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FINAL REPORT 

Natalia Litchinitser 

DURIP: Femtosecond Laser System for Nonlinear Optics in Metamaterials 

US Army Research Office Award W911NF1510427 

Total Award Amount: $300,000 

Report Period Begin Date: 08/15/15, Report Period End Date: 08/14/16 

This DURIP grant supported acquisition of the state-of-the-art femtosecond laser system 

with the following properties:  

1) Space-efficient one box design Ti:Sapphire oscillator/amplifier system containing the 

oscillator, amplifier, and kHz class pump laser.   

2) The system can deliver < 100fs ultrafast pulses with energy >4.0mJ at a repetition rate of 

1kHz and nominal wavelength of 800nm. 

3) The system has the option of being configured to deliver < 100fSec pulses of >0.4mJ at a 

repetition rate of 10kHz and nominal wavelength of 800nm. 

4) The system delivers pulse energy stability of <0.5% rms over an 8-hour period.  Therefore, 

the laser system is based on all-solid-state pump technology. 

5) The system delivers Gaussian spatial mode profile specified at 800 nm to be TEM00 with M
2
 

< 1.3.  Therefore, the laser system must use a regenerative amplifier design. 

6) The Ti:Sapphire oscillator/amplifier system utilizes a thermally-stabilized regenerative cavity 

to comfortably meet long-term stability specifications.  Water cooling of the entire laser 

system is not necessary, and is in fact, not desired due to the much more complex cooling 

required to cool the entire laser system with water. 

7) Since the stability of the amplifier is highly dependent upon the stability of the oscillator, the 

laser system is seeded by a completely-sealed, hands-free, compact solid-state femtosecond 

Ti:Sapphire oscillator with integrated pump laser.   
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The laser system is composed of the following components: 

1) Vitesse 800 modelocked Fixed Wavelength Titanium:Sapphire Seed Oscillator with 

Integrated Low-Noise Solid-State Pump Laser  

2) Revolution-30 Pulsed Amplifier Solid-State Pump Laser 

3) Libra-F-HE- Thermally Stablied Regenerative-Cavity Amplifier with Stretcher and 

Compressor  

4) Two TOPAS-800-FS Optical Parametric Amplifiers 

Specifications of Modelocked Fixed Wavelength Titanium:Sapphire Laser Oscillator with 

Integrated Low-Noise Solid-State Pump Laser 

Performance and Capabilities: 

Bandwidth   >10nm at nominal 800nm  

Average power  >200 mW @ 800nm (using 2W solid state pump) 

RMS noise   < 0.1% (10Hz-20MHz) 

Stability   +/- 1% (measured over 2 hours)  

Polarization  Horizontal 

Repetition Rate  80MHz 

Specifications of Pulsed Solid-State Ti:S Amplifier Pump Laser  

Performance and Capabilities: 

Wavelength   527nm 

Pulse Repetition Rate  1kHz 

Pulse Energy   >20mJ @ 1kHz 

>6mJ @ 5kHz 
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Pulse Energy Stability  <1% rms over 8 hour period 

• The system must be based on diode-pumped technology in order to ensure long-term shot-to-

shot pulse energy stability.  Flashlamp-pump systems as specifically excluded because of 

their poor shot-to-shot noise and frequent maintenance. 

• System is to be HALT/HASS Certified for maximum robustness, relialbity, and day-to-day 

performance. 

Specifications of Regenerative Amplifier with Stretcher and Compressor 

Performance and Capabilities: 

• Pulse Energy   >4.0mJ @ 1 kHz and nominal wavelength of 800nm 

Pulse Width   < 100 fSec at nominal 800nm wavelength 

Energy Stability  < 0.5% rms over 8 hour period 

Pulse Repetition Rate  1kHz, with option to upgrade to 10kHz 

Spatial Mode   Gaussian, TEM00 with M
2
 < 1.3. 

Pulse Contrast Ratio  >1000:1 pre-pulse 

    >100:1 post-pulse 

Specifications of Required Optical Parametric Amplifiers 

Performance and Capabilities: 

Wavelength coverage Fundamental – capable of 1140 to 2600nm with computer control tuning 

and wavelength selection. Fundamental design is using white light continuum generation 

seeding. 

Ouput power – Greater than 220uJ (signal plus idler) with 1.0mJ input @ nominal 130fs. 

Energy scale is linear to 3.5mJ input. 

Design configuration – For ease of operation and enhanced eye safety, we require that  

all optics for OPA operation be housed in a single enclosure.   

4th Harmonic generation – FH  (Signal) 285nm to 400nm with greater than 10uJ and FH (Idler) 

400-480nm with greater than 10uJ per pulse with 1.0mJ input 
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Sum Frequency generation – SF (Signal) 470nm to 533nm with greater than 70uJ and SF 

(idler) 533nm to 580nm with greater than 50uJ per pulse with 1.0mJ input 

2nd Harmonic generation – SH (Signal) 580nm to 800nm with greater than 50uJ and SH (idler) 

800nm to 1150nm with greater than 50uJ per pulse with 1.0mJ input 

 

Our system schematic is shown in Fig. 1. 

 

Figure 1. Schematics of our laser systems, including Libra-F-HE- Thermally Stablied Regenerative-

Cavity Amplifier with Stretcher and Compressor and two TOPAS-800-FS Optical Parametric Amplifiers. 

Figure 2 shows a fully-operational system installed in our laboratory. 
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Figure 2. Femtosecond laser system installed in our laboratory. 

This system is/was used in several DoD-supported studies, including current ARO-supported 

project “Novel Materials and Structures for Nonlinear Optics” (W911NF1510146), current 

ARO-supported project “Light Filamentation Science” FY 2011 Multidisciplinary University 

Research Initiative Program (MURI) add-on (W911NF-11-0297), completed ARO-supported 

project “Nonlinear Topological Surface States in Meta-Crystals” (W911NF1610270), current 

ARO-supported project “Parity-Time Photonic Synthetic Media: From Nonlinear and Singular 

Optics to Lasing” (W911NF1510152), current ONR-supported project “Nonlinear Light-

Metasurface Interactions in the Mid-Infrared Range” (N000141613020), and completed DOE-

funded project “Structured Light-Matter Interactions Enabled by Novel Photonic Materials” 

(DESC0014485). 

Here, we summarize some of the results obtained using this laser system. 

Nonlinear refractive index measurements using beam deflection setup 

We built, tested and currently use beam deflection setup for nonlinear materials characterization. 

This setup benefits from low-repetition rate femtosecond system that we obtained using DURIP 
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because it allows to measure nonlinear refractive index change due to Kerr nonlinearity, without 

any significant thermal component. Figure 3 shows the schematic illustration of the setup and 

our measurement results. 

Beam-deflection technique is a simple and accurate approach to nonlinear characterization of 

ultra-fast nonlinearities as the measured signal is directly proportional to the induced refractive 

index change, yielding both the magnitude and sign of the nonlinear refraction. The excitation 

and probe beams are first attenuated and spatially filtered to ensure a Gaussian spatial profile. 

After the spatial filters set of wave plates is used to control the polarization of each beam, 

allowing for studies of the anisotropy of the nonlinear effects. A delay line is used to temporally 

delay the excitation beam. 

 

Figure 3. (a) Beam deflection schematic. (b) Quad cell detector schematic with probe beam centered on 
quad cell (left) and probe shifted on quad cell (right). (c) Overlap of excitation (red) and probe (blue) 

beam for maximum deflection. (d) An example of beam deflection measurement result for As39S59Ag2 

sample. 
 

Both the sample and detector are mounted on 3-D stages to allow for precise translation. The 

deflection of the beam is measured by a quad-segmented diode. The quad-segmented diode 

consists of a zero-bias silicon diode operated in photoconductive mode segmented into four 

sections, as seen in Fig. 3(b). The segmentation of the diode allows it to measure very small 
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beam displacements, which will prove critical to our experiments. Each section has an 

independent output channel which is then converted from current to voltage using four gain 

matched transimpedence amplifiers. The experiment was calibrated using a quartz sample.   

The nonlinear response of quartz is composed primarily of the ultrafast electronic response, so  

 

Figure 4. Interference patterns showing intensity-dependent switching between the Hermite-Gaussian 
beam (no spiral) and vortex beam (spiral interference pattern). 

that the deflection signal follows the cross correlation of the pulses. As an example, Fig. 3(d) 

shows our measurements for the As39S59Ag2 sample (Fig. 3c). 

Reconfiguring structured light beams using nonlinear metasurfaces 

We designed a nonlinear metasurface composed of off- and on- resonance structures. We 

combined these two types of structures to realize reconfigurable structured light beam that 

switches between the Hermit-Gaussian and vortex shape depending on its own intensity. Using 

our femtosecond laser system, we demonstrated this switching effect in laboratory experiment 

(Fig. 4). 

Topological photonic crystals  

In this project we designed and experimentally studied, using the femtosecond system obtained 

through this DURIP, topological photonic crystal that supports edge states at the interface 

between the trivial and topological parts of the crystal (Fig. 5). These edge states are 
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topologically protected and robust against structural disorders and imperfections. Their 

propagation is supported along arbitrarily shaped paths and around defects. 

 

Figure 5. Topological photonic sample (a) that was characterized using the femstosecond laser system 
obtained with DURIP; (b) Transmission through a trapezoidal path; (c) Transmission without the edge 

state (no transmission). 




