) were essential for each crystal. Detailed chemical
treatment for Ti:sapphire and the desorption process of
water in the high-temperature furnace have been
described in a previous paper®  The bonded
specimens composed of several types of laser crystals

are shown in Fig. 3.

SRR

% VAG « YAG

o

%33

Lsap. + Ti:sap.

Figure 3 Direct-bonded laser optics.
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4. Evaluation of the bonded region of Ti:sapphire

To evaluate the bonded region of 0.15-wt. %
Ti:sapphire crystal with a bonding surface dimension of
12 x 6 mm°, we made three different measurements

from the macroscopic to the atomic level as follows.

4.1. Transmitted wavefront distortion

To devise accurate measurements with a Fizeau
interferometer (Zygo: GPI-XP), the bonded crystal was
located on the narrow space between transmission and
reference flat mirrors to reduce the interference fringe
motion by the fluctuation of airflow. Since the
measured wavefront data in this system implies the
roughness of the polished surfaces and distortion of the
bonded region as well as inhomogeneity inside the
specimen, other single Ti:sapphire crystals, having the
same surface flatness of over 0.1 A at 633 nm on both
Brewster’s ends and a different length of 8 mm and 18
mm, were also measured to estimate the crystal
inhomogeneity.  The transmitted wavefront of the
bonded crystal with a length of 14 mm was 0.152 & at
633 nm in the area of 10 mm x 5 mm square. The
estimated inhomogeneity was 0.037 X/cm at 633 nm
from the measurements of the other crystals, and it was
assumed that the transmitted wavefront of the single
crystal having with the same length as the bonded one
was 0.121 & at 633 nm. As a result, the wavefront

distortion by the bonded region was 0.031 A at 633 nm.

4.2. Micro defects measurements

Laser tomography has been used as one of the
attractive non-destructive methods to detect micro
defects in crystals by means of optical scattering.®®
MO-421)

In the

Our laser tomography system (Mitsui:
consists of an optical unit and a data analyzer.

optical unit, the bonded specimen located on a 3-D

motion variable stage was irradiated by a probe laser of
the 2™ harmonic of CW Nd:YAG. The focused probe
laser beam on the specimen was about 10um in
diameter.  Optical scattering signals generated from
defects inside the specimen were vertically detected by
a CCD camera through an optical microscope. A
color glass filter was inserted between the CCD camera
and the microscope to avoid the effect of fluorescence
in the scattering measurements. In Fig. 4, small spots
appearing horizontally inside the oval shows the micro
defects existing on the bonded surface, and the other
spots spread through the whole image were intrinsic
defects formed in the crystal growth. It can be seen
that the number of micro defects on the bonded surface
are much smaller than that of the intrinsic ones, which
suggests that the optical loss at the bonded region of
Ti:sapphire was insignificant and the bonded crystal

was applicable for laser oscillation.

probe laser

Bonded région "

Figure 4 Micro defects around the bonded region.

4.3. Magnified inspections in atomic level

The bonded region was also inspected by a field
emission TEM (Hitachi: HF-2000) at a magnification
power of 4-million. In the measurements, additional
fabrication using argon ion milling was required to

prepare a specimen extracted from the bonded
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Ti:sapphire that was already used for the impact
fracture test. Thickness of the specimen was reduced
to around 70 nm in the bonded area. A probe electron
beam accelerated by 200 kV was used for TEM
measurements. Fig. 5 shows the magnified image of
bonded region. Although obscure parts of 1 nm size
slightly appeared along the bonded interface, the atoms
in the bonded region were well arranged with the same
regularity as inside the crystal. It seemed that the
obscure parts were based on the irregularity of the
polished surfaces of the Ti:sapphire crystals. In the
bonding process, most of the irregularity would be
reduced by elastic deformation and diffusion of the
atoms during the long heat treatment while the rest of

irregularity could be less deformed by these effects.

A =TT

Figure 5 Magnified image of bonded Ti:sapphire.

5. Conclusion

To achieve the uniform Nd doped ion concentration
in Nd:YAG single crystals, we proposed the double
crucible crystal growth method linked with the
successive material supplying system. As a result
from optimization of insulator in the furnace, the

temperature gradient reached to 70 K/cm and Nd:YAG

crystals with a total length of 185mm was achieved.
The direct bonding of several types of laser crystal
was also demonstrated.  The bonded region of
Ti:sapphire was evaluated from the macroscopic to the
atomic level by three different methods such as
transmitted wavefront distortion measurements by the
interferometer, micro defect measurements by laser
tomography and magnified inspections by TEM.
From the first interferometer experiments, the
wavefront distortion caused by the bonded area of 10
mm x 5 mm was estimated at 0.031 & at 633 nm. The
second micro defect measurements showed the number
of micro defects on the bonded region were much
smaller than that of the intrinsic ones inside the crystal.
It suggests the previous results of optical inspection and
laser oscillation in ref. 6. From the third inspections,
the atoms in the bonded region were well arranged with
the same regularity as inside the crystal although
obscure parts 1 nm in size appeared slightly along the

bonded interface.
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Thermal Birefringence in a Ceramic Nd:YAG Laser
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Kunio Yoshida (Osaka Institute of Technology)
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Abstract

We have investigated optical properties, laser performances, and thermal properties of recently

developed Nd:YAG ceramics with Nd** concentration up to 6.6 at. %. Absorption coefficient increases
linearly with Nd3* concentration, which enabled a microchip of 3.4 at. % Nd:YAG ceramic to oscillate
with 2.3 times higher output than that from a conventional single-crystal microchip. The loss of a

2.3 at. %-doped ceramic is as low as that of a single crystal. Thermal birefringence of the ceramics is

the same with that of single crystals at the same Nd3* concentration, and the birefringence becomes

larger as Nd3* concentration increases.

¥—U— N ¥7Iv7 YAG, ¥A47uF v L—F—, Nd:YAG, BHEEH
(ceramic YAG, microchip laser, Nd:YAG, thermal birefringence)

1 INTRODUCTION

Diode-pumped microchip solid-state lasers are
attractive light sources characterized by com-
pactness, high efficiency, and a small number of
longitudinal and low-order transverse modes.(!)
A wide variety of materials has been investigated
to develop higher power and more efficient mi-
crochip lasers.

We have recently developed highly Nd®*-
doped polycrystalline YAG ceramics that have
transparency comparable to Nd:YAG single crys-
tals.(2>(3) The highly Nd3*-doped ceramic YAG
is a promising material for high-power and high-
efficiency microchip lasers because it has both ad-
vantages of a conventional Nd:YAG single crys-
tal which has good thermo-mechanical properties
and Nd:YVO, which has large absorption coeffi-
cients. Moreover, these ceramics can be made in
much shorter time compared with single crystals;

it takes only a few days for ceramics using the sin-
tering process, while typically a few months for
single crystals by the Czochralski method. The
Nd3* concentration in the ceramic YAG samples
was confirmed with an electron probe microana-
lyzer (EPMA; Shimadzu Model 8705), and from
0 to 8.7 at. %-doped samples have been obtained
to date.

We investigated optical properties, laser per-
formances,(*)(® and thermal properties of the
Nd:YAG ceramics.

2 OPTICAL PROPERTIES

Figure 1 shows the absorption spectra of 2.0,
3.4 and 6.6 at. % Nd:YAG ceramics and a 1.0
at. %-doped single crystal at a 0.2 nm resolution.
The highly Nd3*-doped YAG ceramics had large
absorption coefficients, which increased linearly
with the Nd3* concentration. The fluorescence
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Fig. 1. Absorption spectra of 2.0, 3.4, and 6.6 at %
Nd:YAG ceramics (solid curves), and 1.0 at % Nd:YAG
single crystal (dashed curve).
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Fig. 2. Fluorescence lifetime versus Nd*T concentration.
The open squares show the experimental data for the
Nd:YAG ceramics, and filled triangles those for the
Nd:YAG single crystals. The solid curve is the fitting
with the inset equation.

lifetime as a function of the Nd3* concentration
is shown in Fig. 2. The pump wavelength and the
pump width were 808 nm and 10 ns, respectively.
It was found that the ceramics and the single
crystals had nearly the same 79, ~ 250 us, and
the same quenching parameter Cy, 2.8 at. %.
Figure 3 shows the fluorescence spectra of 1.0
and 6.6 at. % Nd:YAG ceramics and a 1.0 at. %
Nd:YAG single crystal measured at room tem-
perature. The spectra of the 1.0 at. %-doped ce-
ramic and single crystal were identical, while the

. (—r— 1 ¢+ v v 1| v v v 1. v 1 v 1o
: - --—- 6.6 at.% Ceramic N
g 400 = — 1.0 at.% Ceramic p
N e 1.0 at.% Single Crystal -
= o i
= o .
2 300 .
g F ]
S r ]
®© C -
3 200 C ]
2 o a
8 C i
n Py Y,
© 100F 7
[e] L
> - I
u Chea: |l‘~vy-.‘1 |--'J; 1’ 1 “'!"‘ 1“‘-1- o ;""l" ‘I‘

1050 1060 1070 1080

Wavelength (nm)

Fig. 3. Fluorescence spectra of 1.0 and 6.6 at.% Nd:YAG
ceramics and a 1.0 at.% Nd:YAG single crystal. The
graphs are offset to be clearly distinguished each other.

6.6 at. %-doped ceramic had 0.2 nm longer peak
wavelengths than the 1.0 at. %-doped samples.
The full width at half maximum was 1.0 nm for
every sample.

We have succeeded in microchip laser oscilla-
tion and obtained more than two times higher
output power from a microchip of a 3.4 at.%
Nd:YAG ceramic than from a same sized mi-
crochip of a Nd:YAG single crystal at the same

4)

input power.(Y) We estimated the cavity losses

using the following equation

(To/T1)T1 = (n2/m)T>
n2/m —To/Ty

where 7;’s and T;’s are the slope efficiencies and

L;= (1)

the transmittances of the output couplers, re-

Table 1. Slope Efficiencies and Cavity Losses®

Nd Concentration  m 2 L; Q;
(at. %) (%) (%) (%) (cm™)
Single Crystal
0.9 20.7 15.7 0.5 0.04
Ceramics
2.4 24.7 19.0 0.5 0.03
4.8 274 13.7 2.2 0.13

“Loss Coefhicient
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spectively. As summarized in Table 1, the loss of
the 2.3 at. % ceramic was found to be as low as
that of the single crystal. On the other hand, the
3.4 at. %-doped ceramic had much higher loss co-
efficient. It is presumably because the scattering
loss at the grain boundaries becomes significant
since the ceramics with higher Nd3* concentra-
tion have smaller grain sizes, i.e., the increased
number of the grain boundaries.(®)

3 THERMAL PROPERTIES
3.1 Thermal Conductivity

Thermal conductivity was measured with the
laser flash method from room temperature to
300 °C.®) Figure 4 shows, as an example, the
dependence of thermal conductivity on the Nd3+
concentration measured at 20 °C. It was found
that the thermal conductivity of the ceramic
YAG was as high as that of a YAG single crystal,
which was twice that of Nd:YV Oy, and hardly de-
graded even at higher Nd®* concentration. This
property is preferable for high power operation
to maintain the highly efficient oscillation in mi-
crochip structures.

AN UL B BN S SN B B S BN S NN B B BN BN B

£ T-20°C ]
S 12 .
2 10 a ]
= 9 o O -
S 8 -
: -
2 6 i
3 .
5 ¢ O Nd:YAG Ceramics ]
E 5 ® YAG Single Crystal ]
& A YVO, ]
2 4
~ ol ) YR (S W (NS SN (T S N SRS NN TR S T S
0 2 4 6 8 10

Nd Concentration (at.%)

Fig. 4. Thermal conductivity of YAG ceramics as a func-
tion of Nd*' concentration at 20 °C. The data of YAG
single crystal and YVOy are also shown.

3.2 Thermal Birefringence

We of
Nd:YAG ceramics by the pump-probe ex-
periment. Figure 5 schematically shows the
experimental setup. A Ti:Sapphire laser oscil-

measured thermal

birefringence

lating at 808 nm was used as the pump beam.
The maximum input power was 3 W. The pump
beam was focused onto the sample with the
radius of 80 ym. On the other hand, a He-Ne
laser was used as the probe beam. After the
probe beam was polarized parallel to Y direction
with a polarizer, it passed through the sample,
reflected at the plane surface of the focusing
lens, and went back through the sample again. A
part of it was reflected at the beam splitter, and
only the depolarized (X-polarized) component
of the probe beam transmitted the analyzer
which was in the cross-nicol configuration with
the polarizer. Passing through a filter which
absorbed the pump beam, the depolarized beam
pattern was observed with a CCD camera or its
power was measured with a photodetector.

In an isotropic (space group Op) crystal such as
YAG, thermal birefringence occurs between the
radial and the azimuthal directions in a plane
perpendicular to the direction of the beam prop-
agation, as depicted in Fig. 6.(7) Hence the de-
polarized beam which transmitted the analyzer

Beam
Splitter

Probe Beam Polarizer Mirror

Ti:Sapphire
Laser y

Pump Beam

Sample (t ~1mm) Mirror

Plano-Convex
Lens X

s

Pump Beam Radius:80um
Probe Beam Radius: 1.5mm

Cross Nicol—__, Analyzer

Filter

CCD Camera

or
Photodetector

Fig. 5. Experimental setup for the thermal birefringence
measurement.
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Fig. 6. Orientation of the indicatrix: radial and azimuthal
refractive indices, ny and n,, in a plane perpendicular to
the direction of the beam propagation.

(a) Pap = 338mW

(b) Pup = 924mW

(c) Py = 1223mW (d) P = 1717TmW

Fig. 7. Images of the depolarized beam from the 1.3 at. %
Nd:YAG ceramic sample, which were observed with the
CCD camera at the absorbed pump power Pap.

makes the images shown in Fig. 7. Although the
image was not seen at low absorbed pump power
(Fig. 7(a)), it got clearer as the absorbed pump
power increased, and the thermal lens effect dis-
torted the image at higher absorption (Fig. 7(d)).

If the depolarization is defined by the ratio of
the depolarized power to the total probe power as
P, /(Py+ P.), dependence of the depolarization

L] T T L] I L T T T I T L] T L] I T T T T l T
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. ® 2.0at.% Ceramic *
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N - * b
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oy - . .
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°
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Fig. 8. Dependence of the depolarization on the absorbed
pump power for the ceramic and the single-crystal samples
with various Nd** concentration.
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Fig. 9. Depolarization as a function of the Nd3**t concen-
tration for the ceramic and the single-crystal samples at
the absorbed pump power of 1000 mW.

on the absorbed pump power for the ceramic and
single-crystal samples with various Nd** concen-
tration is shown in Fig. 8. On the other hand,
Fig. 9 shows the depolarization as a function of
the Nd3* concentration at the absorbed pump
power of 1000 mW.

We found that the ceramic and single-crystal
YAG have the same depolarization when the
Nd3* concentration is same. It means that the
effect of the thermal birefringence is same be-
tween the ceramic and single-crystal YAG. This
fact is attributed to the isotropy of the YAG crys-
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tal. Koechner and Rice calculated the amount of
the thermal birefringence induced in a Nd:YAG
rod which had a cylindrical symmetry along the
[111] direction.(”) They obtained the thermal
birefringence An as

An = ng—n,

3

= -T-;ﬁ(Pu — Py)(er — £¢) (2)

where n, is the initial refractive index, P;; and
Py are the photoelastic coefficients, and &, and
€4 are the radial and the azimuthal strain ten-
sors, respectively. Equation (2) does hold not
only for [111] but any direction in an isotropic
crystal such as YAG.(® Although the ceramic
YAG consists of 10-100 pm-sized YAG single
crystals which orient in various directions, the
isotropy of YAG crystal makes the thermal bire-
fringence unchanged in the ceramic YAG. It is
noted that we assume the thermally induced
strains in YAG ceramics should be the same with
that in single crystals, which we have to investi-
gate by further work.

Moreover, it was also found that the depo-
larization became larger in samples with higher
Nd3* concentration even if the same pump power
was absorbed. This is because the thermal dis-
tribution in the sample is different for differ-
ent Nd3* concentration. Figure 10 schematically
shows the difference between the samples with
In the
case of end pumping, the sample with higher

higher and lower Nd3* concentration.

Nd3t concentration localizes the heat near its
surface because it has larger absorption coeffi-

(a)

Nd:YAG (b) Nd:YAG

Pump Beam

Pump Beam

Fig. 10. Thermal distribution in the samples with (a)
higher and (b) lower Nd** concentration.

cient or shorter absorption length. This local-
ized heat induces stronger strain than that in
the sample with lower Nd3* concentration even
if the total heat is the same in both the samples,
which results in larger thermal birefringence. It
is an undesirable feature of a microchip laser us-
ing highly Nd®**-doped YAG ceramics, but nev-
ertheless the thermal effect can be smaller than
that of Nd:YVOy since the thermal conductivity
of YVOy is only as half as that of YAG. Moreover,
a composite YAG ceramics with Nd®+-doped and
undoped region can be made easily, which would
greatly reduce the thermal effects.

4 CONCLUSION

Optical properties, laser performances, and
thermal properties of Nd:YAG ceramics have
been investigated with Nd3* concentration up
to 6.6 at. %.
creased linearly with Nd3*t concentration, and

The absorption coefficient in-

the quenching parameter was the same with that
of single crystals. 2.3 times higher output was ob-
tained from the microchip of a 3.4 at. % Nd:YAG
ceramic than that from a conventional single-
crystal microchip. The loss of a 2.3 at. %-doped
ceramic was as low as that of a single crystal.
While thermal birefringence of the ceramics was
the same with that of single crystals at the same
Nd®*+ concentration, the birefringence became
larger as Nd3* concentration increased. We have
to investigate the thermal effects in composite
YAG ceramics with Nd3*-doped and undoped re-
gion, which can be made easily with the sinter-
ing process and is expected to greatly reduce the
thermal effects. It is concluded that the Nd:YAG
ceramics are promising as high power and highly
efficient microchip laser materials.
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Solid State Lasers and Nonlinear Tunable Sources: 2000

Robert L. Byer (Stanford University)

Abstract

Advances in laser diode pumped solid state lasers and tunable sources for atmospheric remote
sensing and spectroscopy are discussed. Topics include laser diode pumped solid state lasers, slab
lasers, and recent advances in edge-pumped slab lasers. Advances in laser sources have led to advances
in tunable frequency sources in both birefringent and quasi-phasematched nonlinear crystals. Tunable
infrared in parametric oscillator-amplifiers have enabled remote sensing of atmospheric molecules in
the near infrared. Future directions of laser sources and tunable devices will be illustrated by global
remote sensing applications that lie in the future.

*This program is partially supported by Japan Society for the Promotion of Science, Grant-in-Aid
for Scientific Research (B), #11694186.
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Second-Order Optical Nonlinearity in Isotropic Silica Glass

Akihiro Kameyama and Atsushi Yokotani (Faculty of Engineering, Miyazaki University)

Kou Kurosawa (Institute of Molecular Science),

Abstract

We have demonstrated large second-order optical nonlinearity is generated in thermally poled

high-purity silica glass that is exposed to KrF excimer laser pulses before the poling. The maximum

1332 value of 0.71pm/V is observed in the sample which is annealed to 900°C in air and O, molecules

are introduced in. KrF excimer laser pulses erase the nonlinearity induced in the glasses. Based on

these findings and optical absorption and luminescence, we show that point defects of =Si-O play a

key role for the nonlinearity formation in the poled high-purity silica glass.

¥—U—F: YUV AHTR, 2RIRGHFE, BR—Y 7 KrF =% o< L —§— MR

(Silica glass, Second-order optical nonlinearity, thermally poling, KrF excimer laser irradiation)

1 1w

FHA T AT E TR E T DRI H > TR E
ML E o CND, HTRIAK, RKisxiFEEH3 57
DIT 2 KIFRIHBREFPOENR O TH Y | FENIITE 2
ERRGHOITAE LRV, L LD, RERY T RIZBRN
LN L RS EEEZEHINT AR =V 7L - T =
Y K& 2 RIR IR AINCE, L—YP—HOKRE
WHRIREFERFAA v FEHIUGHTEDZ D, HEZE
DL ol 19, FHE Ge ZHINULIZNT 7 A 7 —TEBR
—U U7 ERBIRH ZEITLY 20%U O R RE K LT
BILESNTND Y, Eo, 2RI EEORIAA =X
LD OWT SRR 2 2 T\ 5, JEREERN
Lo TH T AFOFERRET HERT D & Dk, ZEHERT
GSHER SN, HTAPEFRF> T DO % B L CRETH E
DD 2038 oTz, FHTDyPORE IR, BR—Y 712
BONTITIRE 22y @% O, BBV o VRECR
Bk LW RETE DY) 10pm BREOESICRAELTWD
TEMND, BEDAD=XLARRUTHDEEZLNDN, F
EEARETIZARY ), BICRHDRERI N TV A AT XA TII&BA

A Rf A A E VS TEEF R LIRS AR T
V. BIFEFIMNBTIXRMENERLTWS EEXHND, —
H. PR RIS T AIR—Y v TR Thy®IIFEHL
R, Fa T ORI AR T A X Bird DV IS L
— P —F R L TRMEEFHEL, TAUSL> THEBREHTDHZ
EEHLMLTERD,
AR, A L—HD, P BRTHIL L, BITHR
LTy @& 5 Z LI DRERD D PUZBET B FERDFEIE,
1P @XEde iz L THELD Z & RUEEERSE XKa (NBO-,
non-bridging oxygen, SiO-) PYPERUIARFIRKTHDZ LER
WE LTz THE 5,

2 B

2—1 3

FEHZI I VEERR(SICL) Z ERKRR TR RET 2 7tk
THERR LT- BN T A 2z, RENIIEBA itz é A
EHELRVS, Hy Oy HO 0 F. KON Si-OH A& £
s, BEHO H, & O, 0 FORIIEBKERFTD O, & H,
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DBELRIEZ DI LIC Lo THIETE 5, BAFLEAY Hy O,<2 D
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% VT 3600cm™ TOWRURAY M RIE L TREES -
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OV SRR LITE L DT,

FEHIER 20mm, /£ X 1.5mm CHEEINEIEE -,

FIBEID O, A D720, BRH. T He FHSH
T AT o7, R TEMBEZ B 725 Z LIz X hakkt
W13 O, I FOEA LD, —F, He FEAKHF CRMUER 152
ROTEIZEY Oy FiibEiang, BxIX1REDER L
He #7C 900°C C 2 R CEIE# 4T > T,

RBHIKIEEEAT D728, BuR—) 7RI KrF =%~
L—H— (R 248nm, 2 VVANE 20ns) ZEEEH Uiz, #old
B, BBHIIEEEIIND = DIT A/ o F R AR S E T
7eDT, ZFOEANNY ZfEE LB L TLU—F—Bt 21707,
REFREIESL VX GEATEH 72mm) ZAVWTRE—L Y
DA (L XH 52 LT, 0.6~60mdlem? DEFHNTE
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72

Fio, HHL—F—BBEHNT Lo T, —BEERR L7z 2 RIEHTE
HFFEINEE SN D, EORSREEREEELRET D720, B
R—=V T ORI EREAT o7z, BRI ZHS
HHJC. NAYAG U—H—0% 2 53l (K& 532nm, /LA
18 Tns, HBETEE 60md/ecm?®) #FEE L7z,

2—2 BR-YT

HAVIUTOFIETER =Y 7B iaotz, TR
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2—3 yPHIE

KD 2 KR B Fy P H RO BT, Fxld Q
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AHE Tos, p @Y ZEH IS L TE LA 2 ERESHG)
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SUEEEE 90mm) RSN T v F—Rf LTk, Sy as TG
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B EHHEMERR 22um % 2 KIEFIEFFRDE S & L=,
¥7- SHGHIEEBORE XK ET 5720 a- Kbz SN
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3 IR

# 112 3 FBEOREHIEN TR R 4T o T-BRICRIA LT
A 2ONEZRY, EHOBR—Y L7 2fTo1- 3848 KrF =%
v b— PR ZATDRV ) . ERERRT T A0 2 kIE
RIHHEIRB L 2o T, RIHHLO KF =%~ L
— PR Z B RO THLER—) 7 EITHZLITEY.
HEHAD D 2 RIFFIIEMEN R LTz, —F, BEB &£ O
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EAT D Ly P EB L2 b DD, FOMEIFREKA- DDOHFE LD
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FER L LTI =SSO0 RTES 5, EOREHE. Bty
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#1 KrFod o= b—3—%2 MG L TPLER—Y 7 L7z
BTN T ADy,, 2, FIFHEH TORURIL 900°C

T2 1,
No. | Synthesized | Annealing | OH X3 ®
condition oondition contents | (prm/V)
®pm)

A-1 | HyO,<2 none 1200 051
A2 in air 0.71
A-3 in He 0.45
B-1 | HyO>2 none 1200 0
B2 in air 0.03
B-3 in He 0.27
C-1 | HyO>2 none 550 0
C-2 in air 0
C3 in He 0

#2 BEHAD Oy, O3 Ve W28 5 KeF o 3w b—Y'e

Diay M,
Kri™* laser | criticalshot | Product of shot,
flucnce number number and
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High-Average Power optical parametric oscillator based on PPMgLN

IR

B, FH #EC, A0

&

S.Yamamoto , Y.Hirano , H.Taniguchi’

=EBERHASH, ZEERTHEKRASHT

Mitsubishi Electric Corporation, ‘Mitsubishi Cable Industries, LTD.

Abstract

We have demonstrated high average power, room temperature operation of PPMgLN OPO. A high brightness, high repetition
rate Q-switched Nd:YAG rod laser was used as a pump laser and the PPMgLN of 1mm-thickness was used for OPO. Maximum
conversion power of 60.2-W with conversion efficiency of 61.1 % was obtained for signal wavelength (1.57um) and idler
wavelength (3.3um). For near degenerate OPO, total conversion power of 57-W was obtained with conversion slope efficiency of

as high as 82.2 %.

F—T—F L= EMEKL—F N&YAG, /%7 2+ v 7 5iRKEE. PPLN, PPMgLN

(Lasers, All solid state lasers, Nd:YAG, OPO, PPLN, PPMgLN)

1. itz

BHST, LHEHERTEDE - iRV —FOEHR
O EHA. LTS, IRCMZ &% L DI ICHifF &
NTW2, TOLI) BRBOERFEL LT, EHEBO
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Recent Advances in Tunable Terahertz Parametric Generation

" Hiromasa Ito!?, and Kodo Kawase?

'Research Institute of Electrical Communication, Tohoku University,
’PhotoDynamics Research Center, RIKEN,

Abstract

Spectrum narrowing of a THz-wave parametric generator (TPG) to the Fourier transform limit (v = 1.58 THz,
Av <200 MHz, At = 3.4 ns.) was demonstrated by the introduction of both a single frequency Nd:YAG laser
(1.064 pum) as a pump and injection seeding (1.070 wm) of the idler. This resulted in a THz-wave output power
(900 pJ/pulse) approximately 300 times higher than that of a conventional TPG, which has no injection seeder.
This compact system, which operates at room temperature, promises to be a new THz-wave source for gas
tracing, atmosphere monitoring, molecular analysis, etc.

Keywords: THz-wave, parametric generation, nonlinear optics, injection seeding

1. Introduction

Several schemes have been reported for the generation
of widely tunable THz-waves in the 1-3 THz region.
These include free electron lasers, p-Ge lasers', and
photo mixing in a photoconductive switch’. These
techniques suffer from one or more of the following
undesirable features: (1) large scale systems, (2) liquid
He temperature requirements, (3) tuning throughout
the entire tuning range is not possible in one operation,
and (4) set up and operational difficulties. In contrast,
THz-wave parametric oscillators have proved to be a
useful technique for generating continuously tunable
THz-waves in 1-3 THz region at room temperature.

We have studied THz-wave parametric
oscillators (TPO) and THz-wave parametric
generators (TPG) for five years**® The main

difference between a TPO and a TPG is that a TPO has
an idler cavity (near infrared stokes) but a TPG does
not. Until recently, the generation of a narrow
spectrum THz-wave by a TPG was not expected
because a TPG has no frequency selection mechanism.
A conventional TPG THz-wave linewidth may exceed
500 GHz. Further, the THz-wave output was much
smaller than that from a TPO. Therefore, we have
concentrated our efforts on the development of a TPO
system that is capable of generating widely tunable
THz-waves (1-3 THz, 100-300 um, 33-100 cm™, 4.1-
12.4 MeV) with a typical linewidth of several tens of
GHz.

In this paper, the TPG spectrum was narrowed
to the Fourier transform limit of the pulsewidth by
introducing both a single frequency Nd:YAG laser and
an injection seeder for the idler. At the same time, the
obtained THz-wave output was much greater that that
from the best TPO available.

2. Experimental setup for an injection seeded TPG

Figurel shows the experimental setup of an injection
seeded TPG. Two nonlinear crystals, LINbO; and 5
mol% MgO:LiNbO;, are arranged in series. Three
types of arrangement were tested using one, two, and
three LiNbO; crystals. The maximum THz-wave
output was obtained when two crystals were used.
Although TPG efficiency is higher with
MgO:LiNbO,,” the crystal quality is low. Therefore,
we had to use LiNbO, for the front side as an idler
amplifier. Both crystals were cut into pieces that were
65 x 6 x S mm (x x y x z -axis). The x-surfaces at both
ends were polished so that they were parallel and
coated with antireflection coating centered at 1.064
pm. The y-surface was also mirror polished, in order
to minimize the coupling gap between the Si-prism
base and the crystal surface. An array of seven Si
prism couplers was placed on the y-surface of the
MgO:LiNbO, crystal in order to couple out the THz-
wave efficiently.®* The pump used was an injection
seeded single frequency Nd:YAG laser (Spectron
SL404T-10, wavelength: 1.064 pm, beam profile:
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TEM,,, energy: < 45 ml/pulse, pulsewidth: 15 ns,
linewidth: ~40 MHz, repetition: 10 Hz, FWHM beam
diameter: ~1.4 mm¢). The pump beam diameter was
decreased to 0.8 mm¢ using a telescope in order to
increase the power density. The pump power density
was < 530 MW/cm? at the crystal surface and was
varied by an attenuator. The pump beam was almost
normal to the crystal surface as it entered the crystals
and passed through the MgO:LiNbO; very close to the
y-surface in order to minimize the absorption loss of
the THz-wave inside the crystal (o > 10 cm’). A
continuous wave (CW) single frequency Yb fiber laser
(IRE-POLUS, YLD-500C-1070, wavelength: 1.070
pm, beam profile: TEM,, power: < 300 mW,
linewidth: IMHz, FWHM beam diameter: ~1.3 mm¢)
was used as an injection seeder for the idler.

As shown in the inset of Fig. 1, the THz-wave
was generated in a direction that satisfied noncollinear
phase matching conditions.” Here, k; is the wave
vector with j = p, i, and T, which indicate the pump,
idler, and THz-waves, respectively. As the
relationship k, > k; >> k; holds, the angle between the
pump and idler is small, while the angle between the
pump and THz-wave is large. On the outside of the
crystal, the angle between the pump and seed beams
was almost 1.45° in accordance with noncollinear
phasematching conditions. The polarization of the
pump and the seed were parallel to the z-axis of the
crystals. Thus, an idler (1.070 pm) and a THz-wave
(190 um) were generated simultaneously by injection
seeded parametric generation. Idler observation easily
confirmed the THz-wave generation. A cylindrical
lens (f =30 mm) made of polymethylpentene (PMP or
“‘TPX’) was used to collimate the THz-wave
divergence for the vertical (z-axis) direction. The
THz-wave output and temporary waveform were
measured with a 4k Si-bolometer (Infrared
Laboratories Inc.) and a Schottky barrier diode
detector (SBD)", respectively. The THz wavelength
and the linewidth were measured using a scanning
Fabry-Perot etalon consisting of two Ni metal meshes
(65 um grid). The etalon spacing was varied up to 220
mm using a precise actuator. The idler intensity was
measured with a power meter and recorded along with
the THz-wave output in a computer via a digital
oscilloscope.

TPX cylindricallens

telescope o THz-wave

Si prism arra .
seeded / .
R o —
i LiNbO; MgO.LiNbO, idler

atteruator seed for idler
NG Yb fiber laser R aa— i
k iy,

Fig. 1. The experimental setup for an injection-
seeded THz-wave parametric generator. The pump
was a single mode Q-sw Nd:YAG laser (1.064 um),
and the seed for the idler was a continuous wave Yb
fiber laser (1.070 pm). An idler wave (1.070 pm)
and a THz-wave (190 pm) were generated
simultaneously.

3. Transform-limited, narrow spectrum THz-wave
parametric generation by injection seeding

Figure 2 shows the effect of idler spectrum narrowing
by injection seeding. The dotted line indicates the
idler spectrum of a conventional TPG without
injection seeding and the solid line indicates the idler
spectrum of an injection-seeded TPG. The resolution
limit of the spectrum analyzer was 0.2 nm, so the real
idler spectrum was much narrower than this figure.
Using a solid etalon, the idler spectrum was assured to
be less than 1 GHz.

corresponding THz wavelength [um]

567 284 190 143 114
T T - T
1.0 1
= injection seeded
3
= spectrometer
2 resolution \
w
fod
£ 0.5 -l
£ 5 Ll
5 4‘9’.‘./‘,"'t’\“"':":\'f.},\, not seeded
§ ‘I{ |','-‘|“

A Ve

l \
' ",
" Kl AN
g el
aawst M 4 R s,
0.0 4= i R

T T
1.066 1.068 1.070 1.072 1.074
idler wavelength [um]

Fig. 2. The narrowing of the idler (1.07 pm)
spectrum by injection seeding. The dotted and solid
line indicates the idler spectrum of a conventional
TPG and an injection-seeded TPG, respectively.
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Figure 3 shows the transmitted THz-wave
power as a function of the etalon spacing for spacings
of ~ 80 mm (a) and ~ 210 mm (b). In this
measurement, the incident power of the pump and seed
was 40 mJ/pulse and 100 mW, respectively. Figure 3
(a) demonstrates spectrum = stability and the
displacement between the two periods (190 um)
directly corresponds to the wavelength. The merit of
an injection-seeded TPG lies in its mode-hop free
characteristic since it has no cavity. On the other hand,
in the case of an injection-seeded TPO, the cavity
length requires control in order to avoid the mode-hop.
In Figure 3 (b), the free spectral range (FSR) of the
etalon is 750 MHz and the THz-wave linewidth is
measured to be less than 200 MHz (0.0067 cm™),
which is our measurement resolution limit. Since the
etalon spacing was up to 210 mm, the number of round
trip of the THz-wave pulse (3.4 ns) in the etalon cavity
is less than three times; thus, the resolution is
inevitably limited. The typical resolution limit of a
commercially available FTIR spectrometer in the
THz-wave region is around 0.01 cm™. Therefore, our
THz-wave source has sufficient resolution to be used
as a spectrometer.

In Figure 4, we calculated the Fourier
transform limit of the spectral width from the pulse
shape of the THz-wave as measured by SBD. The
typical pulsewidth of the THz-wave was 3.4 ns as
shown in Fig. 4 (a) and was almost identical to that of
the idler, which was measured by a high speed photo
detector. Figure 4 (b) shows the power spectrum of the
THz-wave calculated from the upper graph, indicating
that the linewidth is 136 MHz. In the calculation, we
eliminated fluctuations in the background noise at the
zero level in Fig. 4 (a). Figures 3 and 4 assured that the
linewidth of the THz-wave was narrowed to near the
Fourier transform limit. It is very important to note
that the THz-wave linewidth is normally > 500 GHz
for a conventional TPG using a multi-frequency
Nd:YAG laser as a pump. The linewidth still had an
~20 GHz linewidth even with the use of an injection
seeded TPG that used a multi frequency mode
Nd:YAG laser as the pump.'" Thus, both the single
frequency Nd:YAG laser and the idler seed must be
introduced to a TPG in order to obtain the transform
limited THz-wave.

A, =190

=
o
I

transmitted THz-wave power [a.u.]
o
(6]

JUUUU LU

0.0 T T T
80.0 80.5 81.0 81.5 82.0
spacing of metal mesh etalon [mm]
(a)
5 109 -
a, FSR=750MHz Av,,, <200MHz
:
¢
§ 05-
3
k=]
£
%2}
G
= 00 T T T T
210.6 210.7 210.8 2109
spacing of metal-mesh etalon [mm]
(b)
Fig. 3. The measured linewidth and wavelength

using a scanning Fabry-Perot etalon consisting of
two metal mesh plates. (a) The stability of the
spectrum is demonstrated and the displacement
between the two periods (190 pum) corresponds
directly to the wavelength. (b) The FSR of the
etalon is 750 MHz and the linewidth of the THz-
wave is measured to be less than 200 MHz (0.0067
cm’'), which is our measurement resolution limit.

Figure 5 indicates the change in THz-wave
output as a function of the seed incident angle. The
seed wavelength (1.07 um) and generated THz-
wavelength (190 um) were both confirmed as constant.
The most effective incident angle was 1.43°, which is
the noncollinear phasematched condition. It is
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important that injection seeding be effective at the
incident angle deviated from 1.43°. We confirmed that
the linewidth was also less than 200MHz at the
deviated incident angle. The seed incident angle
tolerance of 1.2 to 1.7° corresponds to THz-
wavelength tuning from 240 to 170 um, if the seed
wavelength is tuned. This suggests that a widely
tunable TPG is possible by simply varying the seed
wavelength while maintaining a constant seed incident
angle. THz-wavelength tuning without mechanical
movement will lead to a stable and compact

600+
>
E
5 400+
g
3 THz pulsewidth
A71=3.4 .
8 200+ T nsec
%)
0-
-20 -10 0 10 20
time [nsec.]

(@)

1.0+
';‘ THz power spectrum
3 FWHM = 136 MHz
2
2
g 0.5"
=

0.0 7 . T - ;
-300 -200 -100 0 100 200 300
frequency distribution [MHZz]
(b)

Fig. 4 (a) Temporal THz-wave output measured by
the SBD, and (b) calculated Fourier transform limit
of the spectral width from the measured temporal
THz waveform. The typical pulsewidth of the
THz-wave was 3.4 ns, as shown in upper figure, and
the calculated linewidth was 136 MHz, as shown in
lower figure.

spectroscopic system. Furthermore, mode-hop free
tuning is possible by using a mode-hop free seed
source, which is currently under development. In
Figure 5, the generated maximum THz-wave power
was 400 pJ/pulse as measured by a Si-bolometer with
an incident pump and seed power of 40mJ/pulse and
220 mW, respectively.

—@— seed 220mW
—A— seed 150mW
—m— seed 100mW
—v— seed 50mW
—&o— seed 10mW

seed 1.07um (fix)

[©2]

o

o
n

400+

200+

THz-wave intensity [mV]

0 T T T T T T
1.1 1.2 1.3 1.4 1.5 1.6 1.7

angle between seed and pump [deg.]

Fig. 5. Variations in THz-wave output as a function
of the seed incident angle. The seed wavelength
(1.070 um) and generated THz-wavelength (190
pum) were confirmed constant.

4. Power enhancement of THz-wave parametric
generation by injection seeding

Figure 6 indicates the input-output characteristics of a
THz-wave parametric generator. Figure 6 (a) and (b)
show the energy enhancement of the THz-wave and
the idler, respectively, by injection seeding. It was
observed that the THz-wave output and the idler are
almost proportional to each other. The THz-wave and
idler energy increased almost 300 and 500 times,
respectively, by comparing the output at 0 mW and
200 mW seeding. = The maximum conversion
efficiency was achieved when the pump and seed
beams were fully overlapped at the incident surface of
the LINbO; crystal as shown in Fig. 1, indicating the
well known fact that initial excitation is the essential
feature of injection seeding.

The maximum THz-wave output of 900
pJ/pulse (peak > 100 mW) was obtained with a pump
of 45 mJ/pulse and a seed of 250 mW. In our study, the
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records for THz-wave output from a conventional
TPG and a TPO were 3 and 190 pJ/pulse, respectively.
We had not expected that the output of a seeded TPG
exceeded that of a TPO. The Si-bolometer saturated at
about S pJ/pulse, so we used thick calibrated paper as
an attenuator. As the minimum sensitivity of the Si-
bolometer was almost 1 fJ/pulse, the dynamic-range of
an injection seeded TPG system is 900 pJ / 1 fJ ~ 60
dB, sufficient for most applications. The dynamic-
range will be much increased by using lock-in
amplifier.

% 600 - seed power
o —0— O0mW
3 —m— 30mW
5 400 - —A— 100mW
) —e— 200mW
C
o
)
S 2001
%
J":‘ 2.3pJ
- |
0 T —O0—0—0—
25 30 35 40 45
pump-wave energy [mJ/pulse]
(a)
4
seed power
3 —0o— 0OmW
—u— 30mW
—A—100mW
2] —eo— 200mW

idler-wave energy [mJ/pulse]

25 30 35 40 45
pump-wave energy [mJ/pulse]

(b)

Fig. 6. The input-output characteristics of our
THz-wave parametric generator (TPG). (a) and (b)
show the energy enhancement of the THz-wave and
the idler, respectively, with injection seeding.

Figure 7 shows the temporal waveforms of the
pump, idler, and THz-wave, respectively, using a
pump energy of 45 mJ and a seed power of 250 mW.
The pulsewidths of the pump and idler are 15 and 4 ns,
respectively. This is the largest pump depletion that
we discovered during our TPG/TPO research. The
THz waveform was found to be depleted, for the first
time; this was probably due to the back conversion.
Depletion of the THz-waveform was not observed
with a pump energy below 35 mJ/pulse. The THz
waveform began to deplete as the pump energy
increased, although the THz-wave energy continued to
increase as shown in Fig. 6 because of the pulsewidth
expansion.

1.0+
" pump
3' !
S, s
= /depleted pump
(2] B
5 0.5 !
= B idler
\._depleted THz
0.0
-40 20 0 20 40
time [nsec.]

Fig. 7. The temporal waveforms of the incident
pump (1.064 pm), depleted pump, non-depleted
idler (1.07 um), and depleted THz-wave (190 pm).
The pump energy was 45 mJ and the seed power
was 250 mW.

Figure 8 shows the THz-wave beam pattern in
the horizontal (upper) and vertical (lower) direction,
respectively, at a distance of ~40 cm from the Si-prism
array. The beam pattern was nearly Gaussian and had
a diameter of 7 mm¢, which is suitable for many
applications. As for the horizontal direction, the beam
diameter decreased as it propagated due to the phased
array effect of the Si-prism array.® The original
divergence for the vertical direction was controlled by
the pump beam diameter and was about 3°. The
cylindrical TPX lens was introduced in order to
collimate the vertical divergence as shown in Fig. 1.
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Further, the THz beam can be tightly focused using a
TPX lens with a shorter focal length.

3 Horizontal
> FWHM=7mm
‘»
c
[0}
£ 01
o
©
2 Vertical
£ FWHM=7mm
}_
O__
T T T T T
-30 -20 -10 0 10 20 30

slit position [mm]

Fig. 8. The beam pattern of the THz-wave in the
horizontal (upper) and vertical (lower) directions, at
a distance of ~40 cm from the Si-prism array.

5. Conclusions

In conclusion, we have demonstrated a single
frequency and efficient THz-wave parametric
generator using an injection seeded single mode
Nd:YAG laser as a pump and a Yb fiber laser as an
injection seeder for the idler. The linewidth of the
generated THz-wave was <200 MHz and approached
the Fourier transform limit as decided by the
pulsewidth. We also discovered that injection seeding
is not overly sensitive to the seed incident angle. This
suggests the possibility of a widely tunable THz-wave
generator by simply varying the seed wavelength
without varying the incident angle. Unfortunately, the
injection seeder used in this report was not tunable.
We will soon introduce a tunable seeder to our TPG
and examine the possibility of wide tunability without
varying the incident angle. Success in this will prove
the practicality of a new THz-wave source that simply
consists of a single mode YAG laser, an injection
seeder, and a MgO:LiNbO, crystal with a prism array.
This new source will compete with free-electron and
p-Ge lasers.
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