Appl. Phys. B 71, 827830 (2000) / Digital Object Identifier (DOI) 10.1007/s003400000410

Applied Physics B
Lasers
and Optics

High-power diode-end-pumped Nd:YVO4 laser: thermally induced
fracturever sus pump-wavelength sensitivity

Y.F. Chen*, Y.P. Lan?, S.C. Wang?

1Department of Electrophysics, National Chiao Tung University Hsinchu, Taiwan, Republic of China
(Fax: +886-3%729-134, E-mail: yfchen@cc.nctu.edu.tw)
“Institute of Electro-Optical Engineering, National Chiao Tung University Hsinchu, Taiwan, Republic of China

Received: 19 February 200Revised version: 30 May 20QBublished online: 20 September 200@-Springer-Verlag 2000

Abstract. We report two kinds of compact and efficient laser setups are a V-type cavity with @83@t % Nd:YVO,
diode-end-pumped TEM lasers with output powes 25W  crystal and a linear cavity with two.Bat % Nd:YVO, crys-

at ~ 50 W of incident pump power. One laser consists oftals, respectively. Experimental results show that even though
a single 03at % Nd:YVO, crystal in a V-type cavity, the the output efficiency is rather similar for both laser setups,
other laser includes two.Dat % Nd:YVO, crystals in a lin-  the sensitivity of the output power to the diode temperature is
ear cavity. Experimental results show that lowering®Nd quite different. The difference is attributed to the fact that the
concentration can be beneficial in extending the fracturedependence of the overlapping efficiency on the pump wave-
limited pump power but it also increases the sensitivity of thdength is more critical for a YV@ crystal with lower Nd&*
pump wavelength due to the overlapping efficiency. concentration.

PACS: 42.55.Rz; 42.60.Lh
1 Experiment

Diode-end-pumped solid-state lasers with high beam qualitThe pump power consists of two 30-W fiber-coupled diode-
and output power in the range of several tens of watts arlaser arrays (Coherent, FAP-81-30C-800-B) with the central
rapidly becoming the preferred laser sources in numerous pavavelength of the lasers at 28 around 809 nm. The fibers
tential applications [1,2]. Nd:YV@crystal has been often were drawn into round bundles of3mm diameter and a nu-
used in diode-pumped lasers because of its large stimulaterherical aperture of 0.2. The first cavity was a V-type res-
emission cross section at lasing wavelength and its high alenator formed by two reflection mirrors M1 and M2, an out-
sorption over a wide pumping wavelength bandwidth. How-put coupler and a .8 at % Nd:YVO, crystal with 10-mm
ever, power scaling with Nd:YV@crystal has been greatly length, as shown in Fig. 1a. The mirror M1 was a 100-cm-
hindered by the thermally induced fracture [3, 4]. radius-of-curvature concave mirror with antireflection coat-
In a recent study [4], we found that the fracture-limiteding at 809 nm on the entrance face and with high-reflection
pump power for an end-pumped laser is inversely proporeoating at 1064 nm and high-transmission coating at 809 nm

tional to the absorption coefficient, i.e., on the second surface. The coating of the flat mirror M2 was
the same as the mirror M1. The output coupler was a flat mir-
Pim = 147Rr L ror with 85% reflection at 1064 nm. The total cavity length
g was around 80 mm. The second laser cavity was a linear cav-

) ) o ity including an reflection mirror, an output coupler and two
where§ is the fractional thermal loading; is the absorp- 5 at % Nd:YVO, crystal with 6-mm length, as shown in
tion coefficient at the pump wavelength aRglis the thermal  Fig. 1b. The specifications of the mirror M3 and the output
shock parameter which depends on the mechanical and thefoupler are the same as those of M1 and the output coupler

mal properties of the host material. The absorption coefficiensed in the first cavity, respectively. The total cavity length
of the laser crystal linearly increases with increasing dopingyas also around 80 mm.

concentration. Therefore, lowering Rfd concentration can All laser crystals werea-cut to obtain the high-gaim

be beneficial in extending the fracture-limited pump power. Ingransition and were wrapped with indium foil and mounted
this letter, we demonstrate two kinds of compact and efficienfy water-cooled copper blocks. The water temperature was
diode-end-pumped Nd:YVgasers with TENo output pow-  maintained at 20C. Both end surfaces of the Nd:Y\O
ers greater than 25 W at the pump power around 50 W. Therystal were antireflection coated for 1064 nR € 0.2%).
- A focusing lens with 25-mm focal length and 85% coup-
*Corresponding author. ling efficiency was used to re-image the pump beam into
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the laser crystal. The average pump-spot radius was aroufiid-3. Plot of dependence of the relative output power on the temperature
320pm. Considering the thermal effect, the Tdtadii at ~ ©f the laser diode
the Nd:YVQy, crystal are found to be about 200-250. In
other words, the present mode-to-pump size ratio was arounglas decreased. On the other hand, the highest output power
0.6-0.8. Use of a mode-to-pump size ratio less than unity ig the cavity shown in Fig. 1a was Z5W at the maximum
based on the fact that a central portion of the highly aberratedump power of 52 W. No immediate damage of the laser
thermal lens presents less loss to the TgEMode [5]. crystal was observed in the experiment shown in Fig. 1a be-
Figure 2 shows the input—output characteristics for thecause the fracture-limited pump power 08@t % Nd:YVO,4
present laser systems. It can be seen that the laser setup witlystal exceeded the available pump power. The output beam
two 0.5 at % Nd:YVO, crystals has a lower threshold pump quality was nearly the same for both laser cavities and the
power and a slightly higher slope efficiency. With the linearM? parameter has been estimated to<b#.3 over the com-
cavity shown in Fig. 1b, the highest output power of 28/  plete output power range with the algorithms of knife-edge
was achieved at the total pump power of 48 W. However, extechnique [6]. According to the present result, it is possible to
perimental result shows that, once the incident pump powescale the output power to 50 W with two30at % Nd:YVO,
in any end exceeded around 25 W, the output power with twarystals pumped from both ends with total pump power of
0.5at % Nd:YVOq4 crystals immediately dropped, and output ~ 100 W. Recently, a composite crystal structure [3], which
characteristics were not reproducible when the pump powes fabricated by diffusion-bonding a doped crystal to an un-
doped piece of the same cross section, was used to reduce the
thermally induced stress. We believe that higher output power

30 ' ' ' ' ' with better beam quality can be achieved with a composite
. crystal structure.
sl two 0.5 at.% Nd:YVO, crystals Since the emission wavelength of the laser diode varies
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with its junction temperature at a rat®d /AT = 0.3 nny/°C,

a few degrees change can scan the absorption band of the
present laser systems. We have measured the output power
as a function of the diode temperature in a range of about
30°C, i.e., about 9 nm around the optimum wavelength. The
output powers relative to the optimum result at°Z7 are
displayed in Fig. 3. It is seen that the sensitivity of the
output power is quite different for both laser setups. As
analyzed later, we believe that this difference arises from
the dependence of the overlapping efficiency on the pump
wavelength.

2 Analysis
Even though lowering the absorption coefficient can ex-

tend the fracture-limited pump power in end-pumped lasers,
the efficiency in the TEMy mode may be reduced because

Fig. 2. Plot of the input—output characteristics for the present laser setupsOf @ poorer overlapping efficiency. On the basis of space-
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dependent rate equation analysis, the slope effici&are To investigate the concentration dependence of the over-

given by [7] lapping efficiency, we have measured the absorption coef-
ficient for a-cut 0.3 and G at % Nd:YVO, crystals with

S = T no (ﬁ) o 2) Lambda 900 spectrometer. The lengths used in the meas-
T+L M ’ urement are 10 and 6 mm for 0.3 and &t % Nd:YVO,

. . crystals. Since the light source in the spectrometer was un-
whereT is the power transmission of the output COUpIgS,  hijarized, the measured absorption spectra were the com-
IS the guantum efﬁmgncy, anid denotes thg round-tr!p CaV- pination of absorption spectra in the and o components

ity excess losses which include thermally induced diffraction,s e Nd:YVO; crystal. The present results are practically
losses, nondiffraction round-trip losses such as scattering gkefy| because the pump source from a fiber-coupled laser
interfaces, imperfect reflection, and excited-state absorption;qqe is unpolarized. With the measured spectra, the absorp-
If concentration quenching is not significant, the quantumjon coefficients were deduced from the exponential law of
efficiencyq is almost equal to unity. The overlapping effi- ghsorption and shown in Fig. 4. It is seen that the amplitude
ciencyro are given by [7] is proportional to the doping concentration, and the observed

2 structure and peak positions are insensitive to the doping
7o = S/ 8 Y. 2)rp(x, y. 2)dv) ’ (3)  concentration.
[f[ X y. Drpx, y, 2)dv Even though a longer crystal can be used to increase the

absorption efficiency for a lower doping concentration, the
. . , . . .~ overlapping efficiency may become poorer because of the di-
s(x,Yy,2) is the normalized cavity mode intensity distri- ver .

. \ : . gence of the pump beam. Applying the measured absorp-
Pu(t)l(on. z;hc?ar?%aéma prgi(iamgze? ggggr?g:gl:g ellatier_h(gtogg’gion coefficients to (8) and (9), we calculated the dependence
tfibljti)gn [’5]_ PP y P of the overlapping efficiency on the diode temperature for the

| present cavities. The cavity mode size was determined by the
ABCD matrix approach with the thermal lensing effect. For

OWh(2) — x> =), (4)  afiber-coupled laser diode, the thermal lens is given by [1, 8]

where rp(X, Y, z) is the normalized pump intensity and

o efOtZ

YD = e

|
wherewp(2) is the pump size in the active medium, a@d) 1 [ &Paps @€ [dn/dT + (n—D)at]

is the Heaviside step function. Using the usi& propaga- fn™ = 47K, 1— e W2(2) dz, (10)
tion law, the pump size is given by 0 P
M2 2 where ¢ is the fractional thermal loadingK. is the ther-
22 =2 {1+ Pp (Z—20) (5) mal conductivity,Paps is the absorbed pump powem T
P po w3, ' is the thermal-optic coefficients of, «r is the thermal ex-

pansion coefficient along tha axis. The parameters used
wherewy, is the radius at the waisk, is the pump wave- in the calculation are as followg: = 0.24, wpo = 0.32 mm,
length, M2 is the pump beam quality factor, amg is focal M? ~ 310, K¢ = 0.0523W/Kcm, dn/dT =3.0x 107° /K,
plane of the pump beam in the active medium. For a singler = 4.43x 107% /K, and n = 2.165. The value ofz, was
transverse mode TEd, S (X, Y, ) can be given by

2 X2 +y? 7 : . »
X,Y,2) = ————expl -2 , 6
Sy D = o( wlz(z)) ©)
and —_
£
Q
1(2) = w0y 1+ [(2— 2)h /TR ~ o . Mz
N
Herew, is the beam waist of the laser modeis the position ‘g
of the beam waist, and the point= 0 is taken to be the in- 'S
cident surface of the active medium. Substituting (4) and (6%
into (3), the overlapping efficienay, can be expressed as S
o
F(a, wo)? 2
o= ———— | ® =
F(a, wo/+/2) 3
O
and <
|
1
Fla, wo) = 5 a,OA f < o )
21-e ) \@p(@) 750 770 790 810 830 850
2wp(2) 2 Wavelength (nm)
—oZ
x 1= EXp<_ @ ) e *dz. (9) Fig.4. The absorption coefficient for unpolarized light as a function of the
0 incidentwavelength for 0.3 and.B at % Nd:YVQ, crystals
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Fig.5. Calculation result for the influence of thermal lens on the cavityFig. 6. The theoretical analysis for the dependence of the overlapping effi-
mode diameter ciency on the temperature of the laser diode

found to be 2.5 and 2mm for 0.3 andb@t % Nd:YVO, crystals in a linear cavity. From the experimental results it
crystals under the condition of the optimum result. Fig-can be concluded that even though there is substantial scope
ure 5 shows the calculation result for the influence of therfor further power scaling of end-pumped Nd:Y\{Qasers

mal lens on the cavity mode diameter. It can be seen thatith low Nd concentrations, the temperature regulation of
the mode diameter in resonator shown in Fig. 1a is slightithe laser diode becomes severe because of the overlapping
larger than that in resonator shown Fig. 1b due to the cavitgfficiency.

structure and the thermal lensing effect. Even so, the mode

size is weakly sensitive to the thermal lens for most of the

pump-power range studied here. Figure 6 shows the depeReferences
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