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ABSTRACT 

  

The X1 accelerator project at Sandia National Laboratory/New Mexico utilizes SF6 insulated, multi-stage, UV laser triggered gas switches. A 265 nm UV 
laser system was designed and built to generate eight simultaneous output pulses of 10 mJ each with a 13 nsec pulsewidth. A 1061 nm solid-state 
Nd:Cr:GSGG laser was frequency quadrupled using a two-stage doubling process. The 1061 nm fundamental laser energy was frequency doubled with a 
KTP crystal to 530 nm, achieving 65% conversion efficiency. The 530 nm output was frequency doubled with KD*P crystal to 265 nm, achieving 
conversion efficiency of 31%. The 265 nm beam pulse was split into eight parallel channels with a system of partially reflecting mirrors. Low timing jitter 
and stable energy output were achieved. The entire optical system was packaged into a rugged, o-ring sealed, aluminum structure 10"x19"x2.75". The size of 
the electronics was 12"x8"x8". 

  

Subsequent accelerator system requirements dictated a redesign of the triggering system for an output beam with less angular divergence. An unstable, 
crossed porro prism resonator was designed and incorporated into the system. The beam divergence of the redesigned system was successfully decreased to 
0.97 mrad in the UV. The resulting frequency doubling efficiencies were 55% to 530 nm and 25% to 265 nm. The optical output remained at 10 mJ in each 
channel with an 11 nsec pulsewidth.  

  

Keywords: Solid state laser, frequency quadrupling, unstable resonator, Nd:Cr:GSGG, crossed porro prism resonat 

1. 1. INTRODUCTION 

  

This project was initiated in an effort to design a compact solid-state laser that could replace a KrF laser as a triggering source for a SF6 high voltage 
switch. A system that generates eight simultaneous UV laser pulses was designed and built. Low timing jitter and a stable energy output were also 
considered extremely important factors. The approach taken for the project was to frequency quadruple a rugged, compact, 1061 nm solid-state laser to 
provide 265 nm pulses. Breadboard tests were performed early in the project to select nonlinear crystals and to develop the frequency doubling 
modules. A splitting module was designed to evenly split the UV pulse into eight parallel channels. Upon testing the laser system with a gas switch, it 
was determined that the fluence was not great enough to ionize the gas. An option to beam expand to reduce the divergence and thus the focused spot 
size was discussed, but a redesign of the laser making it an unstable resonator was chosen instead.  
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2. 1061 nm LASER SOURCE 

  

The optical energy source for the system is a Q-switched, Nd:Cr:GSGG solid-state laser. The lasing wavelength for Nd:Cr:GSGG is 1061 nm. The 
efficiency of a flashlamp pumped Nd:Cr:GSGG laser is roughly twice as high as a comparable Nd:YAG laser. This is due to the improved spectral 
overlap of absorption bands in the doubly doped crystal with the flashlamp emission spectrum and the efficient energy transfer from the Cr3+

absorption bands to the upper level of the Nd3+  ions1. 

  

The laser utilizes a single laser rod with a 9.5 mm diameter and a length of 100 mm. A single Xenon flashlamp pumps the laser rod in a closed-
coupled, diffuse pump cavity. The flashlamp has a 3.00" arc length, a 2.5 mm bore diameter, and is filled to a pressure of 1000 Torr. A water cooling 
system is not used, and thus, limits the maximum firing rate to two shots per minute. 

  

A polarization output coupled resonator with two porro prism reflectors was selected on the basis of providing maximum alignment stability. Lasers 
that are required to operate in harsh environments typically utilize a crossed porro prism resonator scheme to minimize the sensitivity of the laser to 
small misalignments induced by mechanical shock and vibration1. The crossed porro prism design has been shown to produce some 30 times smaller 
sensitivity to mirror misalignment than typical Fabry-Perot resonators2. Light incident on a porro prism returns parallel to its incident path even if the 
porro prism rotates about an axis parallel to its roof crest. This provides one axis of alignment stability. Orienting the porro prism roof crests at 32 
degrees relative to each other achieves alignment stability about two axes and maximizes energy in a quarter wave retardation Q-switching scheme3. 
The Q-switch is a 12.7 mm x 12.7 mm x 35 mm lithium niobate crystal. A voltage of 3 kV across the crystal with a 75 nsec rise time produces a 
quarter-wave retardation through the lithium niobate crystal. Output from the laser is achieved by depolarizing a portion of the circulating power and 
having the output energy reflect off a thin film polarizer in the resonator. The laser output is linearly polarized. Figure 1 shows a cross porro resonator 
laser. The two porro prism reflectors are mounted in the left side of the housing. The pump cavity, which contains the laser rod and flashlamp, is 
shown in the top/center of the housing and the Q-switch assembly is in the bottom/center. 
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Figure 1 Crossed porro prism stable resonator laser with cover removed. (Early version model 2020L with a half wave Q-switch assembly shown) 

 

Figure 2. Stable resonator laser optical output energy and pulsewidth Vs stored electrical energy. 

The optical output energy of the 1061 nm laser is 600 mJ with a 12 nsec pulsewidth at its maximum operating point. The wallplug efficiency at the 
maximum operating point is 1.7%. Figure 2 shows the laser output energy and pulsewidth plotted as a function of input energy. The near field spatial 
profile of the laser output is highly multimode with a relatively low peak-to-average variation across its diameter. The near field beam diameter was 
measured to be 9.0 mm (0.64 cm2). The full angle divergence of the laser was measured to be 3.9 mrad at the 1/e2 point. The peak power from the 
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laser is 50 MW per pulse and the fluence is 80 MW/cm2. 

  

  

  

  

  

  

3. UNSTABLE 1061 nm LASER SOURCE  
4.   

After discovering the fluence was too low from the frequency quadrupled stable resonator laser source, an unstable resonator was investigated. 
Conventional unstable resonator designs using spherical mirrors, or flat mirrors and spherical lenses are as sensitive to mirror misalignment as 
equivalent stable designs. Deng, et.al.4, proposed a porro prism resonator with spherical surfaces and successfully demonstrated this design to produce 
unstable resonator beam quality with crossed porro prism mechanical stability. Utilizing the same optics and the 9.5 mm diameter by 100 mm 
Nd:Cr:GSGG laser rod, an unstable resonator was modeled and designed5.  

  

The crossed porro prism resonator was made into a positive branch unstable resonator by incorporating a positive and negative lens next to the porro 
prisms. This system utilized two crossed, thin film polarizers in a half wave retardation Q-switched configuration. Initial testing with a single Xenon 
flashlamp resulted in only 320 mJ in an unstable mode. To get more energy, two Xenon flash lamps were used to pump the rod. The flash lamps have 
a 3.00" arc length, a 2.0 mm bore diameter, and are filled to a pressure of 1000 Torr. Figure 3 shows the unstable resonator laser that was assembled 
on a plate. The two porro prism reflectors along with the positive and negative lenses are mounted on the left side of the plate. The pump cavity, which 
contains the laser rod and two flash lamps, is shown in the top/center of the plate and the Q-switch assembly is in the bottom/center. 
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Figure 3 Crossed porro prism unstable resonator laser. 

  

 

Figure 4 Unstable resonator laser optical output energy and pulsewidth vs input energy. 

The optical output energy of the 1061 nm laser is 630 mJ with a 13.7 nsec pulsewidth at its maximum operating point. The wallplug efficiency at the 
maximum operating point is 1.1%. Figure 4 shows the laser output energy plotted as a function of input energy. The near field beam diameter was 
measured to be 9.0 mm (0.64 cm2). The full angle divergence of the laser was measured to be .47 mrad at the 1/e2 points. The peak power from the 
laser is 46 MW per pulse and the fluence is 72 MW/cm2. 
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Although reduced by a factor of eight, the output beam from the dual-lamp laser exhibited a beam divergence that was larger than expected. 
Additionally, the beam was more elliptical than the output from the single lamp laser. This was attributed to increased thermal lensing in the rod 
induced by the addition of a second lamp. Significant thermal lensing has been observed in Nd:Cr:GSGG at high pump energies6, and it is therefore 
believed that the additional lamp has increased the rod lensing to the point where it is overcoming the strength of the resonator mirrors7. 

  

4. 1061/530 nm FREQUENCY DOUBLING MODULE 

  

The 1061 nm laser output pulse passes through a quarter wave plate to transform the linearly polarized pulse into two orthogonal polarizations for the 
type II doubling interaction. Given the divergence of the laser system, a type II potassium titanyl phosphate (KTP) crystal was chosen because of its 
large angular acceptance bandwidth. For the initial system, a 7 mm x 7 mm x 5 mm crystal with dual band AR coatings was used. This required a 1.8x 
beam reducer to increase the power density on the crystal. The energy incident on the KTP crystal was measured to be 540 mJ with a 12 nsec 
pulsewidth, which gives an average power density of 225 MW/cm2. This resulted in 355 mJ at 530 nm with a pulsewidth of 12 nsec. A frequency 
conversion of 65% was attained. 

  

The unstable system utilized a 10 mm x 10 mm x 10 mm type II KTP crystal. Due to the improved divergence, a beam reducer was not used and the 
crystal size was increased to match the beam diameter. The thicker crystal allowed for the incident beam energy to be lower with a good conversion 
efficiency8. The 1061 nm incident energy was 620 mJ, which resulted in an average power density of 46 MW/cm2. The 530 nm energy output was 
measured to be 340 mJ at a pulsewidth of 13 nsec. A frequency conversion efficiency of 55% was obtained.  

The KTP crystal was angle tuned to provide optimum conversion efficiency. As expected, the KTP crystal was not excessively sensitive to angular 
misalignment. Once the crystal was angle tuned and locked in place, additional realignments were not required. 

  

Dielectric coated, harmonic laser mirrors separated the fundamental 1061 nm energy from the 530 nm harmonic energy generated in the KTP crystal. 
The pulses have a 45 degree angle of incidence to the mirrors. The 530 nm output has a "P" polarization relative to the mirrors. Each mirror reflects > 
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99.5% of the 530 nm energy and transmits > 85% of the 1061 nm energy. To reduce the unwanted 1061 nm energy to a negligible amount, two 
mirrors are used. With two mirrors, 98% of the 1061 nm energy is removed and only 1% of the 530 nm energy is lost. KG3 filters absorbed the 1061 
nm energy after passing through the harmonic separator mirrors. 

  

4. 530/265 nm FREQUENCY DOUBLING MODULE  
5.   

 

Figure 5 Normalized 256 nm energy output vs crystal temperature. 

After removing the residual 1061 nm energy, the linearly polarized 530 nm pulse passes through a potassium dideuterium phosphate (KD*P) crystal 
for the second doubling process. The entrance and exit faces are uncoated and the crystal is mounted in an o-ring sealed housing. The crystal is cut for 
noncritical phase matching and was temperature tuned with a thermo-electric cooler assembly to optimize the conversion efficiency. A temperature 
control feedback circuit controlled the crystal temperature. A calibrated Dale 1T1002-5 thermistor supplied by ILX Lightwave Corporation was used. 
As expected, the conversion efficiency of the crystal was very sensitive to temperature changes. Figure 5 shows a plot of the normalized 265 nm 
output energy versus the thermistor temperature for the initial configuration. The temperature electronics and crystal housing were capable of 
maintaining the correct phase match temperature and the 265 nm energy output was very stable. 

  

  

Page 15 of 24Paper Title

06/18/2003file://S:\old\kcp\19990126_084402\6149sund.html



  

  

  

  

The 530 nm incident beam diameter for the stable system was 5 mm resulting in a fluence level of 150 MW/cm2. The crystal was 7 mm x 7 mm x 25 
mm Type I KD*P crystal with a deuteration level of 90-95%. The optimum phase match temperature was determined to be 17.95 degrees C. The 265 
nm output energy was measured as 110 mJ with a 13.5 nsec pulsewidth and was linearly polarized. The frequency conversion efficiency was 31% at 
the maximum operating point. Figures 7, 8, 9 show representative waveforms of the 1061 nm, 530 nm, and 265 nm optical pulses. There was some 
unexpected pulse lengthening in the conversion process from 530 nm to 265 nm. The beam was immediately expanded to 10 mm diameter after the 
frequency doubling to minimize coating damage. The full angle beam divergence was measured to be 2.5 mrad at the 1/e2 points. The beam expander 
optics were UV grade fused silica and anti-reflection coated at 265 nm to obtain maximum transmission at that wavelength. Dual band or broad brand 
coatings covering 265 nm and 530 nm had a poorer 265 nm transmission and were not used. Figure 6 shows the stable resonator optical module with 
the cover removed. The laser is to the left of the housing and the splitting module is to the right of the housing. There is a pair of wedges used for 
beam steering at the output of the laser. An attenuator module consisting of a half wave plate and thin film polarizer was included to vary energy 
levels in the initial design and is shown. The beam reducer and KTP crystal can clearly be seen in the middle of the system. The oven containing the 
KD*P crystal and the beam expander can be see directly below the KTP crystal.  
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Figure 6 Stable resonator optics module with cover removed. 

  

The unstable resonator system incident 530 nm beam is not reduced so the fluence incident upon the input face of the KD*P crystal is 36 MW/cm2. 
The KD*P crystal is 10 mm x 10 mm x 25 mm and packaged in a similar o-ring housing with a thermo-electric cooler used for temperature tuning. 
The optimum phase match temperature for this crystal was determined to be 28.1 degrees C. The 265 nm output energy was measured as 86.5 mJ with 
an 11.0 nsec pulsewidth and was linearly polarized. The frequency conversion efficiency was 25% at the maximum operating point. The full angle 
beam divergence was measured to be .97 mrad at the 1/e2 points. 
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Figure 7 Optical pulse waveform at 1061 nm. Figure 8 Optical pulse waveform at 530 nm. 

  

  

 

Figure 9 Optical pulse waveform at 265 nm. 
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Again, dielectric coated mirrors separated the residual fundamental energy from the harmonic energy generated in the doubling crystal. The output 
pulse from the KD*P crystal consists of 265 nm and residual 530 nm energy. The first dielectric mirror used to separate the harmonics was simply 
coated for a high reflectivity at 265 nm at a 45 degree angle of incidence. It was found that this simpler coating is more robust and resistant to optical 
damage at the high fluence levels. The 265 nm energy was ‘S’ polarized relative to the mirror. The mirror has a very high transmission of ‘P’ polarized 
light at 532 nm even though it was not specifically coated for that purpose. The second harmonic separator mirror was specifically designed to have a 
high reflectivity at 265 nm and a high transmission at 530 nm at a 45 degree angle of incidence. At this point, most of the 530 nm energy had already 
been removed and a coating with a lower damage threshold could be used. The two mirrors removed 98% of the 530 nm energy and lost only 1% of 
the 265 nm energy. NG-1 filters absorbed the 530 nm energy after passing through the harmonic separator mirrors. The harmonic separation mirrors 
can be seen in Figure 6. 

  

  

5. EIGHT CHANNEL SPLITTING MODULE  
6.   

The 265 nm pulse passes into a splitting module that uses a series of partially reflecting mirrors to split the beam into eight parallel channels. The 
mirrors are UV grade fused silica and have dielectric coatings designed for the nominal split ratio for unpolarized light at a 45 degree angle of 
incidence. A wave plate adjusts the split ratio for each mirror by changing the amounts of ‘S’ and ‘P’ polarizations incident on the splitting mirrors to 
either raise or lower its reflectivity to the incident pulse. For this reason, the 265 nm output pulses from the system are not linearly polarized. The 
overall 265 nm energy transmission through the splitter module was 85%. Table 1 shows the energy outputs in all eight channels. 

  

Table 1: Output Energy (in mJ) of Splitter Module 

  

  

6. OPTOMECHANICAL PACKAGING  

Resonator Channel 
1 

Channel 
2 

Channel 
3 

Channel 
4 

Channel 
5 

Channel 
6 

Channel 
7 

Channel 
8 

Stable  11.8 11.7 11.5 11.8 11.8 10.9 12.2 12.2 

Unstable 10.9 11.1 10.6 11.8 10.6 10.4 10.5 10.3 
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7.   

The laser system was designed to be compact, rugged, and not require realignment maintenance. This enables the laser system to be mounted near the 
high voltage section to minimize the path length and alignment sensitivity. The entire optical system was packaged in a stiff housing machined from a 
single piece of 6061-T6 aluminum alloy. It dimensions are 10" x 19" x 2.75". The optical system is hermetically sealed utilizing o-rings, bonded 
output window, and hermetic electrical connectors. 

  

The system is built in a modular design with each of the major components, (the laser, doubling modules, and the splitter assembly) built on individual 
mounting plates. This allowed for easy assembly and adjustment for the laser and splitter module. All of the optics are bonded into stainless steel 
mounts which are pinned and bolted to the individual plates. There are no tilting mirrors used for alignment purposes. All beam steering is done with 
rotating alignment wedges which are bonded into stainless steel mounts. This method maintains maximum alignment stability for the system. Figure 
10 shows the optics module with the cover removed. The unstable resonator laser is to the left side of the housing and the splitting module is to the 
right of the housing. Note the attenuator module, beam reducer, and beam expander have been removed. 
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Figure 10 Unstable resonator laser optics module with cover removed. 

  

7. SYSTEM ELECTRONICS  
8.   

All of the electronics required to operate the system are packaged in a single box measuring 12"x 8"x 8". Power is supplied to the unit from a standard 
110 VAC outlet. The laser power supply takes a nominal 24-volt DC input and produces high voltage DC outputs to power the flashlamp Pulse 
Forming Network (PFN) and the Q-switch PFN. The laser power supply is capable of providing up to 40 Joules of pulsed input energy to the 
flashlamp PFN. The maximum pulsed repetition rate recommended for continuous operation is 0.5 hertz to obtain consistent optical output. 
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The flashlamp PFN consists of a high voltage trigger circuit and an Inductor-Capacitor (LC) circuit. The trigger circuit produces 8,000 to 10,000 volts 
DC for initial ionization of the flashlamp. The LC circuit then discharges a sustained high current pulse (>500 amps) through the flashlamp. A Field 
Effect Transistor (FET) that is not in the high voltage and high current path switches the flashlamp PFN. This configuration gives the FET an extended 
switching lifetime. 

  

The Q-switch PFN consists of a three-mesh LC circuit, a pulse step-up transformer, and a krytron switch. A negative-going 6,000 volts square pulse is 
generated across the lithium niobate (LiNbO3) Q-switch crystal in the laser. The high voltage pulse has a fall-time of less than 75 nanoseconds and is 
flat during the laser pulse build-up time. The short pulse duration, 100 - 200 nanoseconds, and the low switching current are desirable to extend the 
krytron switch lifetime. The timing delay between the flashlamp current pulse and the Q-switch voltage pulse is important for optimum laser 
performance. 

  

The flashlamp PFN voltage, Q-switch PFN voltage and the timing delay are adjustable using potentiometer controls provided on the front panel. Four 
BNC monitoring outputs are provided on the power supply front panel to monitor flashlamp and Q-switch waveforms and DC voltages. 

  

A temperature control circuit drives a thermo-electric (TE) cooler for the KD*P nonlinear crystal in the optics assembly. The temperature control 
circuit utilizes a bipolar power supply with feedback control. The sensor feedback utilizes a thermistor attached to the KD*P crystal’s mount. The 
temperature set point is adjusted with an internal potentiometer. 

  

There are different modes available to trigger the flashlamp and Q-switch discharges. In the monostable mode, the laser is fired manually. In the 
astable mode, the system electronics will self trigger every 30 seconds. In the monostable mode, an external trigger pulse will fire the flashlamp with 
the Q-switch being triggered internally. Additionally, external trigger pulses can be utilized to fire both the flashlamp and the Q-switch. 

  

The system electronics conforms to ANSI Z136.1 for the safe use of a Class IV laser. Both the laser power supply and the laser housing have cover 
interlocks to interrupt the power and safely discharge the high voltage. The power supply back panel has connectors so that a room or door interlock 
switch may be wired in series with the other interlocks. The laser has a cable for attachment to the high voltage ground of the laser power supply. This 
provides a low impedance return path to the high voltage source in the laser power supply for any fault current that might develop in the laser. Figure 
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11 shows the final optics module and the drive electronics. The eight channel optical outputs are through the window in the front of the housing. 

 

Figure 11 The X1 UV laser trigger system optics module and electronics. 

  

8. CONCLUSIONS  
9. In summary, a highly multimode infrared beam was frequency quadrupled to the ultraviolet with excellent conversion efficiency. The beam 

divergence in the UV was improved by a factor of 2.6 going from a stable crossed porro resonator configuration to a positive branch unstable 
resonator configuration. The unstable resonator design utilized a positive and negative lens in a crossed porro design producing a robust unstable laser. 
The frequency conversion to the UV using the unstable source laser was somewhat less efficient than was achieved with the stable resonator. This is 
believed to be a result of the phase distortions in the optical wavefront generated by the thermal gradients in the dual-lamp pumped rod. Both optical 
systems generated more than 10 mJ in eight channels in the UV.  
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