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ABSTRACT  

Modern USPL (ultra short pulse laser) development is trending towards higher repetition rates and higher average power 

systems. High peak power, low repetition rate USPLs have long been used to generate laser filaments, which consist of a 

plasma channel and region of focused high intensity propagation. Filamentation leads to heat deposition in the air from 

linear and nonlinear effects, producing a gas density depression that persists over hydrodynamic timescales (milliseconds). 

This is long after the femtosecond pulse has passed. In the “single-shot” (~10 Hz) regime of filamentation, the time 

between pulses allows the air density to return to equilibrium before the next pulse arrives. Prior work has experimentally 

measured the single shot gas density depression via interferometry1 and demonstrated that high repetition rate filamentation 

leads to deflection of subsequent pulses due to residual heating from the prior pulses2,3. This work experimentally examines 

USPL thermal blooming as a function of laser repetition rate. Residual heating effects between pulses are demonstrated 

through measurements of the energy deposition by the laser filament. The temporally and spatially resolved energy 

deposition is extracted from interferometric measurements of the phase shift due to the gas density depression. Comparison 

is made between experimentation and modeling, as well as verification of past results. This work demonstrates how 

atmospheric propagation of modern high average power, high repetition rate USPL pulses differ from traditional single 

shot USPL systems.  
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1. INTRODUCTION  

Laser filamentation is a well-known phenomenon in which the balance between nonlinear self-focusing of an intense laser 

pulse and plasma defocusing produces a plasma channel with clamped electron density4 (1016 cm-3) and propagation region 

with clamped laser intensity5  (~1013 W/cm2). Much of the body of prior work studies “single shot” filamentation, meaning 

the lasers used had low repetition rates and the time between pulses was sufficiently long for the air to return to 

equilibrium6, 7. Modern USPL technology is trending towards higher repetition rates, as 1 kHz lasers are now common 

technology and new sources are reaching 100 kHz8. As the repetition rate increases, a laser pulse can no longer be 

considered individually, but instead propagates through a medium influenced by the preceding pulse. Here, we present 

measurements of the filament-induced density depression at different laser repetition rates. Comparison with modeling 

indicates the need for an improved molecular response model to accurately simulate the effect of combining high average 

power with high peak power during laser propagation.   

1.1 Energy Deposition via Filamentation 

Laser energy is depleted from the optical field and deposited into the propagation medium as heat during the filamentation 

process through several mechanisms, including linear absorption, ionization, rotational Raman excitation, and inverse 

Bremsstrahlung1. Rotational Raman excitation is only relevant when the pulse is propagating through a molecular medium, 

like air. Laser energy lost to ionization and rotational excitations are deposited as heat in the atmosphere. The plasma 

lifetime is on the timescale of several nanoseconds9, and the timescale for rotationally excited molecules to collisionally 

decohere is ~100 ps10. These timescales are much less than the acoustic response timescale of the gas, which is typically 

several hundred nanoseconds1. Therefore, the impulsive nature of the on-axis pressure increase will drive an outwardly 
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propagating acoustic wave11 that carries the deposited energy away. The acoustic wave leaves behind a long-lived gas 

density depression that dissipates on a millisecond timescale via thermal diffusion. Prior work has characterized this 

density depression for single shot filamentation1, 12. Once the repetition rate approaches a hydrodynamic timescale between 

pulses (i.e. kHz rep rates), each pulse will interact with the density depression left behind by the preceding pulse. Several 

studies indicate that high repetition rates lead to beam deflection2 and other cumulative effects3, 12. This work seeks to 

experimentally observe the “turn-on” of cumulative effects and motivates the need for a more robust rotational excitation 

model to fully capture such effects 

2. MODELING AND DIAGNOSTIC TECHNIQUES 

Higher repetition rates and cumulative effects are experimentally measured using interferometric techniques. Comparison 

is made to modeling for the single shot data. Both the modeling and experimental diagnostic use the change in refractive 

index induced by the density depression to determine the energy deposited by the laser pulse into the gas.  

2.1 Modeling the Energy Deposition 

Simulations of the pulse propagation, filament formation, and evolution of the density depression were carried out. The 

pulse propagation and filament formation are simulated using NRL’s PyCAP (Python Code for Atmospheric 

Propagation)2. To calculate the thermal refractive index perturbation, the laser energy lost to different absorption processes 

first must be determined. The absorption coefficients due to ionization and rotational Raman excitation are derived by 

Isaacs et. al. 2 for an ultrashort laser pulse. The fluence loss due to ionization is evaluated based on the electron density 

and energy density directly behind the laser pulse, i.e. before recombination and relaxation. The rotational Raman 

excitation is modeled as an effective two-level system centered around the transition from J=8 to J=6, which dominates 

for pulse durations less than 1 ps and for a central wavelength λ0=800 nm.  

The relative effect of absorption due to ionization and rotational Raman excitation was demonstrated to depend on the 

pulse duration and energy2. At lower pulse energies (3 mJ), longer pulse durations (𝜏 > 200 𝑓𝑠) result in stronger 

absorption and heat deposition from rotational Raman excitation than from ionization. Ionization loss dominates for pulse 

durations less than 100 fs. As the pulse energy is increased to 10 mJ, the pulse duration dependence is pushed out to longer 

durations. Ionization dominates for 𝜏 < 300 𝑓𝑠 and rotational Raman dominates for 𝜏 > 1 𝑝𝑠. This strong dependence on 

pulse parameters motivates the need for precise experimental pulse characterization to ensure an accurate comparison to 

the model.  

A region of elevated temperature results from fluence loss and absorption. This energy is then carried away by an acoustic 

wave, leaving behind a region of depressed density. Calculation of the refractive index change due to this depression is 

calculated for an isobaric condition, i.e. after the transit time of the acoustic wave but before the timescale for thermal 

dissipation2. Simulation of the refractive index change due to thermal dissipation provides a direct comparison to 

experimental interferometric measurements of the density depression.  

2.2 Experimental Measurement of Energy Deposition 

Interferometric techniques are used to experimentally measure the density depression. The experiment setup is shown in 

Figure 1, and is based on an experiment design used in prior studies of the density depression1. The pump pulse was 

generated by a Ti:Sapphire ultra-short pulse laser (USPL) with a central wavelength of 800 nm, a repetition rate of 1 kHz, 

a 45 fs transform limited pulse duration, and tunable energy. For this experiment, the energy was varied between 1-3 mJ 

and the FWHM beam diameter was varied from 5 to 9 mm using an iris. The repetition rate is controllable from 10 to 1000 

Hz using a Thorlabs Optical Chopper system. The f-number varied between f/320 and f/580 as an iris was closed down. 

The pump generated a ~30 cm filament. The probe laser (Thorlabs NPL52C) produces 10 ns pulses at λ = 520 nm. A 

dichroic mirror was used to co-propagate the pump and probe. After interacting with the filament, the probe laser was split 

off from the pump using a second dichroic mirror before entering a folded wavefront interferometer, which was used to 

measure the phase shift induced by the density depression existing long after the USPL propagates away. Timing between 

the pump and the probe lasers was controllable using a Stanford Research Systems DG645, enabling time resolved 

measurements of the density depression.   



 

 
 

 

 

Figure 1: Experiment setup. The 800 nm USPL pump beam generates filaments at a repetition rate controlled by the chopper. 

The 520 nm probe laser co-propagates with the pump. The delay between the pump and probe is set by a delay generator. 

The phase shift was extracted from the interferogram using well-known methods13. Many prior studies have used a co-

propagating or small-angle interferometric technique to calculate energy deposition1, 3 and plasma electron density9, 14. 

However, this study utilized an improved high precision background subtraction routine, leading to phase noise on the 

order of a few milliradians. Figure 2 demonstrates the steps involved in the high precision background subtraction routine. 

The signal and background phase, obtained from interferograms, are shown in panels a and b respectively. Subtracting the 

background phase from the signal phase results in panel c. At this point, the energy deposition can be calculated, but the 

phase noise is still tens of milliradians. A further improvement in experimental phase noise is achieved by applying a low-

spatial-frequency fit to the part of the image not containing our desired signal. A fifth-order polynomial surface is fit to 

the points outside of the red circle (Fig. 2.d), effectively excluding the density depression from the fit while interpolating 

the background phase noise over the entire image. By subtracting this fit from the initial phase (Fig. 2.c), a much flatter 

background is obtained. A surface plot is shown in Fig. 2.e, and the final retrieved phase is shown in Fig. 2.f, both of which 

demonstrate background phase noise on the order of a few milliradians. Using this background subtraction routine enables 

detection of lower amplitude signals enabling more precise measurements.     

 

Figure 2: Example illustrating the high precision background subtraction routine and calculation of energy deposition. 

Once the phase has been retrieved and the background subtracted, the energy deposition is calculated. The calculation 

follows that described in prior work1. The phase can be related to a change in refractive index by ∆𝑛 =
∆𝜙

𝑘0𝐿
, where 𝑘0 is 

the wavenumber and L is the filament length. A map of the energy deposition, similar to the phase map in Fig. 2.f, can 

then be obtained through 𝐸𝑑𝑒𝑝 =
−𝑐𝑣𝑇0𝜌0𝐿

𝑛0−1
Δ𝑛. Here, 𝑐𝑣 is the specific heat at constant volume, 𝑇0 is the ambient 

temperature, 𝜌0 is the air density, and 𝑛0 − 1 is the refractivity. Notably, the filament length parameter drops out of the 

equation when mapping directly from phase to energy deposition. Integration over the filament length occurs as the pulse 

physically traverses the length of the filament and does not need to be separately measured to obtain an accurate 



 

 
 

 

measurement of energy deposition. Integrating over the transversely resolved energy deposition results in a scalar total 

deposited energy.   

3. RESULTS 

Experiments were performed for the single shot regime (~10 Hz) and in incremental repetition rates up to 1 kHz. 

Cumulative effects were found to begin at a 250 Hz repetition rate. The pulse energy was varied from 0.6 to 2.0 mJ in the 

single shot regime. Comparisons between the single shot data and modeling are made. The need for an improved molecular 

response model is apparent when comparing the model to this dataset and prior experimental work.   

3.1 Repetition Rate Scaling 

Experiments confirm the effect of scaling repetition rate. Prior work has extensively studied the energy deposition in the 

single shot regime1 and has shown the onset of cumulative effects on the filament location at repetition rates above 250 

Hz12. The results presented here provide a comprehensive repetition rate scaling from 10 Hz to 1 kHz, and comparison to 

prior work verifies the repeatability and accuracy of the experimental results. This is necessary to ensure discrepancies 

with the model are not a result of experimental inaccuracies.  

 

Figure 3: Steady state deposited energy at laser repetition rates from 10 to 1000 Hz averaged over data taken with probe delays 

of 30, 100, 500, and 900 μs. 

The measured energy deposition at all repetition rates is shown in Figure 3. For this data, the energy per pulse remained 

constant at 2 mJ, the beam FWHM diameter was 7 mm, and the beam was focused using an f/414 geometry. Data was 

taken for probe delays from 30 to 900 μs, which are all late enough that the acoustic wave has long since propagated away 

and the depth of the density hole is stable. The data shown is an average of the four measured probe delays. The density 

hole itself is a good measure of deposited energy for single shot filaments. For repetition rates at and above 250 Hz, 

cumulative effects are evident and impact the interferometric measurement. Below 250 Hz, the energy deposition is 

consistently measured to be ~35 μJ. Prior work with similar laser parameters found an energy deposition of ~25 μJ for a 2 

mJ initial pulse energy1. The modestly increased energy deposition value in this study is likely due to a slight difference 

in initial focusing conditions, with an f/414 geometry used in this work while prior work used an f/600 focusing geometry1. 

The f-number has been demonstrated to have a significant effect on plasma properties9, including the energy deposition15. 

Above 250 Hz, we see an integrated density hole that steadily increases with repetition rate. 

3.2 Comparison to Simulations 

Prior modeling work has overestimated various experimentally measured long-timescale gas hydrodynamic behaviors by 

40-400%2. To accurately model high repetition rate effects, agreement must first be achieved at the single shot level. To 

this end, Figure 4 compares the experiment and modeling. In this case, the laser repetition rate was kept constant at 10 Hz, 

the beam FWHM diameter was maintained at 5 mm, and the energy was incrementally varied from 0.6 to 1.6 mJ. The 

PyCAP model was run using the exact same parameters. An experimentally measured beam profile was used as the 

simulation input beam to eliminate discrepancies based on a non-ideal experimental beam profile. Variations in the beam 

profile were found to have little effect on the simulated energy deposition. In Figure 4, the orange line indicates simulation 

results and the blue data points are experimental. At each laser pulse energy, the simulation overestimates the magnitude 



 

 
 

 

of energy deposition compared to the measurements. At the lowest pulse energy, the values are within a factor of two, but 

as the pulse energy increases the difference between the experimentally retrieved and simulated energy deposition is nearly 

four times. Ongoing work is investigating whether the assumptions regarding the transition from the isovolumetric to 

isobaric regime cause an underestimation of the experimental energy deposition. However, this would likely result in a 

~30% mismatch and would not account for a four times discrepancy between the experiment and simulation. It has been 

shown that rotational heating may account for 30-60% of the total energy deposition15. This motivated a second run of the 

simulation with only the ionization model (gray data points). This matched the experiment at the lowest pulse energy and 

deviated less from experimental values, but still demonstrates a factor of two mismatch.        

 

Figure 4: Comparison of the experimentally measured (blue) energy deposition values to the simulated values with ionization 

and rotational excitation models (orange) and simulations with only ionization considered (grey). 

Additionally, the curvature of the trends does not match between the experiment and simulation. It would be expected that 

the energy deposition would be proportional to the square of the intensity, 𝐸𝑑𝑒𝑝 ∝ 𝐼2 because rotational excitation is a two-

photon process. The experimental data exhibits this trend, while the orange curve illustrating simulation results with 

ionization and rotations has the opposite concavity. In the gray data points, where rotations were removed from the 

simulation, the curve is nearly linear, indicating that the rotational model was responsible for the curvature in the full 

simulation. While the rotational model alone is likely not the sole cause of the discrepancy between experiment and 

simulation, it is worth further investigation. We are currently performing experiments with monatomic gases in order to 

isolate the rotational absorption experienced in air, thus providing a strong comparison point for the model.  

4. CONCLUSIONS 

This work experimentally demonstrates the effect of increasing the average power of a high peak power USPL, identifying 

a turn-on of cumulative effects at 250 Hz. This aligns with prior experimental studies, validating the repeatability and 

accuracy of the experimental measurements. Verification was necessary as significant discrepancy was observed between 

the model and experiment. This discrepancy likely arises from the need for a more robust rotational excitation model, 

which must be amended to accurately capture high repetition rate effects. Ongoing and future research efforts are 

investigating the validity of this claim by repeating measurements in an atomic gas, where there is no rotational excitation. 
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