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Scaling of Longitudinally Diode-Pumped
Self-Frequency-Doubling Nd : YCOB Lasers

Dennis A. Hammons, Martin Richardson, Bruce H. T. Chai, A. K. Chin, and R. Jollay

Abstract—We report the scaling of a new self-frequency- its frequency. Thus, we obtain intracavity frequency doubling
doubling laser, based on the crystal N&* :YCa,O(BOs)s, t0  without the insertion of a secondary nonlinear-optical medium.
higher powers. The power scaling is achieved by diode pumping peative to ID using two crystals, an SFD laser has advantages
using a novel technology of combining the output of up to four . o . .
high-brightness laser diodes. Spectroscopic, thermo-mechan-" _that it incorporates Iower_reflectlon, absorption, and scat-
ical, and laser properties are investigated for use in designing tering losses and allows a simpler and more robust resonator
high-power self-frequency-doubling lasers. Using a method of design. While these are desirable features, unfortunately very
angular-multiplexing individual laser diodes for pumping, we few crystals possess the unique combination of optical and
demonstrate output powers of more than 1.9 W of fundamental physical properties necessary for successful SFD operation.

(1060 nm) radiation and 245 mW at the second harmonic. Th ti fint tinSED| hasb . i
Experimental investigation rendered a thermal stress resistance erecentincrease ofinterestin asershas beenprimarily

figure-of-merit for this material to be between 210-280 W/m. driven by the development of a new family of nonlinear optical
crystals, therare-earth calcium oxyborates (REZXBOs)s) [2].

Advances in this new family of optical materials have primarily
been in two particular crystals YG@(BOs)s (YCOB) and
GdCa0(BOs)3; (GDCOB). Many recent papers have described
. INTRODUCTION these materials and their SFD lasing properties when doped with

ISIBLE CW laser sources operating efficiently with loweither N&+ or Yb** ions [3]-{8]. The first demonstration of
V cost having a compact design are of immense interest f D laser action was given by Johnstial.[9], with Tm-doped
many applications. Although CW ion lasers are relatively réiNbO3. SFD laser operation using Riti: MgO : LiNbO3 [10]
liable sources operating at several wavelengths, these devi¢@s later reported, but was thwarted by poor optical quality and
have a low &1%) electrical-optical conversion and require athe occurrence of photorefractive damage in the crystal [9]{11].
undesirable large footprint. The foremost coherent light sour@emore promising SFD crystal is Nt : YAl 3(BO3)4 (NYAB)
in the visible region, the diode laser, can now generate powergife toitslarge nonlinear coefficients, highemission cross section,
a few tenths of a watt of blue emission to a few watts of red emignd high damage threshold [12], [13]. However, it traditionally
sion [1]. However, its poor spatial quality is inadequate for songé!ffers from poor optical quality and self-absorption at the
applications. Intracavity-doubled solid-state lasers have saggcond-harmonic wavelength (530 nm) [14]. The recent interest
fied many applications by employing a second nonlinear 0'51 SFD laser operation has now prompted the investigation of
tical medium that converts the infrared-laser radiation to the vigther hosts and the use of ¥bas alasing ion [7], [8], [15]-{19].
ible. Recent developments in high-power infrared diodes haveln this paper, we present spectroscopic and laser properties
brought compact diode-pumped versions of these lasers to @éVd®t : YCOB and its potential for scaling as an SFD laser
market, with high efficiency and a long life expectancy. to high powers. In Section II, we present the material charac-

We consider a Specia| case of intracavity doub”ng (||j)3ristics of the N&t : YCOB samples used in this report. Sec-
known as self-frequency-doubling (SFD). This method usedifn IIl evaluates the optical properties with a Judd-Ofelt anal-
single crystal both as a nonlinear upconversion medium awéis of the polarized absorption spectra and determination of
as a host for lasing ions such as MNdor Yb3+. The laser the emission cross section. Section IV describes laser operation
crystal is itself a second-harmonic generator, and, when pro@éNd** : YCOB using a novel high-power diode system as the
temperature-or angle-tuned phase-matching conditions are &P source. Section V gives experimental information on the

a portion of the circulating laser power is converted to twicéermal stress fracture limits, which are necessary in designing
high-power laser systems.

Index Terms—Diode-pumped solid-state laser, nonlinear crystal,
self-frequency-doubling.

Manuscript received November 4, 1999; revised April 25, 2000. This work
was supported in part by the State of Florida. Il. MATERIAL CHARACTERISTICS OF THEEXPERIMENTAL
D. A. Hammons is with the Center for Research and Education in Optics and SAMPLES
Lasers, University of Central Florida, Orlando, FL 32816-2700 USA. )
M. Richardson is with the Center for Research and Education in Optics andYCOB has many desirable features for a good SFD laser ma-

Lasers, University of Central Florida, Orlando, FL 32816-2700 USA. He is al§grial. This noncentrosymmetric crystal has a;;B@njugated

with Laser Energetics, Inc., Mercerville, NJ 08619 USA. ing for both l it d birefri The effecti
B. H. T. Chai is with the Center for Research and Education in Optics ahf?g Tor both nonlinearity and birefringence. € efrective non-

Lasers, University of Central Florida, Orlando, FL 32816-2700 USA. He is aldinear coefficient of YCOB for Type | second-harmonic gener-

with Crystal Photonics, Inc., Sanford, FL 32773 USA. _ation (SHG) at 1.06:m is about 1.1 pm/V [20], comparable to
A. K. Chin and R. Jollay are with the Polaroid Laser Diode Manufacturlnﬂq for LBO. b I h f | . | h

and Development, Norwood, MA 02062 USA. at for )| ut smaller than most erroe ectric crystals suc
Publisher Item Identifier S 0018-9197(00)06179-0. as KTP and LiNbQ@. Although the material is transparent from

0018-9197/00$10.00 © 2000 IEEE



HAMMONS et al. SCALING OF LONGITUDINALLY DIODE-PUMPED SELF-FREQUENCY-DOUBLING ND: YCOB LASERS 992

200 to 2600 nm, its birefringence is not large and limits SHG
operation to fundamental wavelengths longer than 740 nm ar
up to 2pm. In addition, it is nonhydroscopic, so it presents no
threat to optical coatings [21]. A measure of the optical damag
threshold using &-switched Nd : YAG laser at 1064 nm shows
itis >1 GW/cn¥, similar to other borate crystals [22]. More im-

portantly for SFD lasers, the YCOB structure has a rare-eart
site for active-ion doping by substitution.

All the experimental samples used in the measurements ri
ported here were grown by the Czochralski method from melt
contained in iridium crucibles. YCOB crystallizes in the mon-
oclinic biaxial crystal system with the space group Cm [23].
ReCOB compounds have a congruent melting nature; thus, lar
single crystals with high optical quality can be economically
grown [2], [20]. The starting composition melts at 15X and
is grown with a rotation rate of 15—-20 rpm and is pulled at 1-1.t
mm/h in a neutral atmosphere [20]. Boules, 75 mm in diam- L Orentation of thet - andz g | A
eter and 200 mm long, are commercially available [2], [20F19- 1- rientation of theX', Y, andZ optical indicatrix axes relative to the
The large size also allows for large-aperture nonlinear cryJ;—b’ ande crystallographic axes of YG&(BO); [20]
tals for high-power lasers. All the samples were either grown
at the Crystal Growth Laboratory, CREOL, University of Cenll the range of 20C-200°C area, = 8.39 x 107°°C™,

= —6o~—1 _ —6o0~—1
tral Florida, or by Crystal Photonics, Inc. ap = 5.18 x 107°°C™", anda. = 9.17 x 107%°C™" [25].
Some confusion surrounds the description of crystals
with low-symmetric, monoclinic systems like YCOB. For ll. SPECTROSCOPY

crystals with high symmetry such as cubic, tetragonal, etc.,The polarized optical-absorption spectra from 240 to 1000
both the optical indicatrix axes, Y, Z and the intrinsic nm were measured using a CARY 500 spectrophotometer at
crystallographic axes, b, c of the crystal are collinear. In the room temperature. A Bomem DA8 Fourier-transform spectrom-
monoclinic system, only theaxis is collinear with th&” axis. eter with high-frequency accuracy (0.004 that 2000 cnt?)
The nonorthogonad and ¢ axes are coplanar but positioned|lected the polarized photoluminescence data with a resolu-
at certain angles with respect to the and Z axes. The tjon of 16 cn! with an InGaAs detector operating at 77 K [7].
spectroscopic and laser samples have orientations accordingf@ photoluminescence excitation was accomplished using an
Fig. 1. More details regarding the procedure for this orientati@pe-nm laser diode. For all the spectroscopic measurements, the
can be found in [20]. orientation of the samples was such that each optical indicatrix
The 5% doped N :YCOB laser samples used in thisaxis was parallel to the pump or probe beam polarization.
study had a cross section 8fx 3 mm and a length of 5 mm.  Fig. 2 shows the room-temperature polarized absorption
Nd**: YCOB samples were cut with thé( axis collinear gpectra along thel, Y, and Z indicatrix axes. The strongest
with the laser axis. For SFD operation, the crystals wegghsorption for diode-pumping with AlGaAs laser diodes occurs
experimentally examined using a Nd : YAG laser to determingy |ight polarized along theZ axis with the two peaks at 794
the optimum angle for Type | critical phase matching in thgm and 812 nm. The optical behavior of Ndions in this
XY plane, 96 from the Z axis at 1064 nm. Based on thejgy site symmetry varies as the optical propagation direction
Sellmeier equations of Iwait al. [21], the crystals were cut at s rotated from theX axis to theY axis [26]. The absorption
an angle of 33.63from the X axis. The polished faces hadcpefficient varies with angle and has been measured to be 2.9
a triple-band anti-reflection coating, which has less than 1¥n—! 3t 28 and 3.8 cnt! at 35 from the X axis for SED laser
reflectivity at 1060, 530, and 812 nm [24]. operation in the red at 666 nm and in the green at 530 nm [4],
Laser crystals for high-power devices need to have high) we also see that the absorption coefficient for the second
thermal conductivity and high fracture toughness. Fractuprmonic of 1060 nm in the polarization perpendicular to the
toughness is a measure of a material’'s inherent ability to regigding polarization is 0.46 cmt. For approximately the same
crack propagation and is, therefore, a more suitable gauge @fgping percentage, this is approximately half the absorption
material’s intrinsic strength. ReCOB has weaknesses in both@fefficient for NYAB at 531 nm of 0.94 cmt [12].
these aspects. As a nonlinear crystal, the thermal conductivityrhe evaluation and prediction of the transition probabilities of
of YCOB is better than KDP and BBO and is comparable e N+ ion have been well described for determining the emis-
KTP. However, as a laser medium, the thermal conductivityon cross sections [27]-[31]. In a similar analysis, we begin by
is about half that of YVQ and one-fourth that of YAG. determining the line streng®i,..s of the transition between the

The room-temperature thermal conductivity for each of ti‘tj}oundzk_fg/2 manifold and the excited manifolds using [27]
crystallographic axes i, = 2.60 W/mK, x;, = 2.33 W/mK,

andrx. = 3.01 W/mK [6]. The measured thermal-expansion 3ch(2J+1) 9n

coefficients of YCOB crystals along the crystallographic axes meas T e 302\ (n? +2)2 / oabs(A)dA (1)
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Fig. 2. Polarized absorption spectra of 5% dopedNdYCa, O(BO;); for
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light polarized along the (aX, (b) Y, and (c)Z optical indicatrix axes

whereo,,:(A) is the absorption cross section at wavelength
A is the mean wavelength of the bandl,is the total angular
momentum quantum number of the initial level (for N/ =

9/2), cis the speed of light in vacuum, is Planck’s constant,
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strengths are then calculated by averaging the parallel values
with equal weight [31]. Calculation of the absorption cross sec-
tion is obtained using an ion concentration of 4.7 at.%, which
gives an Nd concentration ef2.1 x 10%° jons/cn? [20]. The
peak absorption cross section for tﬁE3/2 — 4111/2 tran-
sition was determined to be,,y,,,, = 1.5 x 1072° cn?,
Tabs(n,) — 1.2x 1020 cm2, andaabs(n:) =2.0x10"2° cn?.

Measurements of the refractive indices of YCOB have also
been presented by Mouget al.[32]. The new single-pole Sell-
meier equations to fit the indices were determined using the
same relative orientation between the crystallographic axes and
the optical indicatrices as described above. Our representation
of the optical indicatrix axes is defined by adopting the tradi-
tional refractive-index conventiom, < n, < n. [22]. For con-
venience, the Sellmeier equations are shown here for our con-
vention [32]

0.02047

n3% =2.7673 + T oommes ~ 0006 2502 (2a)
0.02259
2 2
—2.8730 + — ==Y _ 000921\ 2b
"y T 001710 (2b)
0.02242
2 2
—29113 + ——22%2 001235\ 2¢
"z TN 001873 © (2¢)

where ) is the wavelength in micrometers. The measured and
calculated line strengths of K¢l in YCOB are presented in
Table I. An analysis by Mougeit al.[3], [33] on Nt : GACOB

and Ndt : YCOB reported similar results.

The three Judd—Ofelt parametéls, t = 2, 4, 6 shown in

Table Il are obtained by a least-squares fitting procedure. In per-
forming the fitting routine, we have used the set of doubly re-
duced, unit-tensor operators for fdlisted by Kaminskii [34].
The estimated rms error in determining the deviation in line
strength is approximately 8%, as defined in [27]. A summation
of the(2, parameters gives an effective Judd—Ofelt intensity pa-
rameter, which are presented in Table II.

The threef}, parameters determined from simple absorption
measurements are then used to calculate the electric-dipole tran-
sition probability between any twé-manifolds [36]. The effec-
tive transition probabilities are then used to obtain the lifetime
7 of an excited/-manifold [27]

T =Y Aw(J, K). (3)
K

The effective fluorescence branching ratig:(.J, K) from the
manifold J to a lower lying manifoldK is given by [27]

Ber(J, K) = Aege(J, K) - 7. (4)
The calculated lifetime and effective branching ratios from the

4F3/2 manifold are given in Table II.
The emission cross section may be estimated with the Fucht-

e is the electron energy, and= n(}) for the index of refrac- bauer—Landenburg formula [27]
tion at wavelength\. The analysis of the absorption spectra is

performed with line strength measurements made using light A2
polarized parallel to the indicated indicatrix axis. Average line

Beﬂ(‘]v K)

8&mn2c T

Oems ()\)

~g9(v) (5)
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TABLE |
MEASURED AND CALCULATED LINE STRENGTHS OFALL TRANSITIONS FROM THE*Ig,2 J MANIFOLD TO THE J MANIFOLD INDICATED IN Nd®+ : YCa;O(BOs)s

_ Smcas Simcas Smeas
A ™ 0®amd) ™ a0®emd) 102 cmd)
J-Manifold E//X E//Y E//Z
(nm) E//X E/Y E//Z
Fan 880 [ 1.670  0.194 [1.702 0544 [1.712 135
*Fsn + Hop 812 | 1.672 154 |1704 104 1714  3.56
*Fan+ 'Sy 742 | 1.674 147 | 1706 071 1.717 24
*Fon 675 | 1.677 0.13 1709  0.057 |1.720  0.355
YGp+ Gy 590 | 1.681 406 |1.714 238 |1725 422
*Gop 515 | 1.688 097 |1721 0715 |1.732 1.9
Kysp + 2Gop + Dy 470 | 1.693 0.184 |1727 0215 |1.738  0.589
P, +Dsp 430 | 1,700  0.048 |1.734 0.149 |1.745 037
Pyy +Dsp + Dy 355 | 1720 1.06 1.755 1.5 1.766 3.15

TABLE I
EFFECTIVE JUDD—OFELT PARAMETERS AND EMISSION PARAMETERS OFND** : YCa,O(BO:s)3

Effective Judd-Ofelt Q, Q4 Qs
Parameters (10% cm?) (10 cm?) (107 cm?)
0.82 2.74 1.43
Calculated Lifetime 680 ps
Effective Branching Mop T sz s
Ratios (‘Fs7) (%) (%) (%) (%)
54 39.5 6.4 0.1
where\ is the wavelength ang{ ) is the normalized line-shape IV. LASER PERFORMANCE

function [27] A number of techniques have been devised to scale the overall

pump power of end-pumped solid-state lasers. These include the
use of polarization combination, high-power diode bars, mul-
tiple sources using fiber bundles [36], [37], or multiple entrances
to many gain elements [38]. We demonstrate here a novel tech-
nique for combining in free space the light from four separate
Calculation of the peak emission cross sectigfy/ , K') from multimode laser diodes for improved pump-power density. An-
the normalized spectral emission is shown in Fig. 3 for thgular-multiplexing individual high-brightness laser diodes was
tF30 — g9, 1112 and*ly,, transitions. first described by Faet al. [39], [40]. They used three diode
The radiative fluorescence lifetime of the excitéﬂg/Q.] lasers closely packed in the plane perpendicular to the junc-
manifold in N&+ : YCOB at room temperature was measuretion and a combination of cylindrical lenses to collimate and
for three concentrations (2%, 5%, and 10%) of;Nd placed focus the light [39]. The high-brightness multilaser source, de-
in the melt. Using both powder and optically thin polishedeloped by the Polaroid Corporation [41], similarly places the
samples, the fluorescence lifetime was measured using a birear-field images of up to eight separate multimode diode lasers
fringently tuned@-switched Cr: LiSrAlF; laser. The laser was side-by-side on a multifaceted mirror, which redirects the beams
used to excite the samples at 812 nm. ThéNiifetime varied so they are juxtaposed and parallel [41]. The diode-laser pack-
from 102 to 95us with a single exponential decay. The smakges (illuminators) are arranged roughly on a circle with the
change in fluorescence lifetime suggests very little concentyglane parallel to the junction placed perpendicular to the optical
tion quenching at these low dopant concentrations. Compariags. Each illuminator consists of a 1Q0n strip-width diode
the measured radiative lifetime to the calculated lifetime usitaser, a microlens, and anamorphic optics. The mirror is mono-
the Judd-Ofelt parameters implies a low quantum efficiendifhic with eight diamond-turned facets, each having a projected
of 15% for the Nd: YCOB laser. This low efficiency has beemidth in the output direction of 30om, giving a full projected
explained as a multiphonon nonradiative relaxation process [@fidth of 2.4 mm [41].

I(v) '
[ILG) T L,0) + Lw)ld

g(v) = (6)
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focus the light into the crystal. The output from four diode lasers
5 generated an overall beam size~ef00 by 900um. A 2:1 re-
’ ducing spherical telescope (100 mm plano/concave and 50 mm
. plano/convex) was then used to produce a rectangular beam of
Lo T ~375 by 405:m. This light was then focused using a spherical
\ 50-cm focal-length lens to pump mode spot-sizes of>2300
0.5 F . pm (FWHM). Fig. 4 shows the typical pump-beam profile near
- . the focus in the planes perpendicular and parallel to the junc-
0.0 . L . tion. The profiles were measured with a scanning-slit beam-pro-
900 1000 1100 1200 1300 1400 1500

Wavelength (nm)
©

optical indicatrix axes of N&" : YCa; O(BOs)s.

filer (Photon Inc.) The four laser-beams were not found to be
completely parallel. This effect was also seen in attempts with
larger-ratio beam-reducers, which resulted in larger pump-mode
spot-sizes because the individual beams were diverging from
each other. The principal loss in brightness occurs because the
mirror facets are 300m wide and the near-field images formed

on them are only 5Q:m, giving an inherent 6:1 loss [41].

Two advantages, relative to diode bars, of using individuSimaller facets and tighter tolerances on the alignment to in-
high-brightness laser diodes are the individual controls overease parallelism would increase the brightness of the source.
their wavelength and their polarization. Separate temperaturérhe laser resonator consisted of a flat pump input mirror
control for each laser diode allows one to generate an overddl and a concave output mirrgv/;. The pump-laser polar-
spectral output that is tightly matched to a narrow absorptidwation was parallel to the axis and focused into the crystal
peak «0.8-nm FWHM). In addition, the overall output fromthrough the rear mirror, which was 96% transparent at 812 nm.

the high-brightness source can be linearly polarized.

The reflectivity of A; was R > 99.9% for both the funda-

Additional optics were placed on the output of the multidiodmental and the second-harmonic wavelengths. Three different
high-brightness source to reduce the output spot-size aodtput-coupling mirrorsjf,, were used for operating the laser
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two (4), or four @) laser diodes.

Scaling of SFD by increasing the number of diode lasers
was also investigated. Fig. 7 shows SFD laser operation of
Nd®+:YCOB for 1, 2, and 4 diode-laser pump sources. At
the maximum pump power of 3.8 W, the laser generated more
than 245 mW of visible 530-nm radiation. To our knowledge,
0.0L A this is the highest output power in the visible region using a
05 10 15 20 25 3.0 35 4.0 45 diode-pumped SFD laser. With a total pump power of 6.9 W

from the four laser diodes, a conversion efficiency of 3.6%
Power Absorbed (W) was obtained. The highest conversion efficiency of 4.6% was
Fig. 6. Fundamental laser output at 1060 nm using a 2% output coupl@ptained using only two laser diodes. From Fig. 4, we see the
Pumping is by one«(), two (a), three ), or four @) laser diodes. best pump mode was obtained for the described cavity (cavity
waist ~85 m). Likewise, the operation with a single diode
in either the fundamental or SFD modes of operation. The mproduced a conversion efficiency of only 2.3%. By inspecting
rors used were highly reflecting or had an output coupling ¢iie conversion efficiencies for all three cases presented, we
1% or 2% at 1060 nm with a 10-cm radius of curvature. Theee that efficient extraction of the pump mode into the laser
highly reflecting mirror was also coated to be highly transmisnode volume is equally important as obtaining a small cavity
sive at 530 nm7T > 94%). The laser cavity was near hemi-waist. By increasing the size of the cavity waist, improved laser
spherical and was operated close to the limit of optical stabilityperation should be obtained. However, it should be noted that
The laser crystal was mounted between two copper blocks. Edleis would reduce the intracavity power density, which would in
block was temperature controlled using thermoelectric cooletsrn decrease the nonlinear coupling of the fundamental to the
which were heat-sunk to two water-cooled aluminum blocksecond-harmonic wave. This has been previously demonstrated
The laser-crystal holder was secured to a two-axis rotational-g§ti2], and, thus, a compromise is made to obtain optimum SFD
justment kinematic mount. operation. From our own inspection of Fig. 7, we see that two

The NPt : YCOB crystal was pumped with up to four diodediode lasers produce an optimum conversion of pump light
lasers using the multilaser high-brightness source. A schematicsecond-harmonic light. A reduction in efficiency with four
of the end-pumped SFD Nt : YCOB laser is shown in Fig. 5. diode lasers corresponds to less mode overlap for fundamental
The surfaces of the pump optics were not AR-coated for tloperation, reducing the second-harmonic conversion process.
pump wavelength. Thus, the transmission of the pump optidsiditional effects such as thermal lensing and temperature
was only 90% at 812 nm. The focus of the pump beam waariations of the phase-matching condition may also be ef-
located on the front facet of the Riti: YCOB crystal, which fecting the efficiency at these high pump power levels.
was placed next to the flat high reflector. The beam-quality parameters for the SHG and fundamental

Fundamental laser operation is shown in Fig. 6. The CW lasgperation were measured with a scanning slit beam-profiler. The
output was characterized using up to four diode laser purbpam-quality measurement was obtained by generating a beam
sources. A laser slope efficiency of 55%-57% was achievaaist using a lens [42]. For the second harmofié, = 6.2 and
in each case with the absorbed pump-power threshold rangsd for the parallel and perpendicular planes to the optical axis.
from 380 to 520 mW. This result indicates that not all the diodehe fundamental laser output had a beam-quality measurement
lasers were pumping the same cavity mode volume [39]. Tb&M? = 3.6 and 1.9 for the parallel and perpendicular planes
increase in threshold with increasing number of diode lasers io-the optical axis, respectively.
dicates an increase in the pump mode volume, which reduce#\s with most intracavity frequency-doubled lasers with
pump beam brightness. many oscillating longitudinal modes, the SFD process in

05

Fundamental Qutput (W)
s
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Nd®+ : YCOB has a large amplitude fluctuation due to longi- TABLE Il

tudinal mode coupling through the sum-frequency generation 'HERVAL LOADING AN%;T‘_@QED&E%*S“;AL'FRACTURE FOM For
process, which strongly modulates the second-harmonic light At ¢

[43]. This noise can be shown either as a typical oscilloscope
trace in time or as a noise percentage integrated over band- 230pm 620 pm 930 um
width. A measure of the highest power spike and lowest power P/L (W/m) 3410 7950 3520
spike can give large deviations in the peak-to-peak noise level.
Here, we have measured the amplitude stability in terms of
the spectral density of the relative intensity noise (RIN) [44],
[45]. The RIN was measured by detecting the 530-nm light
using a silicon photodiode and passing this signal to a spectrum _
analyzer. The relationship between RIN when expressed inin some experiments of thermal stress fracture, we measured

R (W/m) 280 250 210

dB/Hertz and the rms noise is [45] the power absorbed per unit length to determine the v&iHe
We began by measuring the power incident on the crystal. Using
Frnax the well-known Beer’s law [51], we calculated the power ab-
rms= \// RIN(f) df (7) sorbed over the length of the crystal up to the point where sub-
Fonin surface cracking occurred.

: : In three experiments, the initial input power on the front face
wheref,,;, andf,..x determine the range of the rms noise band- )
width. Here, we have determined the rms noise to be 3.1% %Lthe crystal was measured to be 13.5, 12.3 and 10.9 W with

p

r _ .
the case of maximum green emission. This is worse than the ¢ associated fracture occurring at 0.23, 0.62, and 0.93 mm be-
viously published measurement of 8% peak-to-peak noise fl

lj}/Co_nd the input face, respectively. Although these measurements
tuation since in practice the peak-to-peak noise is four times [¢ fracture-size-dependent, all three propagated cracks ranged
rms noise [45]. Other SFD lasers have had between 3% and

om 50 to 100:m in width. Table Il gives the associated power
: : : . bsorbed per unit length and a calculated thermal stress-resis-
peak-to-peak amplitude fluctuation [46]. This rms noise fluctd® . . .
ation is a consequence of not only multilongitudinal mode Oga_mdc_e FOM. Th; etst|rq§1tetd FIOM |§7beger than tha.lt OzhﬁL'F
cillations but also coupled polarization modes [47] and feednd 'S comparabletosiiicate g ass [27]. However, using the mea-

back instabilities on the laser diode source due to the absencgltl.)ried thermal _conductlvr[y and the”‘_‘a' expansion _value’s W't.h
onably estimated values for elastic modulus, Poisson’s ratio,

AR coatings on the pump optics. There are several methods o1 )
g pump op tensile fracture strength, we see the thermal stress FOM to

suppressing the chaotic instabilities and noise associated . ) . .
PP 9 > 1.5 to 2 times the experimentally determined values. Given

green lasers [48]-[50]. However, in these experiments, no difficult nat fsuch i believe th |
tempts were made to reduce the rms noise of the SFD outﬁ f diicult nature ot such a measurement, we believe the values
iven in Table Il to be reasonable first-order estimates.

Future cavity designs will include measures to limiting amphg

tude fluctuations.
VI. CONCLUSIONS

V. MATERIAL PROPERTIES ANDTHERMAL FRACTURELIMITS In this paper, we have investigated scaling of a diode-pumped

The optical pumping process of all-solid-state lasers gen&tED laser crystal, Nt : YCOB, to higher output powers at
ates some amount of localized heating of the laser materi4fible wavelengths. We have performed spectroscopic mea-
Heating results from several causes: quantum defect, quencHiHgEMents to determine the absorption coefficient and emission
mechanisms, thermalized terminal laser level(s), and absorptfdRSS section of the material. Scaling of SFD laser action to the
of the pump photons by the host material [51]. In the limit, th@cture limit of the crystal, using an innovative pump-source,
combination of volumetric heating and surface cooling can rBaving multiple high-brightness laser-diodes, has been demon-
sult in thermo-mechanical failure from stress. strated. The highest output SFD power of 245 mW at 530 nm

Stress fracture occurs when the stress induced by temperafé af:hieved. The material fracture limits were also Qetermined
gradients in the laser material exceeds the tensile strength of@f@erimentally and compared to calculated results. Like all end-
material. The mechanical properties of the laser host matefsmped lasers, the brightness of the pump-source diode(s) and,
determine the maximum surface stress that can be tolerated prifnately, the fracture limits of the laser host material, limit the
to fracture. The thermal loading and thus average output poviR§ak power. With SFD lasers, the brightness of the pump has a
of alaser in a rod or slab could be increased until stress fract{f@re directimpact on the SHG conversion efficiency than with
occurred. The maximum absorbed thermal power per unit lengfditional intracavity-doubling techniques, which can compen-
by a laser rod for slab geometry is [52], [53] sate for larger, circulating cavity modes.
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