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1. INTRODUCTION

Photodynamic therapy (PDT) increasingly used in
the modern tumor medical field is one of the new com-
paratively more selective and nontoxic methods of
treating patients with malignant tumors of different cel-
lular types [1–7]. PDT is most commonly performed by
intravenous administration of photosensitizers, such as
hematoporphyrin derivative (HPD) or porphyrin deriv-
atives, selectively retained by malignant tumors. Subse-
quent photoexcitation with UV-blue (405–488 nm)
light causes fluorescence, which is useful for diagnosis,
and, then, excitation by red light destroys the cancer tis-
sue. Because the longer energy wavelengths exhibit a
deeper penetration into biological tissues and a more
effective treated tumor volume [8, 9], the 600–800-nm
spectral band was usually used as therapeutic light in
PDT. The new photosensitizers, such as ZnPcS
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 [10]
and BPD-MA [11], absorb wavelengths at around 670
and 690 nm [12].

At present, the available coherent sources used in
PDT were a 406.7–422.6-nm krypton ion laser, a
457.9–514.5-nm argon ion laser, a gold vapor laser, a
copper vapor laser, a 630-nm dye laser pumped by an
argon ion laser, and a 630-nm laser diode. But, gas
lasers have many disadvantages including a short life-
time, a low reliability, a large size, a high energy con-
sumption, and high expenses for maintenance, while
the laser diode has a poor beam quality. Furthermore,
there are very few laser options at present for supplying
excitation and a therapeutic light source simulta-
neously. The nonlinear optical frequency conversion of
solid-state lasers operating in the near-infrared range is
a very effective method for UV- and red-light genera-
tion. But, there was difficulty in obtaining the UV light

around 410 nm by the simply frequency conversion
besides the optical parametric oscillator method.

In this paper, we report on the design and simulta-
neous generation of red- and UV-light at 671 and
411 nm, respectively, based on single-pass quasi-
phase-matched (QPM) SHG and SFG processes in a
single PPLT from Q-switched, diode-end-pumped
Nd:YVO
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 lasers operating at the 1342 and 1064 nm
fundamental waves, respectively. The UV output power
of 3 mW and the red output power of 79 mW were
obtained. The UV light which coincides with the opti-
mal excitation wavelength can be used for tissue diag-
nosis and the red light which coincides with the optimal
absorption wavelength can be used for therapeutic
light. Furthermore, the efficiency of the PDT with a Q-
switched laser is better than with the continuous-wave
laser [13] and one machine satisfies the needs of diag-
nosis and therapy of malignant tumors simultaneously.

2. DESIGN AND FABRICATION 
OF THE QPM CRYSTAL

QPM always permits noncritical phase matching
and the use of the large diagonal nonlinear coefficients,
which are inaccessible with birefringent phase match-
ing, and optical superlattices, such as periodically
poled LiNbO
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 (PPLN) and PPLT [14], have been
becoming attractive materials for nonlinear optical fre-
quency conversion by QPM. To obtain an efficient out-
put of 671 and 411 nm, respectively, a key problem is
to design and fabricate a QPM crystal, by which two
reciprocals should be provided to phase match the two
nonlinear processes described here. The first one is the
SHG of 1342 nm to generate red light at 671 nm, the
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Abstract

 

—A dual-color laser of red at 671 nm and ultraviolet (UV) at 411 nm was generated from dual-wave-
length fundamental waves at 1342 and 1064 nm with a single periodically poled LiTaO

 

3

 

 (PPLT) optical super-
lattice. The PPLT sample used consists of two segments in a series: the first segment has a period of 14.55 

 

µ

 

m
for the second-harmonic generation (SHG) of 1342 nm and the second segment has periods of around 10.3 

 

µ

 

m
for the generation of UV light by sum-frequency mixing (SFG) of 1064 and 671 nm. An average output power
of 3 and 79 mW for UV and red, respectively, has been obtained.

PACS numbers: 42.65.Ky, 42.55.Xi, 42.60.Gd

 

DOI: 

 

10.1134/S1054660X08110200



 

1324

 

LASER PHYSICS

 

      

 

Vol. 18

 

      

 

No. 11

 

      

 

2008

 

FAN et al.

 

second is the SFG of 1064 and 671 nm to generate UV
light at 411 nm. For this purpose, a PPLT device con-
sisting of two segments in a series forming a cascaded
structure was used in our experiment. The first-order
reciprocal was used in the SHG process for the most
efficient nonlinear conversion. Because the QPM con-
ditions of the SHG and third-harmonic generation with
a first-order reciprocal of a PPLT at a temperature of
74.1

 

°

 

C can be simultaneously satisfied at the funda-
mental wavelength of 1342 nm [15] and the photore-
fractive effects on the frequency conversion process
was serious at lower temperatures, we preset the oper-
ating temperature at 150

 

°

 

C. As a result, the nominal
period of the first segment was 14.55 

 

µ

 

m calculated
using the temperature-dependent Sellmeier equation
from [16]. If a first-order QPM was also used in the
SFG process, the grating period was too small to fabri-
cate a bulk sample with a thickness of 0.5 mm by pol-
ing. Furthermore, the duty cycle of 0.5 forbids the
choice of a second-order reciprocal, we choose the
third-order reciprocal for the SFG process. There are
some uncertainties in the coefficients of the Sellmeier
equation and fabrication errors of the domain pattern
may arise, whereby the second segment was designed
in six parallel channels. The structure of the PPLT sam-
ple was shown schematically in Fig. 1. The channels
were 1 mm wide with different periods ranging from
10.301 to 10.332 

 

µ

 

m with a step of 0.0063 

 

µ

 

m, which
correspond to temperature from 138 to 148

 

°

 

C and a
step of 2

 

°

 

C. These channels ensure that the phase
matching of the SFG process could be accomplished by
selecting a suitable channel for the laser beam. The two
segments were arranged in a series and fabricated in the
same LiTaO
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 (LT) wafer by using the conventional
electrical poling technique at room temperature. The
wafer was 0.5 mm in thickness, and the lengths of the
two segments were 20 and 15 mm, respectively. The
two end faces of the sample were optically polished, but
not coated.

3. FUNDAMENTAL LIGHT SOURCE

The Nd:YVO

 

4

 

 crystal has been identified as one of
the promising materials for a diode-pumped solid-state
laser because of its high absorption over a wide pump-
ing wavelength bandwidth, large stimulated-emission

cross sections at both 1342 and 1064 nm, and its polar-
ized output [17]. Its emission cross section at 1342 nm
was roughly equal to that of the 1064-nm transition in
Nd:YAG [18], which were beneficial for the efficient
generation of a 1342-nm emission and its frequency-
doubling red light at 671 nm. The thermal effect in the
laser crystal has a serious effect on the resonator stabil-
ity, the optimum resonator mode size, and the fre-
quency conversion efficiency. For low doping, the
reduced absorption coefficient at the pump wavelength
permits the deposited heat to be spread along the axis of
the laser crystal, which results in a reduction in the heat
load, and a consequent thermal effect [19, 20]. Thus, a
Nd:YVO

 

4

 

 crystal with a 0.3 at % Nd

 

3+

 

 concentration as
the active medium was chosen to generate a 1342-nm
fundamental wave.

Another key problem is achieving the Q-switched
simultaneous dual-wavelength operation at 1064 and
1342 nm with an optimal spatial overlap. Dual-wave-
length outputs with a good temporal and spatial overlap
can be obtained by adjusting the open time offset of the
two Q switches, the ratio of the cavity lengths accord-
ing to their emission cross sections or by using the char-
acteristic polarization-dependent emission cross sec-
tion of the active medium [21–23]. But, the conditions
were obtained by assuming that the cavity losses were
constant. In fact, the diffraction losses arising from
thermally induced spherical aberration were a function
of the pump power [24]. Even then, there was difficulty
in obtaining the dual-wavelength lasing with a good
laser performance and stabilization due to the technical
problem in the coating process.

A composite resonator was used and the experimen-
tal setup is presented schematically in Fig. 2. The pump
sources were fiber-coupled laser diodes with a core
diameter of 1.15 and 400 

 

µ

 

m, the pump radii in the
crystals were around 350 and 200 

 

µ

 

m, respectively. The
two Nd:YVO

 

4

 

 crystals, with the dimensions 4 

 

×

 

 4 

 

×

 

8 mm, were mounted in copper blocks cooled by the
water at a temperature of 18

 

°

 

C. In order to reduce the
cavity loss, both sides of gain crystal 1 were coated for
antireflection (AR) at 1064 nm (

 

R

 

 < 0.2%) and a high
transmission (HT) at the pump light 808 nm (

 

R

 

 >
0.5%), and both sides of gain crystal 2 were coated for
AR at 1342 nm (

 

R

 

 < 0.2%), AR at 1064 nm (

 

R

 

 < 0.2%),
and HT at 808 nm (

 

R

 

 < 0.5%). Input mirror 

 

M

 

1

 

 was a
flat mirror with AR at the pump wavelength on the
entrance face and with a high-reflection coating (HR) at
1064 nm (

 

R

 

 > 99.8%) and HT at the pump light (

 

T

 

 >
95%) on the second surface. Input mirror 

 

M

 

2

 

 has a
1000-mm radius of a curvature concave mirror with AR
at the pump wavelength on the entrance face and with a
high-reflection coating (HR) at 1342 nm (

 

R

 

 > 99.8%),
HT at the pump light (

 

T

 

 > 95%), and HT (

 

T

 

 > 80%) at
1064 nm on the second surface in order to suppress las-
ing at the 1064-nm transition. Dichroic mirror 

 

M

 

3

 

,
which was a plane mirror, permits separate 1342- and
1064-nm cavity arms. The output coupler (OC) was a
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Fig. 1.

 

 Sketch of the QPM structure of the PPLT sample.
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plane mirror with a transmission of 3% for 1342 nm
and 40% for 1064 nm, respectively. An acoustooptical
(AO) Q-switch (NEOS) AR-coated 1.3 

 

µ

 

m was inserted
into the common cavity, the r.f. drive power was 50 W,
and the repetition rate was variable from 1 to 50 kHz.
The temporal and spatial overlap of the two outputs can
be adjusted by controlling the pumping-power level
and the position of pump source 1, so that the effect
resulting from the accuracy of the coating of the output
mirror can be reduced. In order to enhance the har-
monic conversion efficiency, the fundamental waves
were focused onto the PPLT sample by a lens with a
focal length of 50 mm. The sample was heated in an
oven for the phase-matching temperature with an accu-
racy of 0.1

 

°

 

C. The laser beams were separated at the
output end with a prism and they were detected with a
laser power meter (model FieldMax II, Coherent),
respectively.

4. RESULTS AND DISCUSSION
When the incident pump power of LD 1 was 3.03 W,

the incident pump power of LD 2 was 9.37 W and the
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 Sketch of the experimental setup for the generation of UV and red light.
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Fig. 3.

 

 Spectrum of the lasing lines of the UV and red dual-color laser.

 

Fig. 4.

 

 The far-field shapes of the beam spot of the UV and
red laser.
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repetition rate was 10 kHz. The optimum temporal
overlap between the two wavelengths was obtained, the
average output power was 210 mW for 1064 nm and
1.312 W for 1342 nm and the pulse widths were 23 and
29 ns, respectively. The average output power of 3 mW
for UV light and 79 mW for red light have been
obtained at the PPLT operating temperature of 144.7

 

°

 

C.
The radiation spectrum of the UV and red dual-color
laser has been recorded by spectrometers (model
HR4000) and the result is shown in Fig. 3. The far-field
shapes of the dual-color beam spot separated by a dis-
persive prism at the range of 100 cm behind the OC are
shown in Fig. 4.

The output power of the UV and red light was below
our expectations, even taking into account the Fresnel
reflection on the front rear side of the PPLT and the dif-
fraction loss of the prism. This may be caused for the
following reasons. The first was related to the perfor-
mance of the fundamental sources. In our experiment,
the resonator lengths were about 113 mm for 1342 nm
and about 103 mm for 1064 nm. Based on these exper-
imental parameters and considering the thermal lens
effect, the theoretical dependences of the relative ther-
mally induced diffraction loss arising from the thermal
effect of the laser crystal and the beam waist of the laser
cavity mode at 1342 nm on the absorbed pump power
have been calculated and the results were shown in
Fig. 5. Obviously, the mode-to-pump ratio was larger
than unity in the case of a slightly high pump power,
while the optimum mode-to-pump ratio was about 0.8–
1.0 [24]. Thus, the thermally induced diffraction loss
was large and had a bad influence on the performance
of the diode-end-pumped Nd:YVO

 

4

 

 1342-nm laser.
Furthermore, a limit to our experimental condition is
that the laser crystals and the pump sources used in our
experiment were different, and the average output
power for the two fundamental waves were low when

the optimum temporal overlap between the two wave-
lengths was obtained. The cavities and the pump
sources should be optimized. The second reason lies in
the fabrication process of the PPLT. The limited photo-
lithographic precision leads to discrepancies in the light
phase-matching temperatures. Missing domains can
lead to a reduction in the effective nonlinear coefficient.
All of these will reduce the output power and should be
improved in further work.

5. CONCLUSIONS

In summary, all solid-state red light at 671 nm and
UV light at 411-nm dual-color laser sources have been
realized in a single dual-structure PPLT with multiple
channels based on a single-pass QPM SHG of 1342 nm
and SFG of 1064 and 671 nm from dual-wavelength
fundamental waves at 1342 and 1064 nm, respectively.
The average output power was about 3 mW for UV
light and 79 mW for red light. This scheme can be an
attractive way to obtain the efficient and compact UV
and red coherent source. Further work to obtain a
higher power and efficiency of UV and red lasers is
under way. We believe that the UV–red dual-color laser
can be used in PDT.
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