
RRCAT NEWSLETTERNEWSLETTER Vol. 20, Issue 1-200716

L A S E R   P R O G R A M M E

L.8 : Generation of 100W green laser beam by 

intracavity doubling of diode-side-pumped Q-

switched Nd:YAG laser

High-average-power laser emitting at 532 nm plays 

important role in various applications in industry, research 

and even in entertainment. These applications include 

processing of high reflectivity materials such as copper or 

silicon, pumping of high power dye or Ti: sapphire lasers, 

enacting a large scale laser show etc. Solid State Laser 

Division has designed an intra-cavity frequency doubling of 

acousto-optically Q-switched Nd:YAG laser under diode 

laser pumping using diffuse reflector based pump head 

generating more than 100W of green laser beam with high 

efficiency and stability.  The laser consists of two pump 

heads (PH1 and PH2) to couple the diode laser beam to the 

Nd:YAG rod,   a nonlinear crystal for intra-cavity frequency 

doubling, two orthogonally oriented acousto-optic 

modulators (to increase the hold-off capability) operating at 

17 kHz repetition rate (QS1 and QS2) for repetitive Q-
oswitching, a 90  quartz rotator for birefringence 

compensation and a resonator.

The laser arrangement is shown schematically in 

Fig.L.8.1. Each laser head consists of a Nd:YAG rod 

(diameter: 5mm; length 100 mm, orientation [111] ) with 
3+0.6% (atomic)  Nd  doping concentration, a cooling sleeve, a 

diffusive optical reflector  and three diode array modules. 

The rod is surrounded by an anti-reflection coated cooling 

sleeve and placed at the centre of a three-slit symmetric 

cylindrical diffusive optical cavity. This cavity distributes the 

pump beam uniformly through the crystal rod, and 

minimizes the thermally related optical losses. The three slits 

(1.5 mm width) of the diffusive optical cavity allowed 

coupling of the emission of three linear diode arrays directly 

to the laser crystal rod.

For second harmonic generation (SHG), a 10 mm 
olong KTP crystal cut for type-II phase matching at 80 C was 

used. The crystal was mounted in a temperature-controlled 
ounit that held the crystal at 80 C to avoid gray tracking 

problems. The resonator was a simple three mirror V-shaped 

cavity designed to obtain both a large mode area at the gain 

medium and tight spot size at the KTP crystal. The rear 

mirror M1 was a plane mirror with high reflection coating at 

the fundamental wavelength at 1064 nm (R>99.7%). The 

other end mirror M3 was a plane mirror with dual 

wavelength high reflection coating at 1064 nm ( R > 99.7%) 

and at 532 nm (R > 99.5%) in order to retro-reflect the 

backward generated green beam. The cavity was folded by a 

concave mirror M2 having radius of curvature of 250 mm. 

Mirror M2 was having high reflection coating at the 

fundamental wavelength ( R > 99.7%) and high transmission 

coating (T > 95%) at the SHG wavelength to couple out the 

green beam. The pump head was placed between the two 

mirrors M1 and M2 and the KTP crystal was kept between 

the mirrors M2 and M3. A 90o quartz rotator was placed in 

between the two pump head for the compensation of the 

thermally induced birefringence in the laser rod. First the 

laser was operated in CW mode at the fundamental 

wavelength at 1064 nm by removing the AO modulators and 

the KTP crystal in a closed coupled linear cavity 

configuration. With an output coupling of 8% maximum 200 

W of CW IR power was obtained corresponding to more than 

34% optical to optical conversion efficiency. 

At a total diode pumping power of 584 W, 

maximum 106 W of average green power at 532 nm was 

obtained corresponding to more than 18% optical to optical 

conversion efficiency. Fig.L.8.2 shows the picture of the 

laser in operation. It should be noted that more than 50% of 

the fundamental output power was converted to green beam. 

Fig.L.8.2. Photograph of the high power green laser.

 Fig.L.8.1: Schematic of the laser setup
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The slope efficiency curve was highly linear without any 

sign of power rolling-off. However the heat load at the KTP 

crystal was very high because KTP has significant 

absorption at 532 nm. This shifts the phase matching 

direction significantly away from the resonator axis and the 

green power could not be scaled up further by increasing the 

pump power. Moreover, at this high power the formation of 

gray tracks and subsequently damage of the KTP crystal is 

highly probable. Hence efforts are currently in progress for 

simultaneous cooling arrangement for the KTP crystal.

L.9 : Demonstration of > 3.4 mW laser at 266nm by 

intracavity doubling 

           Solid State Division has demonstrated an all solid-

state Single Longitudinal Mode (SLM) UV laser at 266nm 

with more than 3.4mW output power by intracavity doubling 

of single frequency green laser at 532nm in a frequency 

locked slave ring cavity.  Fig.L.9 shows the schematic of the 

set-up. The major parts of the design were the diode pumped 

single frequency pump laser at 532nm and the frequency 

locked slave ring cavity.  Special design techniques were 

used to generate the required single frequency CW pump 

laser at 532nm with the highest ever-reported optical-to-

optical conversion efficiency from 809nm pump laser to 

532nm. Hansch-Couillaud frequency locking technique was 

used for frequency error signal generation and special home-

made control electronics with SCAN/LOCK facility  was 

used both for slave cavity fine-alignment and frequency 

locking.
 

The single frequency pump laser was based on a 
diode end pumped Nd:YVO /KTP laser along with an 4

intracavity Brewster plate.  Special design techniques were 
adopted to enhance the optical-to-optical conversion 
efficiency at 532nm in the CW single frequency operation 
with respect to the absorbed pump power at 809nm.  This 
includes selection of a proper V-shaped cavity allowing 
larger focussing ratio in the NLO crystal, utilization of short 
absorption depth effect in the semi monolithic gain medium, 
active etalon effect in the gain medium with 66GHz FSR, a 
loss discriminating type of birefringent filter based on 
KTP/Brewster plate with 250GHz FSR and a gain 
discriminating type of birefringent filter based on a-cut 
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Nd:YVO /KTP crystal with 250GHz FSR etc. These 4

measures along with the gain aperture effect in the gain 
medium resulted in highly efficient single frequency laser at 
532nm with more than 271mW of output power from an 
absorbed pump power of 934mW at 809nm.  Accounting for 
the 86% transmission efficiency of the collection optics at 
532nm, the estimated optical-to-optical conversion 
efficiency was 33.7%.  The highest efficiency reported in 
single frequency laser at 532nm is 29.3% with only 55% 
useful output at 532nm, and is based on a linear cavity.  The 
useful output was 86% in our design and was limited mainly 
by dielectric coating on the green output coupler. The single 
frequency operation was confirmed by analyzing the spectral 
output at 532nm using a scanning confocal FPI with a finesse 
of 200 and FSR of 1.5GHz (Coherent).  The measured beam 
quality factor at 532nm was 1.07 using Mode-master from 
Coherent and was nearly circular in shape.

Intracavity doubling in a frequency locked slave 

ring cavity was used to generate SLM 266nm.  Hansch-

Couillaud scheme was used for the frequency locking of the 

slave cavity with the free running single frequency laser at 

532nm.  We used a Bow-Tie-Ring cavity geometry for the 

slave cavity, and also ensured proper mode matching and 

optimum impedance matching.  A plane-plane input coupler 

(M4) with 2.1% transmission at 532nm resulted in 

impedance matching of the pump beam with the slave cavity.  

In order to generate frequency error signal with sufficient 

magnitude, the polarization of the incident beam was rotated 
0by ~10  with respect to the polarization supported by the ring 

cavity with in intracavity Brewster cut SHG crystal by means 

of a Half Wave Plate (HWP) at 532nm.  Since 100% mode-

matching results is zero magnitude frequency error signal in 

an impedance matched cavity and maximum possible real 

enhancement factor (ratio of circulating pump power to the 

incident pump power at 532nm in this case), an optimum 

value of mode matching (lower than 100%) is necessary to 

optimize frequency error signal and the real enhancement 

factor. A beam transfer optics with 10X magnification 

resulted in an optimum mode matching of  ~81.6%.  Though 

the incident pump power was only ~200mW(on the ring 

cavity), the circulating pump power at 532nm was estimated 

to be ~7.9W resulting in a real enhancement factor of the 

cavity of ~39.5.  The theoretically expected value of real 

enhancement factor based on the input coupling and the 

mode matching was ~38.8 for the same configuration and 

was found to be closely matching with the observed value 

within 2%.
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Fig. L.10.2: Fluorescence images (superimposed with phase 

contrast image) of Colo cells containing Nile Red doped Si-NPs 

after one hour incubation time. Excited at 532 nm and emission 

collected after 580 nm. 

To use these fluorescent Si-NPs for cellular 

imaging, C35 is not a desirable fluorescence label because its 

excitation is near UV region, which may adversely affect 

cells. Therefore, the Si-NPs were loaded with another 

fluorescent dye, Nile red, having excitation wavelength in 

the green region and its uptake  was monitored in the Colo 

cells by fluorescence microscopy.  Incubation of Colo cells 

with Nile Red doped Si-NPs was observed to lead to 

significant intracellular staining (Fig.L.10.2). These results 

show that Si-NPs with appropriate functionalization may be 

used as fluorescent probes to target intracellular objects.

L.11 : Development of high power laser diodes

High power laser diodes in the wavelength range of 

740 nm to 1000 nm have been developed in the 

Semiconductor Laser Section of SSLD. The complete laser 

structure was grown by metal organic vapour phase epitaxy 

(MOVPE) technique. A typical semiconductor laser 

structure is consisted of about 10 epilayers with different 

composition, thickness and doping values. For example, a 

laser diode operating at 0.8  µm has either GaAs or GaAsP 

quantum well as an active layer. The quantum well is 
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sandwiched between AlGaAs wider band gap waveguide and 

cladding layers. Laser structures were characterized using 

several techniques like photoluminescence, surface photo 

voltage and high resolution x-ray diffraction techniques. The 

ionized doping and free carrier density were estimated from 

Hall and ECV experiments. The net ionized doping was also 

estimated at different depth of the laser diode structures using 

ECV. Laser diodes were fabricated through standard 

procedure using photolithography process. A quick method 

of laser diode processing has also been successfully 

implemented using shadow mask technique. Laser diodes 

were tested for light versus current and longitudinal 

characteristics using a home-made current source. Laser 

diodes with different cavity lengths and widths were also 

developed and tested for measuring the device parameters. 

For the laser diodes developed, an internal quantum 
-1efficiency of 92% and internal loss of 4 cm  was measured. 

More than 5 watt peak power at several wavelengths was 

achieved.

L.12 :  Fundamental studies on MOVPE grown 

semiconductor heterostructures

a. Studies on MOVPE growth of GaP epitaxial layer on Si 

(0 0 1) substrate and effects of annealing : 

Growth of gallium phosphide layer on silicon 

substrate has been carried out using MOVPE. Epitaxial 
olayers were grown at 845 C with a V/III ratio of 100 and a 

growth rate of 1.7Å/s at a reactor pressure of 30mbar. Growth 

of gallium phosphide epilayer was confirmed by Raman 

spectra studies. High-resolution x-ray diffraction studies 

show that the epilayer is of single crystalline nature and 

structurally coherent with silicon substrate. As-grown 

epilayer shows p-type behavior with a hole carrier density of 
18 -3 2~1.2x10 cm  and hole mobility 114cm /V-sec at room 

otemperature. Annealing at 550 C for 10 minutes shows 

significant improvements in crystalline quality of the 

epilayer. The annealed layer shows a reduced hole density 
17 -3 2(~6.7x10 cm ) and increased hole mobility (155cm /V-s). 

[Ref: Dixit et. al., J. Crystal Growth 293, 5, 2006]
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Fig.L.9 : Schematic of an all-solid-state SLM UV laser by intra-

cavity doubling in a frequency locked slave ring cavity.

A relatively new concept to design optical 

resonators, known as the Degree of Optical Stability (DOS) 

or the S parameter has been used.  This express the stability 

in a numerical scale ranging from zero to 100% with 100% 

corresponding to g g  of ½ (Thermal lens insensitive design) 1 2

and zero corresponding to marginally stable cavity.  It was 

also found experimentally that the misalignment tolerance of 

a resonator is larger if the S parameter lies in the range of  

60%-100%.  For example, the ring cavity under 

consideration had ~100% DOS in the sagital direction  and it 

was ~94% in the tangential direction. The equivalent free 

space distance between the curved mirrors (M6-M7) was 

~109.1mm and the total length of the cavity was ~823mm.

The system generated more than 3.4mW of SLM 

UV laser at 266nm from an incident  pump power of 200mW 

at 532nm.  Accounting for the 26% reflection at the Brewster 

surface for the s-polarized UV laser at the BBO crystal, the 

effective collection efficiency at 266nm was only 71%, and 

so the estimated value of the generated UV power was 

~4.78mW at 266nm.  The measured short-term power 

stability was ~1% over 24 s.

In conclusion, an all solid-state SLM UV laser at 

266nm has been demonstrated with more than 3.4mW output 

power by resonant cavity doubling of a highly efficient 

single frequency green laser at 532nm generated by diode 

end pumping an Nd:YVO /KTP laser with a 1W laser diode 4

at 809nm.
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L.10 : Preparation of dye-doped silica nanoparticles 

and exploration of their use as fluorescent probe

             Silica based nanoparticles, being biocompatible and 

non-toxic, are receiving considerable attention for possible 

applications in bio-imaging and drug and gene delivery.  To 

initiate activity in this direction, Bio-Medical Applications 

and Instrumentation Division has prepared silica 

nanoparticles (Si-NPs) in the hydrophobic core of a micellar 

template. Transmission electron microscopy showed a 

narrow size distribution with >60% particles having a 

diameter of ~26 nm. The Si-NPs were loaded with a 

fluorescent dye, Coumarin 35 (C35), and functionalized with 

a positively charged amino group so that they can bind to 

negatively charged DNA. To confirm the binding of Si-NPs 

with DNA, fluorescence resonance energy transfer (FRET) 

between the C35 (loaded in the core of the Si-NPs) and 

propidium iodide (PI) which is used as a stain for DNA, was 

investigated. Fig.L.10.1 shows the reduction in fluorescence 

of C35 and appearance of the band at 625 nm (that is 

characteristic of PI fluorescence) with an increasing 

concentration of DNA labeled with PI. The observation of 

FRET between C35 & PI confirmed electrostatic binding 

between DNA and the amine functionalized Si-NPs.

Figure L.10.1: FRET between C35 doped Si-NP and DNA labeled 

with PI. The arrows denote successive addition of DNA.
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