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Abstract. A dual-wavelength continuous wave (cw) diode- promising materials for diode-pumped solid-state lasers be-
end-pumpedNd:YVO, laser that generates simultaneouscause of its high absorption over a wide pumping wave-
laser action at the wavelengtif64 nmand 1342nmis length bandwidth and its large stimulated-emission cross
demonstrated. The optimum oscillation condition for the simsection at bothl064 nmand 1342 nm For Nd:YAG crys-
ultaneous dual-wavelength operation in a diode-end-pumpesl, the ratio of the stimulated-emission cross section be-
solid-state laser has been derived. The relationship betweéween *F5/, — 4111/, and #Fs/2 — 413/ transitions is around
the laser cavity and the output stability is also studied. Ex5-5.1 [7], whereas this ratio fddd:YVO, crystal is about
perimental results show that the stability of the output poweB.3. Therefore, thNd:YVO, crystal may be a good can-
at the two wavelengths could be enhanced by use of a thredidate for dual-wavelength operation élt:3/2 - 4I11/2 and
mirror cavity. 4F3/2 — 1132 transitions. In this work, simultaneous cw emis-
sion of two wavelengths); = 1342 nmand 1, = 1064 nm
from a diode-end-pumpedd:YVO, laser was investigated

PACS: 42.55.Rz and achieved experimentally.

Simultaneous emission at multiple wavelengths has beep Analysis
of interest for the practical application of these lasers

such as medical instrumentation and research on nonlin- - . .
.o optimize dual-wavelength lasing operation, the reflec-

:ﬁdp\%cea:a?gr(?ﬁ. inP l;}ig%ﬁ? ?a:ggst]h?ns(é)re ilr:j)r.s{&o(;ted hvity values of each respective wavelength at the output
) ' , ' ’ ; coupler should be set to approximately balance the gain

laser [3], and in(Ho, Nd):YAG laser [4]. cw operation has curves for each of the two output wavelengths. keaind

been reported in &Nd:YAG laser [5] and in aNd:YAP ) ) o .

laser [6]. All of these lasers are operated in the lamp.X P€: réspectively, the stimulated-emission cross section and
pumped configuration. Shen et al. [6] analyze the possit_he reflectivity of the output coupler_\_/wth the subscripts
bility of simultaneous dual-wavelength lasers Nid:YAG,  + @nd 2 used to denote these qualitiesiat= 1342nm
Nd:YLF, Nd:BEL, and Nd:YAP crystals at the transitions &nd#2 = 1064 nm For a diode-end-pumped solid-state laser,
from 4F'3/2— 4|11/’2 and *Fs2 — %1132 and recognize that the threshold condition for each transition can be written
dual-wavelength operation of Nd host crystals is easier to a®® [€]

complish with pulse operation and difficult to obtain with IN(1/R)Y+L: h 1

cw operation. Their analysis [6] shows that the ratio of thePy; = (4/R) +Li hvp ;
stimulated-emission cross section betwéBg, — “l11and Zngi ovwi [ [ s 2rp(r. 9dv

“F3/2 — %1132 transitions can not be too large for obtain-i =1,2, (1)

ing a cw dual-wavelength operation. This is why in [6] cw

dual-wavelength operation is only possible witd:YAP  wherel is the length of the active mediurh; is the roundtrip

and is hardly obtainable with the other Nd-doped crystalgavity excess losses at the corresponding transition wave-

studied. length, 7; is the fluorescence lifetime at the upper level,
Diode-pumped solid-state lasers have been shown to bg,; is the quantum efficiency for the corresponding tran-

efficient, compact, and reliable all-solid-state optical sourcessition, s (r, z) is the normalized cavity mode intensity dis-

The Nd:YVO,4 crystal has been identified as one of thetribution for the corresponding transition, amg(r, z) is
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the normalized pump intensity distribution in the activewherew; is the beam size in the gain medium. Here a con-

medium. stant beam size was used because the variation of the beam
From (1), the condition that both transitions possess thsize in the gain medium is rather small. Assuming the quan-
same threshold can be give by tum efficiency being the same for the both lasing wavelength

and substituting (3) and (5) into (2), we obtain

In (i) _ [nQ,ZUz [ [ s, 2rpr, z)du}
R ! < 1) 0p Jo & (1= 250" %) iz dz
n
2

)] ‘

o1 f(; e oz (1_ e—%%(l)/w%) /a)lzj(z) dz
1
Here we used the fact that the fluorescence lifetimes for the X [In (E) + I—lj| —L>. (6)
each lasing wavelength are equal because of the transitions 1

originating from the same upper laser level. The beam profilyiy, () and the parameters in the experiment, the corres-
of a fiber-coupled laser diode,(r, 2), can be approximately onging reflectivity values at the lasing wavelength—
described as a top-hat distribution: 1064 nm R,, was calculated as a function of the beam size
p—: ratio, wp/wy, for several reflectivity values of output cou-
———————06 (a)g(z) - r2) , (3)  pler at the lasing wavelength = 1342 nm Ry, as shown in
nws(2)[1—e ] Fig. 1. The basic parameters used in calculationaae=

_ _ _ 2 o
wherewp(2) is the pump size in the active medium, aBd) 2.152qr25cﬁ1;60£§1r2r1 lezr?rqoil':z; 602028"%%#3[;?,

is the Heaviside step function. With the usid propagation ando, = 25x 10-19¢n? [10]. The values oL; were meas-
law, the pump beam is given by ured by the Findlay—Clay method [11]. Figure 1 shows that
) 2 R is nearly independent of the rati® /w1 for a givenR; as
2 2 pVip w2/w1 > 1. To obtain the operation with a low threshold, the
wp(2) = wpo 1 1+ [nnwz (z- ZO)} , (4)  reflectivity of the output coupler 342 nmwas coated to be
pe 98% in experiment.

R>

wherewy, is the radius at the waisk,, is the pump wave-
2 . . .

length, Mg is the pump bea_m quallt_y factor_, ammg is _ 2 Experiment and discussion

focal plane of the pump beam in the active medium. For a sin-

gle transverse mode TEM s (1, 2) can be given by Two types of cavity configuration, as sketched in Figs. 2a

2 o2 and 2b, have bgen investigated. The IengtN.drIYVO4 crys-
§r,2)=—5 exp(——2> , (5) tal was6 mmwith 0.5 at % Nd*+ concentrations. The pump
o] ;i source was d5W fiber-coupled laser diode with a core
diameter ofl.15 mmand a numerical aperture of 0.12. The

10 fiber output was focused into the crystal and the pump spot
. T T T T
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Fig. 1. A plot of the corresponding reflectivity values at the lasing wave- HT@1064 nm

length 1, = 1064 nm R, as a function of the beam size ratioy/w1,
for several reflectivity values of output coupler at the lasing wavelengthFig. 2. Schematic of the diode-end-pumphid:YVO4 laser cavity for sim-
A =1342nm Ry ultaneous oscillation at 1064 ai®@42 nm
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size was aroun@.25 mm The first laser cavity was a two- was used to achieve simultaneous dual-wavelength lasing.
mirror resonator formed by an input mirror and an outputWe found that the relative output powers of each wavelength
coupler, as shown in Fig. 2a. The input mirror M1 wakiam  were very sensitive to the alignment of the output coupler.
radius-of curvature concave mirror with antireflection coatingThe alignment sensitivity the relative output power may be
at the pump wavelength on the entrance fage«(0.2%) and due to the fact that the relative cavity losses were ad-
with high-reflection coating at both lasing wavelengtRs{  justed in the alignment procedure. It is impossible to sim-
99.9%) high-transmission coating at the pump wavelength omlltaneously achieve the maximum output powers for each
the second surfacel & 95%). The output coupler OC was wavelength by use of two-mirror laser cavity. Therefore, the
a flat mirror with partial reflection at both lasing wavelengthsalignment criterion is based on the minimum threshold for
to provide an output. The cavity length was set t®lmenfor  the dual-wavelength operation. The output powers at each
appropriate mode-size matching. With this cavity length, théasing wavelength versus input power are given in Fig. 3.
mode size at the input mirror was aroud@6 mm The sec- A significant fluctuation in output power of each lasing wave-
ond laser cavity was a three-mirror resonator that consistddngth was observed in the simultaneous emission because
of the input mirror M2 and two flat output couplers OC1 andof their competitive interaction. The simultaneous emission
0OC2, as shown in Fig. 2b. The input mirror M2 is the same a®f 1064nm and1342nm lights was in the dominant TE)
M1 of the laser cavity shown in Fig. 2a. One side of the outimode. The error bars indicate the output power fluctuation.
put coupler OC1 was coated to be partially reflecting at thdt can be found that as the pump power increased the output
A1 wavelength and highly transmitting at the wavelength  powers att064 nmand1342 nmrose monotonically whereas,
(T > 95%). The remaining side of the OC1 was antireflectivefrom a certain value of pump power, the output power at
at both lasing wavelengthdk(< 0.2%). On the other hand, 1064 nmdecreased until the lasing at this wavelength was
one side of the output coupler OC2 was coated to be partiallpompletely suppressed. We believe that the gain competition
reflecting at thev, wavelength and highly transmitting at the between1064nm and1342nm lights results in the output-
A1 wavelength T > 95%). The remaining side of the OC1 power decrease dfo64nmlight above6 W of pump power.
was antireflective at both lasing wavelengtRs<{ 0.2%). The For the present three-mirror cavity, the value of the ratio
cavity length forix; oscillation was3 cm and the total cav- w»/w1 was around 1.2. With,/w; = 1.2 andR; = 0.98 and
ity length was9 cm The cavity length chosen here resulted infrom Fig. 1, the corresponding reflectivifi, was found to
the mode ratio ofv,/w; greater than unity and enhanced thebe aroun®3.5%. In experiment an output coupler with the
output stability in the dual-wavelength operation. reflectivity of 98% for 1342 nmand an output coupler with
For the two-mirror laser cavity shown in Fig. 2a, the ratiothe reflectivity of 93% for 1064 nmwere used to achieve
w2/w1 is equal toy/A2/x1 = 0.89. With wp/w; =0.89 and  simultaneous dual-wavelength lasing in the three-mirror cav-
R; = 0.98 and from Fig. 1, the corresponding reflectivR®y  ity. The dual-wavelength system was initially optimized at
was found to be arounfll.5%. Practically, it is very diffi- 1342 nmwithout the output coupler OC2 shown in Fig. 2b.
cult to control the reflectivity values of the output couplerBy introducing OC2 into the laser cavity, simultaneous cw
at precise values for both wavelengths at 1064 B34 nm  lasing was achieved dt342 nmand 1064 nm The output
In experiment an output coupler with the reflectivity valuespowers at each lasing wavelength versus input power are
of 92% and 98% for 1064 nmand 1342 nm respectively, given in Fig. 4. It can be seen that the output powers of both
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wavelengths monotonically increased as the pump power ireused beam-waist region and in the far field, respectively. The
creased. We also found that the fluctuations in the outputalues of theM? factor were determined via a hyperbolic fit
powers of each wavelength were substantially reduced. The the experimental data. Thd? values for1064nm and
reduction of the competitive interaction between two wave-1342nm lights in the three-mirror cavity at the pump power
lengths is partly due to the separation of the output couplersf 12.4 W were found to be around 1.1 and 1.3, respectively.
for each wavelength. The other reason for stable operatiohhe slightly worse beam quality ih342 nmwas due to the
arises from the condition of the ratiop/w; > 1. For a fixed mode-size mismatching. However, th& values in the two-
total cavity length, adjusting the position of the output cou-mirror cavity were difficult to determine because of the large
pler OC1 can vary the ratio,/w1. Experimental results show fluctuation in output power.

that the competitive interaction between two wavelengths de-

pends on the rati@,/w; and the output power can be more

stable as the rati@,/w, is slightly greater than unity. In add- 3 Conclusion

ition, the ratio of the output power for both wavelengths can

easily be changed by only altering the reflectivity value of therpo 1se of diode-end-pumpeéti:YVO, crystal to achieve

output coupler forl064 nm as shown in Fig. 5 for the inci- ¢ qyal.wavelength cw solid-state laser at 1064E8#2 nm
dent pump power af24W. . has been demonstrated for the first time. The analysis has

_ Finally, we used the algorithms of the knife-edge techyaan nerformed to show how the reflectivity values of each
nique [12] to determine the beam width for various poSyegpective wavelength at the output coupler should be set
itions of the laser beam along the optical axis in the foyg optimize dual-wavelength lasing operation in diode-end-
pumped lasers. Both two-mirror and three-mirror laser cavi-
ties are used to achieve simultaneous emission of two wave-
lengths. The experimental results verify that the stability of
the output power at the two wavelengths can be improved by
1.064 um use of the three-mirror cavity with the rati®/w; > 1.
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