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Abstract. Efficient cw room temperature laser performancel Laser experiments

at 946 nmand frequency doubling into the blue spectral re-

gion has been achieved by using a compasieYAG laser Internally frequency doubled cw laser systems of‘tﬂﬁtgz —

rod end pumped by two coupled beamsha@@d\ laser 4111/, transition in differentNd-doped laser hosts are al-
diode bars. An output power d.7 W at the fundamen- ready commercially available with maximum green output
tal wavelength was obtained. Intracavity frequency doublingpower of up to10 W. However, there are some difficulties
with LiJOs, 8-BaB,04, andLiB 305 yielded a maximum out- - concerning the frequency doubling of thies ;2 — 4195 tran-

put power of550 mWat 473 nmwith 8-BaB,O, as the non- sition due to the low effective emission cross section of

linear crystal. oem= 3.7 x 10-2%¢cn? (see Fig. 1) and the quasi-three level
nature of this laser transition, which exhibits a significant
PACS: 42.44R: 42.65 thermal population of the lower laser level. The requirements

for a low laser threshold are short gain elements and a high
pump brightness. This was achieved by using an end-pumped
configuration.

Frequency doubling of the ground-state laser transition of The pump source was 40 W laser diode module com-
neodymium-doped laser hosts is a promising possibility tgposed by two20 W diode bars with a center wavelength
obtain high cw output power in the blue spectral regionof 804 nmat T = 15°C. Each diode bar was beam shaped,
A compact blue laser source is attractive for argon-ion lasawhich allows focusing by & = 14 mmlens to an elliptical
replacement, high resolution printing, Raman spectroscoppump spot 0B0pum x 200pum (diameter at 162, NA = 0.4).

and laser based display devices. Other approaches to genBid:YAG is the most suitable material for efficient laser op-
ate coherent cw blue light such as direct frequency doublingration on the ground-state transition because of its high
or sum frequency mixing of diode lasers [1], single pass fre-
quency doubling in periodically poled lithium niobate [2],

sum frequency mixing of the pump diode and th85um 4.0
transition in Nd:YLF [3], and Tm fibre lasers [4, 5] exhibit 1
output powers belo250 mWup to now. Recently, frequency 3'5'_
doubling the946 nmtransition ofNd:YAG in an external cav- 3.0
ity yielded an output power up t800 mW[6]. However, the & T
latter technique is limited to certain applications because of 257
the necessity of an active stabilization scheme for the extern& 2.0
cavity. Intracavity frequency doubling the ground-state lase@
transition ofNd:YAG with KNbOj3 as the nonlinear crystal ¢
yielded an output power up tt00 mW/[7] in a cw mode and  ©" 1.0

1.5

up to366 mWI8] in a pulsed mode. 0.5 &
In this paper we report on the improved laser performance ™

of a compositéNd:YAG laser rod in comparison to a conven- 0.0 T r r . ¥ . . e

tional Nd:YAG crystal. Furthermore we report on intracavity 860 870 880 890 900 910 920 930 940 950

frequency doubling with.iJO3, 8-BaByO4, andLiB 305 and A [nm}]

compare the_ re5_U|tS With the achievable theoretical outpiig. 1. Effective emission cross section of thes/, — “1g)2 transition in
power at a given intracavity power. Nd:YAG
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thermal conductivity 13 Wm1K~1) and its large ground- faces of the crystal which introduces additional losses. An
state splitting. The thermal population of the terminal laseinput power 0f27.8 W results in an output power & 74 W
level in Nd:YAG at room temperature is 0.7% in compari- corresponding to a slope efficiency of 29%. The slope effi-
son to 1.8% iNNd:YAIO 3 and 3.2% in Nd:YLF. The calcu- ciency was 62% with respect to the measured absorbed pump
lated reabsorption loss per round trip just above threshold fqgower. This improved laser performance is mainly due to the
a 3mm long crystal is 2.8% for a doping concentration of more efficient heat removal which was attained by the direct
N = 4.6 x 10°cm~3 (corresponding to a Nd-concentration cooling of the laser rod. The beam quality factd? was
of 1%). The measured absorption coefficient at the pummeasured to b#12 = 4 in the sagittal plane ankl? = 5.4 in
wavelength ise = 2.4 cm! because the pump wavelength the tangential plane at an output powerdof W. For lower
does not match the peak absorptionNzf:YAG at 808 nm  output powers up t6.8 W the laser beam is nearly diffraction
The calculated optimum laser crystal length according to thémited.
theory given by Risk [9] for a total loss of 6% (including re-
absorption losses, mirror transmission, and crystal losses) is
approximatelyd3 mm Two different laser crystals were used 2 Frequency doubling
for the laser experiments. The first crystal was a halfmono-
lithic 3 mmlong laser crystal with a diameter 8fmm The  KNbOgz is the most commonly used nonlinear material for
entrance facet of the laser crystal was coated for high reflednatracavity frequency doubling th@46 nm laser line of
tion at946 nm for high transmission at the pump wavelength,Nd:YAG. The high nonlinearity and the possibility of non-
and also for high transmission 206 um (R < 5%) to avoid  critical phasematching (NCPM) as well as the small walk-off
laser oscillation on théF3/2 N 4|11/2 transition. The second angle for critical phasematching makes this material very at-
facet was only antireflection coated @46 nm The second tractive for frequency doubling. HowevekNbO3 has also
crystal was a composite laser rod consisting 8framlong ~ some disadvantages such as a very small temperature and
neodymium-doped YAG crystal with two diffusion bonded spectral acceptance bandwidth, photorefractivity, and the pos-
3mm long undoped YAG end caps (see Fig. 3). This crystasibility of domain reversal (particulary for NCPM, where
had no laser coatings at all. The conventional laser crystdleating of the crystal up t80°C is necessary). So we de-
was transversally cooled by placing the crystal between twéided to investigate the performance laf0O3, f-BaBy;O4
water-cooled copper heatsinks. The thermal contact was in§BBO), andLiB30s (LBO) for intracavity frequency doub-
proved by use of an indium foil. The composite laser rod wading. The relevant data for frequency doublingdat6 nmfor
directly cooled with waterT = 15°C) in a flow tube. these nonlinear crystals are listed in Table 1. The angular and
The laser output power as a function of the incident pumspectral acceptance bandwidth were calculated by using the
power was measured in a plane parallel cavity with a 3.1%0rmulae [13]
output coupler. With the conventional laser crystal a maxi-
mum laser output power @&£.57 W corresponding to a slope AgL =
efficiency of 19% was achieved at an input poweB8R2 W. nd,
At an input power level higher tha26 W the slope efficiency ’
decreased because of the increasing thermal load in the lasgid
crystal. Figure 2 shows the cw laser performance of the two
different laser crystals versus the incident pump power. They | — _ 0443,
curve depicting the output power versus incident pump power 33";") — aa”f% ’
. . . g w 20
of the composite laser rod shows a significant better laser
performance. The higher threshold is due to the uncoated surhere the phasematching angle is giventhyrhe accept-
ance bandwidths are defined as the FWHM of the%ink -
L/2)-function in the plane wave approximationJOsz and
BBO are negative uniaxial crystals and the type of phase-
matching is ooe. LBO is a negative biaxial crystal. The
assignment of the crystallographic axes to the usually used
coordinate system for calculating the phasematching prop-
erties is(X,Y, Z) — (a, ¢, b) [18]. The beam propagation

0.886,,
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n Fig. 3. Schematic of the experimental setup for blue light generation by in-
Fig.2. Output power and slope efficiencies 0fd:YAG at 946 nm in tracavity frequency doubling. The arrows indicate the generated blue light
a plane-parallel cavityToc = 3.1%) output
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Table 1. Properties of BBO, LBO and.iJO3 for frequency doubling at 0.12
946 nm - —— BBO (L=4mm)

BBO LBO LiJO3 L A N LiJO, (L=4mm)
phasematching type | ooe  type | type | ooe 0.08r T
phasematching-angle 6 = 24.9° ¢ =19.5° 0 =34.3° - 3 R \\
deff[10712myV] 2.08[10]  0.92[11] 4.0 [12] < 0.06}
walk-off angle 35° 0.7° 4.6° e / el
N> 1.658 [13] n,=16077 [14] 1.861 [15] < oy
AfL[mrad cm 0.42 2.29 0.28 0.04 ',' T
ArL[nmcm] 0.43 0.63 0.16 o
ATL[Kcm] 23 [13] 8 [16] 20 [17] 002}

0-00 1 1 1 " 1 1
0 10 20 30 40 50 60

. I . w [pm]

is within the XY-plane. The fundamental wave is polar- _. . .

. llel h . h . Fig. 4. Dependence of the nonlinear coupling functloon the fundamental
ized parallel to theZ-axis and the second harmonic wave peam waist foiLiJOz and BBO (length of both crystals — 4 mm)

is polarized in theXY-plane.LiJOs is the nonlinear crys-

tal with the highest nonlinear coefficierdefr), however, it

has 6\_|SO the S_ma"eSt spectral acceptance b&_deIdth. BBlee 2. Theoretical and experimental values for the generated second har-
and LiJOs exhibit a large temperature bandwidth so theremonic output power

is no need for an active temperature control. The main

restrictions of these crystals are the small angular accept- LiJOs BBO LBO
ance bandwidth and the large walk-off angle which re-

duces the effective coupling constant about an order oﬁmfa[w][mw] ggo 230 3:;0
magnitude (see discussion below). LBO seems to be thgﬁii Z:l,)c.im\A/] 520 550 372

most promising candidate with respect to the walk-off an-
gle and the spectral- and angular acceptance bandwidth.

However, LBO’s nonlinear coefficient is less than that of

BBO andLiJO3 which limits the frequency doubling effi- is given by

ciency.

We used a folded cavity for the intracavity frequency 20202 Lhk,
doubling experiments with a plane input coupler, a folding" 2> = £0C37N3
mirror with a radius of curvature o10cm and a curved ¢
end mirror withR=5cm A schematic of the experimen- This formula is valid in the undepleted pump approximation
tal setup is shown in Fig. 3. The mirrors were high reflectionwhich is fulfilled for intracavity frequency doubling. The ef-
coated a®46 nm(T = 1.5 x 10-%) and coated for high trans- fective nonlinear coefficient is given lug, the frequency of
mission at the second harmonic wavelength. The nonlinedahe fundamental wave hy, the length of the nonlinear crys-
crystal (NLC) was placed in the focus of the laser moddal by L, the wavevector of the fundamental wave inside the
between the curved mirrors. The radius of the laser modeonlinear crystal bk, and the refractive index at the fun-
inside the nonlinear crystal was calculated by ABCD ma-damental wavelength hy,. The factorM takes into account
trix calculations to be80um. For this calculation a TEMy the multimode character of the laser. For a multimode I&ker
mode and a thermal lens dfcm at a pump power level is approximately 2. The factor 2 accounts for the two coun-
of 26 W were taken into account. The thermal lens was deterpropagating fundamental waves inside the cavity Bpd
termined in a plane parallel cavity by varying the lengthis the intracavity fundamental power. The nonlinear coupling
of the cavity. The cavity becomes unstable at a length ofunctionh depends on the walk-off angle), on the length
7cm of the nonlinear crystal, and on the radius of the fundamental

The arrows in Fig. 3 indicate the generated blue light outmode (o) inside the nonlinear crystal. For noncritical phase-
put by the two counterpropagating fundamental waves insidmatching under optimum focusing conditiodmss equal to 1.
the cavity. The output power given in this paper are summe#or critical phasematching it was shown by Boyd and Klein-
values of the two blue light beams. A maximum output poweman that an analytical solution for the functibrexists if the
of 550 mWwith BBO and of520 mWwith LiJOs, respec- condition:A/pmn,, < wo < pL /(2412 is fulfilled. The for-
tively, was generated. The input pump power vZs8W  mula for the nonlinear coupling functidnis given by
and 24 W, respectively. Using LBO the blue output power
was slightly lower. An output power a372 mW at an in- T arctari¢) 4)
put power of24 W was obtained. We observed chaotic out- 2B./z ’
put power fluctuations in the order of 20-30% for the three
different nonlinear crystals due to longitudinal mode coup-B is the walk-off parameter = p/2(znL/21)/?) and¢ is
ling [19]. the focusing parametes & LA/2rwon,). The analytical so-

A theoretical estimation of the achievable blue outputution for the functiorh is given in Fig. 4 foiLiJO3 and BBO
power was made following the treatment of Boyd and Klein-(length of both crystald mm). Equation (4) is valid for beam-
man [20]. The formula for the second harmonic output poweradii less tharb0um for BBO and beam radii less th&7 pum

M2P2. ®3)
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for LiJOgz, respectively. The lower limit is belodOum. Itis  this problem a birefringent filter has to be inserted in the laser
obvious from Fig. 3 that the strong walk-off angle of thesecavity to reduce the bandwidth of the fundamental laser. The
nonlinear crystals limits the effective nonlinear coupling con{frequency doubling efficiency with LBO could be improved

stant about an order of magnitude. There exists no analyticély using longer crystals to increase the effective nonlinear

solution for LBO. From [19] the value of the functidnfor
LBO was determined to be 0.3 for a fundamental mode radius
of 30pum.

coefficient.
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and the experimentally observed output power are listed in
Table 2. The theoretical results for BBO and for LBO are
in good agreement with the experimentally measured outp
power levels. However, to explain the difference between the
experimental and theoretical results for the second harmon-;
ic output power withLiJOs as the nonlinear crystal we have

investigated the spectral behaviour of the fundamental wave-3.

length. We observed spectral fluctuations of the fundamen-
tal wavelength with a bandwidth di.15nm Occasionally
the spectrum broadens to approximatélg nm and at the
same time the second harmonic output power decreases. The
laser can decrease the nonlinear loss by detuning the lasing
wavelength out of the acceptance bandwidth of the nonlinear
crystal due to the fact that the gain bandwidthld nmis

much broader than the spectral acceptance bandwidth of the;,
LiJOs-crystal. This behaviour decreases the nonlinear con-s.
version efficiency. In contrast to this the spectral acceptance9.
bandwidth of LBO and BBO is broad enough to frequency 10
11.

12.
13.

double the whole bandwidth of the fundamental laser.

3 Conclusion

14.

) ) 15.
In conclusion, we have demonstrated high power frequencys.
17.

with LiJOz, BBO and LBO. An maximum output power up 18-

doubling on the*Fs/» — “lg/2 laser transition oNd:YAG

to 550 mW was achieved with BBO as the nonlinear crys-
tal. We observed that the small spectral acceptance bandwidty
of LiJO3 limits the nonlinear conversion efficiency. To avoid 20

5.
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