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Abstract: The generation of a record peak-power of 15TW (45J, 3ps) in a single CO2 laser beam is reported. Using a master oscillator–power amplifier laser system, it is shown that up to 100J of energy can be extracted in a train of 3ps laser pulses separated by 18ps, a characteristic time of the CO2 molecule. The bandwidth required for amplifying the short injected laser pulse train in a 2.5atm final CO2 amplifier is provided by field broadening of the medium at intensities of up to 140GW/cm2. The measured saturation energy for 3ps pulses is 120mJ/cm2 which confirms that energy is simultaneously extracted from six rovibrational lines.  
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1. Introduction
Chirped-pulse amplification (CPA) in large bandwidth media, such as Ti-Sapphire and Nd:Glass, has made it possible to achieve TW-PW powers in sub-picosecond pulses around 1μm wavelength [1]. Certain laser-particle and laser-plasma interactions would benefit from an ultra high-power mid-infrared source. For example, the quadratic wavelength scaling of the ponderomotive force can be beneficial in particle acceleration by a laser pulse [2]. Also, the use of relativistic 10μm pulses allows one to probe overdense plasma in the plasma density range of ne=1-100ncr (where ncr=1.1x1021/λ2[μm]cm-3) using visible frequency probes. For this wavelength region, CO2 lasers are the only viable option for the production of high-power laser pulses. Even though high damage threshold of the gas medium (ionization) allows for non-CPA schemes, progress on 10μm picosecond pulse amplification to high power has been modest [2,3].
The main difficulty with building ultra-short CO2 laser systems is that the gain spectrum is modulated with a molecular rotation structure that hinders the amplification of picosecond pulses. One method to circumvent this limitation is to operate the laser at multi-atmospheric gas pressures which increases the bandwidth of the spectral lines via particle collisions. In 1985, Corkum demonstrated this principle for the first time producing picosecond CO2 laser pulses at the milijoule level through amplification in a 10atm laser [4]. Recently this technique has been used to reach powers up to 1TW in a 6ps pulse in the 10atm BNL CO2 laser [2]. However, high pressure imposes a limitation on the aperture of the gain module in sustaining a stable electrical discharge. 
Field broadening is an alternative method of obtaining sufficient bandwidth in the CO2 molecule to support amplification of picosecond pulses. Here, the resonant interaction of the strong electric field of the laser pulse with the CO2 molecule (similar to the ac Stark effect) causes an increase in the bandwidth. In this so-called “coherent amplification” regime, picosecond pulses may be amplified efficiently at lower pressures allowing the use of large-aperture lasers. In an earlier study we showed that terawatt 40ps pulses can be obtained in a 2.5atm CO2 amplifier at an intensity of 1010W/cm2, although the collisional bandwidth-limited pulse duration is 250ps [3]. Here, we report on the production of 10μm picosecond pulses with an unprecedented peak power of 15TW in the UCLA Neptune Laboratory CO2 laser system. Strong field broadening at intensities of 1011W/cm2 provides sufficient bandwidth for the amplification of 3ps pulses at a pressure of 2.5atm. The dynamics of a picosecond pulse train during the process of amplification in the CO2 gain medium are described.
2. Theory and Simulations of Picosecond Pulse Amplification
2.1 CO2 Amplification with Pressure Broadening
Conventional CO2 lasers operated at atmospheric pressure lack sufficient bandwidth to amplify picosecond pulses. For example, on the 10P vibrational-roatational manifold, the gain spectrum at 1atm consists of discrete rotational transitions separated by 55GHz each having a bandwidth of ~3.7GHz. This bandwidth limits the amplification to ~3ns pulses. The amplification of sub-ns pulses is made possible by the linear increase in rotational line bandwidth with the pressure of the CO2 laser medium. The collisional bandwidth of the rotational line is related to the pressure of the gain medium according to the following equation [5]:
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where Δνpressure is the pressure broadened rotational line bandwidth in GHz, P is the pressure of the CO2 gas in atm, and
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in the mixture. In Fig. 1 we show the calculated gain spectrum for the 10P branch of the 0001-1000 vibrational band of the CO2 molecule. These calculations have been done for three pressures: 1, 10, and 25atm. 
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Fig. 1. CO2 gain spectrum vs. wavelength at a pressure of 1atm (a), 10atm (b), and 25atm (c)

Pressure broadening at 10atm (Fig. 1b) results in a 37GHz linewidth causing an overlap between neighboring rotational lines. Ideally, one would increase the pressure until a continuous spectrum is obtained across the entire vibrational branch spanning 1.2THz, which happens at ~25atm (Fig. 1c). Although with such a bandwidth picosecond pulses can be amplified in a straightforward manner, these pressures are not achievable in a discharge pumped system.

 At realistic pressures (~10atm), picosecond pulses can still be amplified by seeding a pulse with a spectrum that covers multiple rotational lines. In this case, the seed spectrum (assumed to be a smooth Gaussian) is filtered through amplification by the gain spectrum which has a modulation at 55GHz (Fig. 1b). The resultant temporal structure of the pulse can be found through a Fourier transform of the gain filtered pulse spectrum that results in a pulse train of picosecond pulses separated by 1/55GHz = 18ps. This process is similar to mode locking. In the mode locking of an oscillator, many longitudinal modes locked in phase constructively interfere at a temporal separation of 1/(free spectral range), thus producing a pulse train output. Similarly in a CO2 amplifier, the rotational lines are locked in phase by stimulation from the seed pulse and therefore their radiation will interfere to form a pulse train with a temporal separation equal to 1/(line separation). 
The relationships between the spectral and temporal properties of the resultant pulse train are illustrated in Fig. 2 where a 3ps pulse is amplified in a 5atm CO2 amplifier with a gas mix of 1:1:14 (CO2:N2:He). Fig 2a shows the CO2 gain spectrum (red), the 3ps input pulse spectrum (green), and the pulse spectrum filtered by the CO2 gain spectrum (blue). The Fourier transform of the latter produces the temporal structure of the amplified pulse, shown in Fig. 2b. Three conclusions can be made by analyzing the data in Fig. 2. First, a pulse train is produced and has an expected pulse separation of 18ps. Second, the pulse duration of 3ps is preserved because the minimum pulsewidth is limited by the bandwidth of the whole 10P vibrational branch (1.2THz). Third, the width of the pulse train envelope (54ps) is estimated by the inverse of the individual spectral linewidth (18.5GHz). Note that similar pulse trains of 3ps CO2 laser pulses were observed in autocorrelation measurements performed by P. Corkum [4]. 
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Fig. 2. (a) CO2 gain spectrum at 1atm (red), 3ps input pulse spectrum (green), and the pulse spectrum filtered by the CO2 gain spectrum (blue). (b) Fourier transform of the pulse spectrum filtered by the CO2 gain medium.

Although 3ps pulse trains can be produced and amplified in a pressure broadened CO2 medium, there are two drawbacks in terms of high-power production. First, energy extraction in a high-pressure CO2 laser is limited because of the restriction on the gas discharge aperture size. Second, even at the highest pressures achievable, the gain spectrum still exhibits an undesirably strong modulation at 55GHz that results in the distribution of the extracted energy over 50-100ps pulse train instead of a single 3ps pulse.
2.2 Field Broadening and Pulse Train Evolution
In addition to pressure broadening, the electric field of the laser pulse itself will broaden the bandwidth of the rotational lines due to the ac Stark Effect [6], a process commonly known as field broadening. The amount of spectral broadening is only limited by the intensity of the laser pulse and the ionization threshold of the gas, therefore it could potentially produce a continuous bandwidth across the entire vibrational branch. 
The effect of field broadening on the rotational line bandwidth can be estimated by the following equation [7]:
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is the laser pulse intensity in W/cm2. For the 10.6μm lasing transition, the dipole moment is equal to 0.0371 Debye [8]. Calculations using Eq. (2) show that GW/cm2 level intensities are required for 
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 to produce a bandwidth comparable to that of a 10atm amplifier (see Fig. 1b). Ultimately, even for a 1atm amplifier with a pressure broadened bandwidth of only 3.7GHz, additional broadening from pulse intensities of 1, 10, and 100GW/cm2 will produce single line bandwidths of 20, 55, and 166 GHz, respectively. Then the strong overlap between neighboring lines is expected to produce a quasi-continuous bandwidth across the vibrational branch suitable for picosecond pulse amplification.
The production of a pulse train in the early stages of amplification is inevitable because of the residual 55GHz modulation in the gain spectrum at practical operating pressures. Therefore, it is important to study the effect of field broadening on the amplification of a pulse train where the bandwidth is continually increasing due to increasing intensity as the pulse is amplified. For this purpose, we have used a simulation code written by V. Platonenko [9] to model the amplification of a pulse train in the presence of field broadening. The results of the simulation are presented in Fig. 3 which displays the intensity distribution of the pulse train at various stages of the amplification defined by the goL product, where go is the small signal gain of the amplifier and L is the length.
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Fig. 3. Pulse train evolution shown through consecutive plots of intensity vs. time as the pulses travel through a CO2 amplifier at a pressure of 3atm with a small signal gain of go=3%/cm. (a), (b), and (c) are taken at goL products of 6.4, 9.6, and 12.8 respectively.
In this simulation, a 3atm module is used to amplify a 3ps pulse with an input intensity of 100MW/cm2.  At this level of intensity, lack of field broadening in a low-pressure amplifier leads to the production of a pulse train as seen in Fig. 3a. However, as the intensity increases from 6-125GW/cm2, a significant shortening of the pulse train is observed. As the field broadened bandwidth increases, the extracted energy is distributed over a proportionally decreasing number of pulses. Ultimately, at even higher intensities, amplification in a relatively low-pressure CO2 amplifier will evolve a pulse train into a single pulse. 
Generation of high-power 10μm pulses in a CO2 laser chain must then involve the use of both pressure and field broadening. A high power picosecond CO2 laser system should have two stages of amplification. The first stage amplifies a nJ level seed pulse to the mJ level in a pressure broadened regime. This results in a pulse train whose envelope is restricted by the pressure broadened bandwidth of the individual rotational line. In the second stage of amplification, the mJ level pulse train is amplified to the Joule level in low-pressure, large-aperture amplifiers where the field broadening mechanism assists in the evolution of the pulse train into a single pulse. This strategy is the basis behind the multi-terawatt CO2 laser chain in the Neptune Laboratory described below.
3. Experiments
The CO2 master oscillator – power amplifier (MOPA) laser system based in the Neptune Facility at UCLA is shown schematically in Fig. 4. It is based on the production of a 3ps 10μm seed pulse which is regeneratively amplified in a high-pressure preamplifier from a nJ to the mJ level, and then injected into a final 2.5atm amplifier to give an output energy of ~100J in a pulse train.  
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Fig. 4. The Neptune CO2 master-oscillator power-amplifier laser chain
3.1 Short 10μm Seed Production
There are various methods by which a picosecond 10μm seed pulse can be generated using a short 1μm pulse, the most common of which is semiconductior switching [10]. An alternative method makes use of the ability of the short intense 1μm pulse to gate the 10μm radiation using the Kerr Effect [11]. In mediums that exhibit the optical Kerr Effect, the index of refraction is dependent on the intensity of an optical pulse according to the following [12]: 
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is the intensity of the pump pulse in W/cm2. This change of the refractive index along the polarization axis of the pump pulse induces a birefringence in the medium which can be used as a transient phase retarder for a weaker 10μm pulse. To obtain full 90˚ rotation of the 10μm polarization, the following equation must be satisfied [12]:
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is the length of the Kerr medium.
The Kerr medium chosen is carbon disulfide, CS2, due to its transparency at 10μm (1μm) and large nonlinear refractive index of n2 = 2x10-14cm2/W [13]. Group velocity dispersion in CS2 between the wavelengths of the pump pulse (1μm) and the probe pulse (10μm) is 1ps/cm, therefore the length of our Kerr Cell is limited to 1cm to avoid broadening of the 10μm seed pulse. For the above stated parameters, 90˚ rotation is provided with an intensity of 25GW/cm2, a practical value for picosecond pulses.

An Nd:glass 1μm CPA system was built for controlling the CS2 Kerr switch. A GLX-200 glass oscillator produces 500fs pulses which are stretched to ~1ns in a grating stretcher. The pulses are then amplified in a glass regenerative amplifier and two single-pass booster amplifiers to ~4mJ. Finally the pulses are compressed down to 3ps containing 3mJ. Approximately 1mJ of the energy is split off from the main beam and focused into the CS2 Kerr cell with a spot size wo=1mm producing an intensity of 10GW/cm2. The rest of the 1μm is sent to a Ge semiconductor switch.
The 10μm pulse is produced by a hybrid TEA CO2 oscillator. Single longitudinal mode output is obtained by placing a low pressure (30 Torr) amplifier in the cavity along with the TEA module. The output of the hybrid oscillator is 30mJ in a 500ns pulse. This pulse is copropagated with the 1μm pulse at a small angle through the Kerr cell. The polarization of a 3ps portion of the 10μm pulse is rotated from s- to p-polarization and transmitted through a 6-plate Ge analyzer that provides a measured contrast of 5x105. After the analyzer, the CO2 laser beam is sent to the 1μm controlled Ge semiconductor switch to increase the contrast. Here, the 1μm pulse forms a plasma on the surface of the Ge plate inducing reflection for 10μm radiation a few picoseconds before the arrival of the seed pulse. Although the 1μm pump intensity is less than half that required for 90˚ rotation in the Kerr switch, the nJ level seed delivered to the regenerative amplifier is sufficient for injection mode locking of a high-pressure regenerative amplifier. 

3.2 Regenerative Amplification
The 3ps seed pulses are sent into an 8atm TE CO2 laser for regenerative amplification. The laser has a gain volume of 1x1x60cm3 and is filled with a gas mix of 1:1:14 (CO2:N2:H3). The amplifier is injection mode locked by seeding through a 50% ZnSe output coupler. It therefore produces a pulse train with a separation equal to the 12ns cavity roundtrip time. The total gain of ~107 brings the ~nJ level seed pulse to ~10mJ. The injection mode locked pulse train is decoupled from the seed pulse vector via transmission through the Ge semiconductor switch after the decay of the surface plasma. The pulse with maximum energy (10mJ) is then switched out using an external Pockels Cell placed between crossed polarizers. A total efficiency of ~40% for this single pulse selector results in a 4mJ seed pulse for the final amplification. 
The temporal structure of the regeneratively amplified CO2 pulses is measured with a Hammamatsu (C5689) streak camera. The spectral sensitivity of the streak camera peaks in the visible wavelength range; therefore, the 10μm light is up-converted to a red wavelength using a CS2 Kerr switch. Here, the intense 10μm pulses are used as the pump pulse while the probe pulse is provided by a red diode laser. The switched out red light then carries the temporal structure of the 10μm pulse and is sent to the streak camera for measurement. One such measurement of the regeneratively amplified pulses is displayed in Fig. 5 where the production of a pulse train with an 18ps pulse separation is evident.
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Fig. 5. Temporal profile of the CO2 pulses after amplification in the regenerative amplifier as measured by the Hammamatsu (C5689) streak camera.

The expected individual pulsewidths of 3ps is near the resolution limit of the streak camera, therefore their mearsurement must take into account the instrumental function of the streak camera. The streak camera’s instrumental function, or resolution, was experimentally determined to be 3ps via measurement of sub-picosecond 532nm laser pulses. In the streak camera measurements of the CO2 amplified pulse, the actual pulse width is obtained by deconvolution using:
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where 
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 is the pulsewidth as measured by the streak camera, and 
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is the temporal resolution of the streak camera. The application of Eq. (5) to the measurement of the individual pulsewidths seen in Fig. 5 leads to an average temporal FWHM of 3.3ps. This measurement confirms that the vibrational branch bandwidth supports the amplification of ~3ps pulses. 
The regenerative amplification produces a pulse train on the picosecond timescale due to the residual 55GHz modulation in the gain spectrum at 8atm. The length of the pulse train envelope at the output of the laser is governed by the pulse broadening equation [14]:
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 is the gain bandwidth. In predicting the effect of pulse broadening on the width of the pulse train envelope, the restricting bandwidth is that of the rotational line. At 8atm 
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, the expected gain narrowed pulse train envelope (FWHM) is ~60ps, which is in relative agreement with the ~100ps FWHM pulse train envelope seen in the streak camera measurements (Fig. 5). 
3.3 Final Amplification
The final amplification occurs in a large aperture (20x35cm) amplifier employing an electron-beam controlled discharge [15]. Three passes through the amplifier totaling 7.5m provide a gain of Go~25,000 that produces 100J from the 4mJ seed. It is operated at 2.5atm with a gas mix of 4:1 (CO2:N2) resulting in a collisional line bandwidth of 14GHz. In the absence of further broadening, this bandwidth would result in an amplified pulse train envelope of 100’s of picoseconds distributing the extracted energy into many pulses. However measurements of the amplified pulse train temporal profile recorded by the streak camera show a significant shortening of the injected pulse train down to 2-3 pulses (Fig. 6b). The evolution from the seeded pulse train shown in Fig. 5 to the amplified pulse train in Fig. 6b is attributed to the significant increase in the CO2 linewidth induced by field broadening and is in qualitative agreement with our simulation results displayed in Fig. 3. Note, due to an elevated jitter in the Hammamatsu streak camera, the single shot nature of the final amplifier necessitated the use of a Hadland Photonics (Imacon 500) streak camera with a temporal resolution of 5ps. 
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Fig. 6. Temporal profiles of the CO2 pulses after amplification in the first pass of the final amplifier (a), and all three passes of the final amplifier (b) as measured by the Hadland Photonics (Imacon 500) streak camera.

The input beam for the first pass of amplification is quasi-collimated with a radius of wo=4mm which provides an input intensity of only ~200MW/cm2. At this low intensity, one would expect the lack of strong field broadening in a low-pressure amplifier to broaden the pulse train significantly. However, at a measured total gain of Go~100 in the first pass, the pulse train broadening per Eq. (5) is only 15ps. The output of the first pass is sent to the streak camera diagnostic and based upon the temporal profile shown in Fig. 6a, no appreciable broadening has occurred. 
In the second and third passes of amplification, the beam is expanded from a wo=1cm to wo=6.25cm to extract a large amount of energy and avoid laser damage of an NaCl window. The total gain of these passes is Go~285 producing 100J from the input 350mJ. Using the energy partition extracted from the streak camera lineouts (Fig. 6a and 6b), this corresponds to an increase in peak intensity from 4GW/cm2 to 140GW/cm2. At these intensities field broadening can augment the 14GHz bandwidth of the 2.5atm amplifier to values up to ~200GHz. With such a bandwidth, one would expect the gain spectrum to be continuous across the entire vibrational branch. Thus, field broadening makes it possible to amplify high-power picosecond pulses in a low-pressure amplifier. A conservative estimation from Fig. 6b of the energy partition gives ~45J (45%) in the peak 3ps pulse, which equates to 15TW of power. 
3.4 Energy Extraction in Picosecond Pulse Amplification
Efficient energy extraction is an important aspect of the production of high-power pulses. In CO2 lasers, the energy of the gain medium is stored in a manifold of rotational levels with a Boltzmann distribution across the vibrational branch. For pulsewidths tp>18ps, the spectrum of the pulse only directly interacts with a single rotational line. In this case, the saturation energy is related to the ratio of tp and tr, the rotation relaxation constant (~100ps-atm). For tp>>tr, such as for nanosecond long pulses, the CO2 molecule relaxation sustains a Boltzmann equilibrium between rotational lines which allows the laser pulse to extract energy from the entire vibrational branch. As tp is shortened and approaches tr, as realized in the pressure broadened case, the “rotational bottleneck effect” prevents repopulating of the rotational laser levels [16]. This causes the saturation energy to decrease and asymptotically approach that of a single line extraction, or 1/15th of the energy stored in the vibrational band. However, further decrease in the tp to less than 18ps results in the direct interaction between the pulse and multiple rotational lines separated by 55GHz. In this case, energy is simultaneously extracted from the lines contained within the input pulse bandwidth causing an increase in saturation energy. Ultimately, for a 1ps input pulse the stored energy from the entire vibrational branch can be extracted resulting in a saturation energy of 300mJ/cm2 [17].
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Fig. 6. Output energy vs. input energy from the first pass of the final amplifier (data points), compared to theoretical predictions of the Frantz Nodvik equation for a saturation energy of 20mJ/cm2 (blue), 100mJ/cm2 (green), and 150mJ/cm2 (red)

Owing to the strongly saturated regime in the final amplification, a quantitative measurement of the saturation energy can be made. For these purposes, the input and output pulse energies from the first pass of amplification are measured while varying the amplitude of the input pulse. The results are plotted in Fig. 6 and compared to Frantz-Nodvik calculations [18] using a measured small signal gain of 2.6%/cm and gain length of 2.5m. From these results, we can extract a saturation energy of approximately 120mJ/cm2. Note that previous measurements using 100ps pulses in the first pass of this amplifier resulted in a saturation energy of <20mJ/cm2 [3]. This comparison shows a clear indication that the dynamics of the energy extraction has changed drastically between the amplification of 100ps and 3ps pulses. As opposed to the 100ps pulse that only directly interacts with a single rotational line, the 333GHz bandwidth of the 3ps pulse covers six rotational lines. Therefore, one can roughly expect a sixfold increase in the saturation energy from that of a single line. 
4. Summary
We describe here a CO2 master oscillator-power amplifier laser chain in which a 3ps, 10m seed pulse is amplified to a peak power of 15TW. The total extracted energy reaches 100J and it is distributed over several 3ps pulses separated by 18ps, a time characteristic to the separation between the CO2 molecule rotational lines. The formation and temporal dynamics of such a pulse train are fundamental properties of picosecond pulse amplification in a CO2 active medium having a residual gain modulation. We show both experimentally and in simulations that significant shortening of the pulse train envelope results from amplification at high laser intensities of 1010-1011W/cm2. This shortening is attributed to an increase in the CO2 molecule bandwidth due to the field broadening mechanism. This coherent amplification is realized in a 2.5atm large-aperture CO2 module, thus opening possibilities to extract 100s of Joules of energy in picosecond pulses by using a low-pressure gas. An additional artifact of CO2 laser amplification of picosecond pulses is an increase in energy extraction. This fact is shown by a six times increase in the measured saturation fluence of 20mJ/cm2 for 100ps pulses to 120mJ/cm2 for 3ps pulses. Energy extraction in the picosecond regime is very efficient because for a broadband pulse, energy is simultaneously extracted from multiple lasing transitions.

Simulations show that further amplification of the obtained pulses in the intensity range of 1011-1012W/cm2 induces Rabi flopping of the lasing transition. This leads to a significant shortening of the pulse from 3ps down to <1ps, which is accompanied with an increase in the saturation energy to 300mJ/cm2. Realization of such a scheme would allow for the generation of 100TW and higher powers at 10m in a single pulse, parameters unimaginable without coherent amplification. 

Picosecond pulse amplification in CO2 lasers can be also promising for applications where a high-repetition rate source is needed. Here, simple slicing of a TEA CO2 laser output using a CS2 Kerr switch enables one to obtain pulses as short as <100fs [13] providing ~1MW of power for nonlinear spectroscopy [19]. For high-power 10-100GW 10m pulses, a conventional TEA CO2 module can serve as a final amplifier accessing the ~1-3J energy range. Production of MW pulses in the 3-14m range via supercontinuum generation [20] and development of a CO2 laser driven ion source in a gas jet [21] are just two of many potential applications for a compact picosecond CO2 laser system run at 1-10Hz. 
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