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Abstract

We demonstrate that is it possible to optimize the yield of microwave radiation from plasmas

generated by laser filamentation in atmosphere through manipulation of the laser wavefront. A

genetic algorithm controls a deformable mirror that reconfigures the wavefront using the microwave

waveform amplitude as feedback. Optimization runs performed as a function of air pressure show

that the genetic algorithm can double the microwave field strength relative to when the mirror

surface is flat. An increase in the volume and brightness of the plasma fluorescence accompanies

the increase in microwave radiation, implying an improvement in the laser beam intensity profile

through the filamentation region due to the optimized wavefront.
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I. INTRODUCTION

In laser filamentation, a nonlinear process that balances Kerr self-focusing with plasma

defocusing and diffraction [1, 2], small spatial and temporal fluctuations in the laser field

precipitate a large range of different behaviors in its propagation [3–9]. This has led to

broad investigation of filamentation control schemes spanning over a decade of research.

Possible control approaches have leveraged all aspects of the laser field, including shaping

the transverse beam profiles with amplitude [10, 11] and phase masks [12–15], and coherent

synthesis of fields in the temporal and spectral domains [16–18]. The idea is that with

sufficient study, it is possible that correct manipulation of the initial laser pulse will enable

robust engineering of individual filaments, or arrays of multiple filaments that might even be

controlled in real time in order to optimize a given laser-matter interaction. The impression

arises from this body of work that a given control scheme is suited to a single purpose or

application, and that a universal method for filament control has yet to emerge.

One strategy for attempting filament control that has shown promise in multiple appli-

cations is to use an adaptive optical element with may degrees of freedom, such as a spatial

light modulator (SLM) [19] or deformable mirror (DM) [20] to precisely structure the initial

wavefronts (the transverse spatial phase) of the pulses at the output aperture of the laser.

SLMs can be undesirable for use with high intensity ultrashort pulses owing to low damage

thresholds, however they typically have a larger number of pixels than DMs have actua-

tors, which affords a significantly finer degree of control over the spatial phase. Given the

large parameter space available to adaptive optical elements, the challenge becomes iden-

tifying the correct wavefront that achieves the desired outcome. Indeed prior studies have

reduced this parameter space by imposing selected modes on the wavefronts and grouping

DM actuators [21, 22] or SLM pixels [23] together based on predictions of the outcome.

One way to avoid the reduction and use all the available degrees of freedom is to borrow

techniques from machine learning to perform a heuristic search, instead of one that is inher-

ently based on first principles. This approach has enabled optimization of filamentation and

filament interactions in several scenarios [24–28], and also other high intensity laser-matter

interactions such as laser wakefield acceleration of electrons [29–31].

We use a DM controlled by a genetic algorithm (GA) to impose iteratively refined dis-

tortions to the spatial phase of the laser pulses that optimize the generation of broadband
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microwave radiation from the plasma generated in the filament wake. A GA is a common

machine learning tool that executes many repetitive semi-random searches to converge to a

solution using biologically inspired operators [32]. GAs can be useful tools when perform-

ing an optimization over a large parameter space in which the correspondence between the

attributes of the input and their effect on the output cannot be easily predicted.

We measure the peak amplitude of voltage waveforms from radiation received in the far

field, and feed that amplitude value back to the GA to perform the optimization. The mi-

crowave radiation arises from the residual energy of the electrons imparted by the ionizing

laser field [33, 34]. As the laser pulse filaments and produces a plasma column, the hottest

electrons in the electron energy distribution located at the surface of the column thermally

expand beyond the plasma boundary producing a transient radial electric field. As the pulse

propagates, the previously ionized electrons will have expanded to a greater radial extent

than the newly ionized electrons, creating a net charge distribution with a conical profile.

The longitudinal asymmetry of the cone stimulates a surface current along the plasma col-

umn initiated coherently behind the laser pulse. The current builds up an electromagnetic

field as it traverses the plasma, which detaches when the plasma terminates, and radiates

as a radially polarized broadband electromagnetic pulse. This mechanism is distinct from

that which produces terahertz radiation in filament plasmas [35, 36].

Collisions between the electrons and heavy neutral species impede their conical expansion,

which ultimately regulates the longitudinal current producing the radiation. We can vary

the baseline amount of microwave radiation by reducing the air pressure. A strong inverse

relationship between the microwave yield and air pressure has been documented before [37,

38], and in these experiments we observe that the efficacy of the GA optimization itself

depends on the air pressure. The work originated out of the desire to fully characterize the

radiation in the RF and microwave frequency regime to better understand the laser-plasma

interaction. We see utility in the RF as a tool to analyze the generated plasma. As well as

using the emitted RF for broadband single shot microwave spectroscopy.

It is not guaranteed that the shape of the wavefront can significantly influence the mi-

crowave radiation caused by the laser pulses. While small wavefront changes applied by the

mirror may be amplified by the nonlinear propagation, there are several sequential physical

processes (nonlinear propagation, ionization of the air, and formation of plasma currents)

that must occur for the wavefront manipulation to translate to changes in the microwave
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yield. Strong field ionization depends on the instantaneous value of the laser electric field,

so reshaping the wavefront can effect a degree of change in the size and properties of the

plasma. This is how we expect the deformable mirror can optimize the microwave yield.

We observe that the GA is able to find DM configurations that enhance the electric field

strength of the microwave radiation by up to a factor of 2 over the frequency range of the

measurements.

The increase in the electric field due to the GA is uniform across the frequency range

of our receiver, and is insensitive to the receiver position during the optimization. This is

unusual only because the spatial emission pattern of the microwaves is conical in shape, and

spectrally stratified, with higher frequency components predominantly radiated near to the

laser axis [37]. Even though the microwave enhancement is repeatable, we find that the GA

does not converge to the same mirror shape for each case of air pressure or receiver position

we test, although it is possible that there are some similarities among the collection of mirror

shapes. Finally, images of the plasma fluorescence and the laser intensity profile before and

after the optimizations imply that the GA improves the beam mode content, since larger

and more intensely fluorescing plasmas and a more circular transverse intensity profile result

from optimizing the microwave yield.

II. EXPERIMENTAL METHODS

A. Laser System and Optical Setup

The experimental setup, shown in Fig. 1 is similar to that of Refs. [24, 37, 38]. We used

the λ3 laser [39] in the Center for Ultrafast Optical Science at the University of Michigan

for the experiments. It is a high average power Ti:sapphire system that delivers pulses at

λ = 800 nm with a FWHM pulse duration of about 35 fs. The pulse repetition rate is 480 Hz,

and the energy per pulse is held constant at 3.7±0.5 mJ (the average power is 1.8±0.2 W).

The peak power corresponds to about 10Pcr for 800 nm light in atmosphere. After reflecting

from the deformable mirror, a concave mirror focuses the pulses (f = 2 m, f-number is

f/40). The region where the plasma forms is contained inside a quartz gas cell capped with

thin windows. A diaphragm pump connected to the cell allows the pressure to vary from

atmosphere to 1 Torr. At lower pressures, the nonlinear contribution decreases and the
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pulse will not forgo filmenatioan, but rather non-linear propagation with plasma formation.

We expect that at pressures below 76 Torr no filamentation to occur. While reducing the

pressure, the pulse propagation will evolve from the multi-filament regime to single filament

to non-linear focusing and plasma formation close to the focal region. For simplicity of

writing we refer to filamention throughout this paper for all of the scenarios. Additionally,

we used a Stanford Computer Optics 4 Quik E intensified charged coupled device (ICCD)

camera with 16-bit dynamic range to record images of the plasma fluorescence and estimate

its length and width.

FIG. 1: (a)The experimental setup for the microwave optimization using a deformable mirror.

The pulse wavefront is modified by the deformable mirror before reflecting from the surface of the

focusing mirror. The microwaves generated by the laser plasma are collected by a 2-18 GHz horn

antenna and the waveforms are recorded using a 13 GHz oscilloscope. (b) A typical plot of the

FOM (the waveform amplitude Vpp) due to the 10 best mirror shapes in each iteration. (c) An

example of the actuator configuration and one case of the converged actuator deflections.

The DM used in the experiments is a Xinetics DM37PMNS4, whose actuators are low-

hysteresis piezoelectric stacks that are covered by a continuous metallic face sheet. The 37

actuators are arranged in a circular pattern, such as in Fig. 1(c), and the aperture of the

mirror is 47 mm. Each actuator has a maximum stroke of 5λ (4 µm at λ = 800 nm) with

resolution better than λ/100. The actuator deflection is proportional to voltages which are

controlled by the GA, and supplied using a multi-channel driver that allows for independent
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operation of each actuator. The response of the continuous mirror face to the push and

pull of the square-shaped actuators is particular to an individual DM. Further, there is a

small amount of mechanical coupling between adjacent actuators. In a traditional closed-

loop adaptive optics scheme, it is necessary to determine these responses by quantitatively

measuring what are called the influence functions of the actuators. The influence functions

are a set of wavefront measurements of a plane wave beam that has been modified by the

actuation of each individual DM element.

We do not need to know the influence functions to run our optimization since it is the

microwaves that provide feedback to a heuristic search (the GA) as opposed to measuring

an aberrated wavefront directly, and instructing the DM to take a shape that cancels the

aberrations. The latter is the traditional approach in adaptive optics, as it allows for rapid

compensation of the phase usually caused by perturbations from quickly varying atmospheric

turbulence, or static and time-dependent aberrations in microscopy and opthalmologic ap-

plications. The genetic algorithm on the other hand usually requires several minutes to

achieve convergence, but is highly flexible with respect to the quantity being optimized.

In the experiment the pulses propagate through several meters of air before reaching the

filamentation region. The evolution of the laser wavefronts will depend on nonlinear contri-

butions over that whole distance in addition to natural diffraction of the pulses. Additionally

the pulse propagates through a glass window at the beginning of the glass tube which also

affects the propagation. The non-linear phase gained through window contributes to the

change in phase front, but as discovered in our previous studies did not effect the emitted

RF. A consequence of nonlinear propagation over a long distance and the glass is that a

wavefront measurement at a given position cannot be traced backward an arbitrary amount.

This concept is called non-reciprocity [40], and it complicates the interpretation of the ex-

periment. The correspondence between the shape of the mirror and the resulting intensity

profile is inherently more complex than what occurs in the linear propagation regime. Thus,

absent from our measurements are phase profiles recorded in close proximity to the DM or

the filamentation region with, for example, a Shack-Hartmann sensor. The pulses would

need to be attenuated in order to experimentally measure their wavefront, eliminating its

nonlinear contribution. This is the reason that the results described here do not make direct

attempts to explain how the shape of the DM corresponds to the optimizations we observe

and how the change in beam profile affects the plasma formation. Methods for measuring
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the wavefront of a filament are currently under development [41]. Hence we focused on

observable plasma properties to study the optimization effect.

B. Genetic Algorithm Implementation

The first step before initializing the GA is to extend all the actuators away from their

positions in the unpowered state (30 V are applied to all actuators out of a maximum 100

V). The DM face is reasonably flat when zero voltage is applied to the actuators [42]. Since

the driver only supplies positive voltages resulting in actuator displacement outward from

the mirror surface, initializing the GA in the vicinity of zero applied voltage might bias its

search toward convex mirror shapes.

In order to use a GA, the solution space must be defined in terms of a chosen genetic

representation (or basis set). We use the set of 37 independent actuator voltages as the

genetic representation of the problem, as this is straightforward to implement. However,

other choices of the basis set are possible, for example the coefficients of Zernike polynomials

up to a chosen order. If the driver supply for the mirror is capable of K voltage increments

between zero and maximum actuator deflection, then our solution space consists of K37

possibilities for the mirror shape.

The first GA iteration begins by randomly generating 100 mirror shapes for the initial

population. Each mirror shape constitutes a unique individual within the population, and

every individuals fitness is scored using a figure of merit (FOM). At the end of each itera-

tion, the 10 individuals with the largest FOMs are advanced to the next iteration and their

attributes are crossed over to create the remaining candidates for the next iteration of 100

mirror shapes. If the chosen FOM is valid, then the population evolves toward convergence

due to inheritance of optimal actuator positions between iterations. The GA also uses a

mutation operator that randomly select actuators and changes their deflection. This accom-

plishes a broader sampling of the parameter space, with the goal of avoiding convergence

to local instead of global extrema. The results presented here use a mutation probability

of 20%. This determines both the likelihood of a mutation occurring, and the amplitude of

the maximum possible change in the mutated actuators deflection.

The definition of convergence for a GA is usually not rigorous unless the solution is known

beforehand. It is common practice to allow the algorithm to run for a set maximum number
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of iterations, or to monitor the FOMs as the iterations advance, and declare convergence

when the change between iterations becomes small [43]. We use the latter approach to

determine convergence. The algorithm stops after the values of the FOMs of the best

individuals become relatively steady for several iterations. An example of how the FOM

converges is given in Fig. 1(b), which tracks the FOMs of the 10 best individuals from each

iteration.

C. Microwave Measurements

The microwave receiver is a broadband horn antenna that has 2-18 GHz bandwidth

(American Electronics Laboratories H-1498) connected by a coaxial cable to a 13 GHz

oscilloscope (Agilent DSOX91304A). The oscilloscope directly digitizes the voltage waveform

that the microwave field induces at the coaxial cable’s terminal. The total measurement

bandwidth is limited by the oscilloscope on the high frequency side, and the antenna cutoff on

the low frequency side, giving an operating frequency range of 2-13 GHz for the experiments.

The position of the antenna aperture is a distance of about 1.1 meters from the termination of

the plasma. The beam path is elevated about 0.5 meters above the surface of the optical table

to provide distance between the plasma and any surfaces that could reflect the radiation.

Microwave absorbing foam is placed on the optical breadboard to damp reflections from its

surface.

The oscilloscope quickly measures the waveform peak-to-peak voltage, Vpp, for feedback to

the GA, which we define to constitute optimization of the microwave yield in this experiment.

The FOM may explicitly be written as,

FOM = Vpp = |v(t)max − v(t)min|, (1)

where v(t) is the voltage waveform trace that the oscilloscope records. We use Vpp as metric

for the microwave yield because for the broadband microwave pulses we are measuring

it occurs in the time domain when a large portion of the pulses’ frequency components

constructively interfere. However, our method is easily adapted to optimize other waveform

properties (such as duration, rise time, area under the curve, etc.) or spectral measurements

of the microwaves.

After an optimization run is complete the same microwave receiver measures an angular
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map of the microwave radiation, in addition to a map resulting from a flat DM (actuator

voltages set to zero) at each value of air pressure. The purpose of this is to determine if

the wavefronts that give the optimal microwave yield alter the laser pulses in the same way

at each pressure, or if the optimization itself exhibits dependence on the air pressure. The

angle between the horn and the laser propagation axis is denoted in Fig. 1 as θ, where

θ = 0◦ is along the laser propagation direction. The microwaves are measured in increments

of 5◦ over an angular range of θ = 5◦ − 55◦. Vpp peaks at an angular position of about

θ ∼ 25◦− 30◦. Therefore the base test case is to run the GA with the horn at θ = 25◦. This

is an arbitrary choice, so optimizations at additional angles (θ = 5◦ and θ = 50◦) are tested

when the pressure is 1 Torr, 10 Torr, and 100 Torr along with the base case to determine if

the antenna angular position influences the optimization.

III. RESULTS

In order to describe the effect of the GA optimization on the microwave yield, we report

measurements of Vpp, absolutely calibrated spectra of the electric field, and also the raw

waveforms from which the latter two quantities are calculated.

Figure 2 summarizes the outcome of the GA optimizations as a function of air pressure.

The GA is able to increase Vpp beyond what occurs when the DM is flat, as shown in Fig. 2(a).

Although its ability to do so is pressure dependent, with a very small increase at atmospheric

pressure, to a doubling of Vpp below 10 Torr. Figure 2(b) shows the amount increase as a

function of air pressure, given by the ratios of the data points of Fig. 2(a). The cause of the

inverse relationship between Vpp and pressure in Fig. 2(a) is the reduction in the electron-

neutral collision rate. Electron-neutral collisions inhibit the conical electron expansion from

the plasma surface. The rate is proportional to pressure, and as it diminishes the current

carried by the radial excursion of electrons at the plasma column surface increases, and

therefore the longitudinal current that radiates also increases. At some point with decreasing

pressure, the magnitude of the longitudinal current has to start dropping again as the density

of available charge carriers goes to zero, and we see that roll over starting to take place at

2 Torr in Fig. 2(a) for both cases of a flat and optimized DM.

The pressure dependence of the outcome of the optimization (Fig. 2(b)) could be the

result of a few possible circumstances. First, the signal to noise ratio (SNR) of the microwave
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FIG. 2: (a) Waveform peak-to-peak voltage, Vpp, versus air pressure when the mirror is flat (blue

circles), and when it is optimized (purple diamonds) based on an antenna position of θ = 25◦. (b)

The increase in the signal amplitude due to the optimization as a function of pressure using the

data in panel (a). (c) Heat map of the converged actuator voltages for the optimized mirror shapes

for each case of air pressure. Each row of 37 actuator voltages determines the mirror shape for the

pressures listed along the ordinate axis. The mirror initial condition is all actuator voltages set to

30 V.

signal near atmospheric pressure is small. The voltage amplitude corresponding to the noise

floor of the oscilloscope is approximately 5 mV (including noise internal to the oscilloscope

and any continuous sources of environmental microwave background) while for this case Vpp

is at most about 10 mV. As the GA performs its search at 500 Torr, it is possible that

many of the mirror shapes result in microwave radiation that falls below the noise floor,

and the value of Vpp that gets fed back is simply what the oscilloscope measures for the

noise floor. Therefore that we can conclude that the efficacy of the GA depends to some

degree on the initial signal level, that is, we cannot expect the GA to turn noise into a

signal. Second, it is possible that the pressure dependence of the amount of increase in Vpp

due to the GA is physical. Intensity clamping inherent to filamentation persists to some
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degree even at reduced air pressure with externally focused pulses [44], so the increase in

efficacy of the optimization is likely not because the GA is able to greatly enhance the

peak intensity at low air pressure any more than it would at higher pressures. Instead the

pressure dependence exhibited in Fig. 2(b) may relate to changes in the spatial distribution

of plasma that favor radiation at low air pressure. The transition from the possible multi-

filament regime at atmospheric pressure to single filament regime at lower pressure may

play a role on the microwave emission and the subsequent optimization. We are not able to

determine the exact filament placement within the beam profile in this work and how the

algorithm changes the pattern. From [24], a similar method demonstrate full control of the

filament placement within the beam profile in the single and multi-filament case. Single and

multiple filaments can be placed at user-defined areas of the beam in that case. Due to the

setup limitation posed by the pressure tube presented in this work, we can not make any

statements on how the filament structure affects the microwave emission. We believe that

the main reason for minimal optimization at atmospheric pressure is the low signal to noise

ratio which poses a challenge for the algorithm to find a good maximum. Additionally the

plasma density is believed to be 16 times higher in the focal region [45] where all filaments

join to a single so-called superfilament. That region very likely dominates the contribution

to the microwave emission. But more research is necessary to investigate the different spatial

scenarios and is subject to future work.

The pressure dependence exhibited in Fig. 2(b) leads immediately to the question of

what the DM did to the laser pulse wavefronts to produce the increase in microwave yield.

While it might seem like wavefront measurements immediately after the DM would directly

address the question, we do not believe that it would be possible to immediately link the

optimized wavefront shapes to the microwave yield at this time. To our knowledge, there is

no existing study that systematically addresses the relationship between general laser beam

aberrations and plasma generation in the filamentation regime. Given the issues of non-

reciprocal propagation and nonlinearity involved (not just the Kerr effect, but also strong

field ionization) such a study would itself be a nontrivial undertaking.

Instead, we can address if there are similarities between the optimized mirror shapes

for the various different test cases. To this end, Fig. 2(c) shows the values of the actuator

voltages corresponding to the optimized mirror shapes for each value of air pressure. If the

GA converged to the same mirror shape for every test case, the vertical bars corresponding
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to each actuator in Fig. 2(c) would have uniform color. Qualitatively it is possible that

there are some similarities. With few exceptions, the actuator numbering also indicates

their physical proximity on the mirror face. It appears as though high and low values of

voltage often occur among adjacent actuators. Further, we can see that the mirror shape

for the 500 Torr case differs little from the initial condition of 30 V applied to all actuators,

which explains why there is no significant change in Vpp in that instance.

Ideally we would measure the intensity and beam profile in the focal region for all the

different cases. Within a single filament, the intensity is believed to be limited to the

clamping intensity of 4.5×1013Wcm2 [46, 47]. Where as in the focal region and atmospheric

pressure a super filament forms with intensities 1.4 times of the initial value [45]. At lower

pressures, where filamentatio does not occure, the intesnisty is harder to determine. The

glass window at the tube and the vacuum environment exit makes it difficult to image

the focal spot since the non-linearity in the glass will affect the beam profile. A more

sophisticated experiment is needed to answer the question of how the beam profile and the

intensity in the focal region affects the plasma formation in our case. As upper bound we

can estimate the peak intensity by using standard gaussian optics assumption, which should

be not greater than 1.3 × 1015Wcm2. Plasma formation and its defocusing effect reduces

the peak intensity very likely to intensities in the order of 1014Wcm2 . Also we were not

able to acquire an adequate beam profile to determine hot spots inside the beam at the

output of the laser. The lack of being able to adequate analyse the beam profile makes this

work hard to compare to our other effort presented in reference [24] .That study focused on

the placement and control of the filaments within the initial beam profile which is heavily

dependent on the beam profile itself.

In Fig. 3 we show based on the angular pattern of Vpp and absolutely calibrated spectral-

angular maps of the microwave field that the GA indeed increases the total yield of the

radiation, and that the angular position of the antenna when the optimization is performed

has little effect on the resulting spatial or spectral characteristics.

Figures 3(a)-(c) compare the angular emission pattern based on Vpp when the DM is

flat versus the optimized case with an antenna position of θ = 25◦. The microwaves are

forward directed, and in general the angular maximum in the operating frequency range of

the receiver occurs at about θ = 25◦ − 35◦. Figures 3(a)-(c) show that the factor of ∼ 2

increase in the microwave yield demonstrated in Fig. 2 is typical across the angular emission

12

Approved for Public Release: Distribution Unlimited.



pattern. The optimization therefore achieves an increase in the total conversion efficiency

of laser energy to microwave radiation.

One might expect that the optimization would increase the yield along the angular po-

sition of the antenna at the expense of radiation emitted in other directions, and therefore

that the total radiated power is not changed by the GA. Figure 3 shows that this does not

happen. Similar increases in the microwave yield appear to occur regardless of the angular

position chosen for the antenna during the optimizations. Figures 3(d)-(f) compare emission

patterns measured when the GA has been run with the antenna at θ = 5◦, θ = 25◦, and

θ = 50◦. It is possible that the optimizations at θ = 25◦ slightly outperform the others, but

not beyond the ∼ 15% uncertainty in Vpp due to shot-to-shot fluctuations of the laser pulse

energy.

While Vpp is a convenient metric of the microwave fields in the time domain, it does not

rigorously describe their true amplitude and phase because of distortion (attenuation and

dispersion) caused by the receiver. We are able to calculate the absolute electric field spectra

in free space present at the antenna aperture using calibration data we measured for the

receiver, and the Fourier transform of the voltage waveforms that it records. We construct

angularly resolved maps of the spectra, and in Figs. 3(g)-(i) show that the indifference

of the microwave generation to the angular position of the antenna implied by the Vpp

measurements in Figs. 3(d)-(f) is a real outcome supported by detailed characteristics of

the radiation. A description of the procedure used to calculate the calibrated electric field

spectra may be found in the Appendix.

In summary, while we arbitrarily chose to position the antenna at a particular angle

of θ = 25◦ in order to perform the optimizations, the microwave radiation is ultimately

insensitive to this choice. Further, the GA causes an increase in the total microwave yield

as opposed to merely increasing the amplitude of radiation emitted in the direction of the

antenna aperture.

Figure 4 shows that the effect of the optimizations on the microwave waveforms is to

only increase their amplitude. There is no significant difference between the shapes of

the waveforms when the mirror is flat versus optimized, that is, the temporal phase of the

microwave pulses is apparently unaltered. Figure 4(a) gives examples of waveforms recorded

at a fixed pressure of 2 Torr, but at different antenna positions, and Fig. 4(b) shows them

at a fixed angle of θ = 25◦ but variable pressure. The waveforms have been shifted in
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FIG. 3: Angular emission pattern of the microwaves in the time and frequency domains. Panels

(a)-(c) compare the patterns found at 1 Torr, 10 Torr, and 100 Torr when the mirror is flat,

versus when the microwaves are optimized with the antenna at θ = 25◦. Comparison of the same

pressure range is shown in panels (d)-(f) for different optimization cases: when the antenna is at

θ = 5◦ (orange triangles), θ = 25◦ (purple diamonds), and θ = 50◦ (green squares). The arrows

in between the first and second row of panels indicate the laser propagation direction. (g)-(i)

Absolutely calibrated spectral-angular maps of the microwave electric field corresponding to the

cases of antenna position during optimizations performed at 1 Torr, i.e. the three cases of Opt. θ

shown in panel (d).

time to align their features so that the shape comparison is clear. While the increase in

waveform amplitude was already indicated in Figs. 2 and 3 by Vpp, the fact that the DM

optimization causes no concomitant modification to the temporal phase over the ranges of

pressure and angular position is interesting. This means that the wavefront manipulation
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results in a greater current flowing in the plasma, or more efficient conversion of the current

to radiation, but that the time evolution (subject to the frequency limits of our receiver) of

the source currents is insensitive to the wavefront shape.

FIG. 4: (a) The first column of waveforms compares the optimized and flat cases as a function of

emission angle at a fixed pressure of 2 Torr. (b) The second column also compares the optimized

and flat cases, but as a function of air pressure. The waveforms in (b) are recorded at a fixed

angular position of θ = 25◦.

Some notable characteristics present in the waveforms of Fig. 4 have been documented

before. We briefly acknowledge them here for the sake of experimental reproducibility. The

tendency of high frequency components of the field to radiate near the laser axis (θ → 0◦)

and the relative increase in the amplitude of low frequency components with decreasing air

pressure were noted in Refs. [33, 37, 38]. In this experiment, the time variations of the

waveform become slower in Fig. 4(a) as θ increases from 5◦ to 40◦. In Fig. 4(b), as the

pressure drops from 50 Torr to 2 Torr, the duration of the main cycle of the pulse increases
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from about 400 ps to about 600 ps, and additional low-frequency field cycles appear after

t = 1.0 ns. The temporal shape of the signal correlates the RF rise time and fall times

to the plasma temperature. Hydrodynamic modeling would allow for the determination of

such temperature. However dispersion in the RF and microwave equipment, such as the

cable and the antenna, is not well known in our experiment and no easy scaling law can be

applied to correlate the measured signal to the detection system rise and fall times.

The temporal, spectral, and spatial data we present for the microwaves as a function of

air pressure shows that the GA is able to optimize the laser wavefront to increase the total

power of the radiation. It is interesting that the efficacy of the optimization depends on

air pressure, and that the increase in conversion efficiency of the microwaves occurs without

modifying aspects of the microwaves other than their amplitude.

IV. DISCUSSION

We have shown that the GA optimization of the microwave generation is possible. We

increase the microwave yield by 2x in the best case. This is vastly different than the 6x

increase of THz yield in a experiment using two color filamentation. We contribute the

difference to the different in mechanisms. Broadband THz spectra generated by the two

color plasma generation, as demonstrated in reference [28] have multiple origins depending

on their frequency range. In the low frequency region (1 THz to 5 THz), the free-electron

photocurrent is the major contribution to THz radiation. As the frequency increases beyond

5 THz, the Kerr nonlinear response of the neutral molecules, which is related to four wave

mixing, dominates. In those two color experiment, it is believed that adaptive control of

the wavefront improves and manipulates the phase of both the fundamental and the second

harmonic fields, leading to the significant enhancement in the THz radiation. Where as

in our experiment we only use a single color process for RF and microwave. We believe

surface waves propagate along the filament plasma and detach at its end which results in

an RF pulse emitted [28, 33]. The process is dominated by the electron-neutral collisions

and the plasma expansion and we expected only a small increase in microwave energy by

manipulate the wavefront of the laser. We achieve a much larger increase by simply reducing

the pressure of the propagating gas which reduces the electron-neutral collision frequency.

The nature of the optimization can be understood by employing a similarity measure
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FIG. 5: Correlation map of the cosine similarity between the converged actuator positions of each

of the test cases. We have abbreviated the units Torr as ’T’. The color scale and box size indicate

the value of cos(φ), where larger and darker boxes indicate a greater degree of similarity. The

diagonal represents the degenerate instances where each vector of actuator voltages is compared

to itself.

among the mirror shapes for the test cases. In Fig. 5 we calculate the cosine similarity

based on the actuator voltages for all the cases of air pressure and antenna position during

optimization shown and present them in the form of a correlation map. Cosine similarity is

a common tool used in applications of machine learning such as natural language processing

and computer vision to assess differences between objects with many degrees of freedom, for

example pixels in a digital image, and reduce the degree of similarity to a single number. If

we consider the 37 actuator voltages to each be components of a vector, then the cosine of

the angle between two sets of actuator voltages (u and v) is given by

cosφ =

∑37
i=1 uivi√∑37

i=1 u
2
i

√∑37
i=1 v

2
i

, (2)

where cosφ = 1 indicates the maximum similarity, and cosφ = 0 indicates complete dis-

similarity (the vectors are orthogonal). To compute cosφ, we first subtract 30 V from all
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the values of actuator voltage, which re-centers the vectors about a meaningful origin, since

the initial condition of the GA is to drive all actuators at 30 V. The result is a significant

amount of variation in cosφ that does not appear to have trends with air pressure, or exhibit

clustering among cases of constant pressure but a difference in the position of the antenna

during the optimization. If there were clear trends of cosφ with pressure, we would expect

to see larger values near the diagonal, and small values in the off-diagonal portions of the

correlation map. For the 500 Torr case, the lack of actuator modulation shown in Fig. 2(c)

means that there is negligible similarity with the other test cases. One implicit assumption

in using cosφ in this manner is that each degree of freedom is completely independent of

the others. Given the small amount of mechanical coupling between adjacent actuators we

know that such independence is a low-order approximation. Therefore, cosφ in this instance

should be regarded only as a semi-quantitative similarity measure of the optimized mirror

shapes.

However what we can say by considering Fig. 2(c) along with Fig. 5, given that outcome

of the GA optimization is highly repeatable (a similar increase in Vpp is achieved for many

different test cases) is that the shape of the solution space for the particular optimization

we have sought appears to be relatively flat in the vicinity of the extremum (or extrema)

to which the GA converges. Put another way, it is not necessary to always find the precise

mirror shape out of all the possibilities in order to achieve the results we have measured.

A similar observation was made in Ref. [28] for the optimization of THz generation from

single and two-color laser pulses, where the THz field strength was found to be reproducible

even if the exact mirror shape differed among test cases. The relative insensitivity of the

microwave and THz enhancement to the exact mirror shape may be caused by the external

focusing applied to the pulses (f/40 here, and f/15 in Ref. [28]) because the focusing optics

impart a significant amount of focusing curvature to the wavefronts, upon which the DM

manipulation could be merely a small perturbation.

The plasma generation in the filament wake appears to be similarly repeatable in spite of

the differences in the optimized mirror shapes. Fig. 6 shows the plasma fluorescence observed

with the ICCD camera at each pressure, and compares the plasma produced by each flat

and optimized case. In the images, the laser propagates from right to left. The optimized

mirror shapes generally produce longer and brighter regions of plasma fluorescence which

correlates with an increase in microwave signal. A similar effect is observed by just reducing
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FIG. 6: Comparison of images of the filament plasma fluorescence when the mirror is flat (left

column) versus optimized with the antenna at θ = 25◦ (right column). The direction of laser

propagation is right to left. A length scale is given in at the top of the left column. The typical

length of the plasma fluorescence with the DM flattened is about 4 cm.

the pressure where the fluorescence is increase at lower pressure. The plasma also appears

to be wider in the direction transverse to the laser propagation at the lowest values of air

pressure. Interestingly, this is in contrast to the results of the THz optimization for which

the plasma was also elongated, but whose fluorescence was significantly dimmer than when

the DM was flat [28]. The increase in the volume of fluorescing plasma indicates that the

total energy of the electron population is greater (either because there is more ionization, a

greater proportion of electrons have sufficient energy for impact excitation of heavy species,

or both) which points to an increase in the laser intensity through the focal region due to

the optimizations. We note for the case of 500 Torr, where Fig. 2(b) shows no improvement

by the GA, and the actuator voltages in Fig. 2(c) indicate that the mirror shape does not

change significantly, the plasma fluorescence also shows little difference for the flat versus

optimized cases. The optimized mirror shapes appear to perturb the focus imposed by the

concave mirror randomly as a function of pressure. Along with the small-scale fluctuations in

the shape of the plasma, these factors likely cause the small variations in microwave angular
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distribution observed among the optimization cases in Fig. 3. The increase in brightness and

volume of the plasma fluorescence are the repeatable characteristics among the optimized

test cases. Investigating the plasma radius and the plasma length individually is difficult

since they are inherently coupled. One cannot simply change the focusing conditions a

change in only one parameter. Particular the dependence on the plasma radius and the f-

number is expected to by non-linear and cannot easily scaled. We have already demonstrated

that length does have an effect on the microwave emitted [48]. More work is required to

have a definitive answer on how the radius effects the microwave emission.

Estimates of the plasma size extracted from the images in Fig. 6 are given in Fig. 7.

It is not accurate to say that the size of the plasma is the same as the size of the region

that produces fluorescence [49]. However, we make the assumption that the size of the

fluorescence correlates to the true size of the plasma. Figure 7 also shows intensity profiles

of the fluorescence calculated by integrating in the longitudinal and transverse dimensions

of the images. Each profile in Figs. 7(a)-(d) is an average of 10 profiles from repetitive

images of the plasma. The camera was mounted at a slight angle to the direction normal

to propagation. This rotation is removed before integrating the images so that the longer

plasmas do not appear to be fictitiously wider.

In Fig. 7(a) when the mirror is flat, the plasma appears to have two longitudinally sep-

arated regions of fluorescence, with the brighter of the two toward the termination of the

filament region. The two fluorescing regions might indicate the presence of astigmatism in

the focus. The effect of the mirror optimization as seen in Fig. 7(b) is either to eliminate

the separation between the high brightness regions in the plasma, or to shift the brighter

one closer to the beginning of the filament region. The examples shown at 2 Torr, 20 Torr,

and 200 Torr are representative of the length profiles at all the cases shown in Fig. 6. The

implication of the shape change of the fluorescence profile, and the increase in brightness

may be that the DM removes aberrations from the wavefronts, for example opposing the

astigmatism that could exist when the DM is flat. However careful characterization of the

laser pulses uprange and downrange of the DM both with and without the optimized mirror

shape, along with propagation simulations, would be needed to confirm such an effect.

The increase in magnitude of the fluorescence profiles between Fig. 7(c) and Fig. 7(d)

reflects both the brightness and length of the plasmas due to the integration in the lon-

gitudinal dimension. Comparing the peak values of the profiles shows about a factor of 2
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FIG. 7: Intensity profile of the plasma fluorescence in the longitudinal direction found by integrating

in the transverse dimension when the DM is (a) flat versus (b) optimized. The arrows indicate the

direction of laser propagation. The transverse intensity profiles for the (c) flat and (d) optimized

mirror shapes are calculated by integrating along the longitudinal dimension. (e) Length and (f)

width of the plasma fluorescence as a function of air pressure, comparing the flat (blue circles) to

optimized (orange squares) cases.

increase between the flat and optimized cases, which agrees with the increase measured for

Vpp. Other experiments performed in the same frequency range, and a similar focal geom-

etry (but no DM) have shown that the field strength of the microwaves has a complicated

dependence on the peak intensity of the input pulses, since it determines the maximum of

the electron energy distribution in addition to the spatial dimensions of the plasma [48].

In particular, the plasma length influences the microwave field strength because the field

constructively interferes along the plasma as the laser pulse propagates, so longer plasmas

result in greater coherent buildup of the microwaves.

Figures 7(e)-(f) shows the length and width of the fluorescence as a function of pressure,

based on the 1/e2 threshold of the longitudinal and transverse profiles, respectively. The

plasma becomes shorter at low pressure if the DM is flat. The nonlinear response of the

air decreases with pressure, and the contribution of self-focusing to the pulse propagation
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diminishes causing the plasma generation to take place closer to the Rayleigh range of the

concave mirror and filamentation is not occurring at pressures below 76 Torr. With the

DM flat, the width given in Fig. 7(f) appears to be roughly constant with air pressure.

Figures 7(e) and (f) show that the optimization generally increases the length and width of

the plasma.

It is important to note some systematic biases in the profiles of the plasma width in

Figs. 7(c)-(d) which affect the numerical values reported in Fig. 7(f). The first is that the

images are composed to fit the whole plasma at once, so the resolution in the transverse

direction is low. The second is that the curvature of the gas cell (quartz tube) is in the

direction of the transverse dimension which gives the plasma images a small cylindrical

distortion, whose effect is likely a slight magnification of the width. However, the relative

differences in the width and brightness of the plasma are real, and the absolute numerical

values of the width of the plasma fluorescence are not consequential to our conclusions.

As mentioned above the decoupling of radius and and length is a non-trivial task. We are

currently working on experiments that address the contribution of the radius to further the

understanding.

An increase in the laser intensity implied by the plasma fluorescence may also be inferred

from apparent changes in the beam mode due to the GA optimization. Figure 8 shows

examples of the beam mode of the laser before and after optimizing the microwave yield.

The object plane is located at the termination of the laser plasma when the when the DM

is flat. The mode content of the beam with the flat DM in Fig. 8(a) includes significant

aberrations, as the image has a starburst shape with bright tails extending far from the

center of the beam. These features are not present in Fig. 8(b). The optimization of the

microwave yield causes the beam to have a more circular shape. The optimized intensity

increase could result in a substantial increase in plasma density. The highly non-linear

nature of the multi-photon ionization (∝ In, where n is the number of photons) could result

in a 2x increase. However, the exact link of microwave emission to the density is not quite

established and subject to ongoing research. The same is true for electron temperature and

how it effects the amplitude of wave on the surface of the plasma. We can for certain say

that the electron-neutral collision frequency dominates as demonstrated by reducing the gas

pressure [33, 37].

The images demonstrate that the microwave yield is connected to the transverse shape
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FIG. 8: Images of the beam mode at the filament termination when the air pressure is 2 Torr

(a) before optimization and (b) after optimization. For this particular case, images of the plasma

fluorescence in Fig. 6 indicate that the end of the plasma does not shift longitudinal position

significantly due to the optimization.

of the laser pulses, but the detailed nature of the dependence must be left to future inves-

tigations. This is because the far field beam profiles in Fig. 8 may not simply be magnified

images of the true intensity profile that exists at the termination of the laser plasma. The

laser energy deposition in the filament plasma is at most 10% [6, 50] so sufficient power

remains in the pulse after ionizing the air for it to propagate nonlinearly in the air outside

the gas cell, and especially in its thin exit window. Unfortunately, the general shape of

the beam is the only usable information, and only in the most topical sense. The issue

could be resolved in by taking a weak surface reflection from a glass wedge placed near the

termination of the filamentation region. However, this cannot be practically implemented

inside the gas cell. A re-designed gas cell that incorporates a wedge and a thin vacuum win-

dow to transmit reflections that reliably capture the intensity profile will be used in future

experiments.

V. CONCLUSION

The experiment demonstrates that wavefront manipulations controlled by a GA are a

versatile method for optimizing microwave radiation from filament plasmas. It would have

been difficult to manually identify and construct wavefronts that increase the microwave

yield, and it was not clear beforehand any increase in the radiation was possible via wavefront
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manipulation. Although the cost of the GA’s versatility is the ambiguous mapping between

a particular wavefront configuration and the results we have observed.

The temporal, spectral, and spatial characteristics of the waveforms demonstrate an

increase the total microwave yield, but the amount of increase itself is pressure dependent.

While a factor of two is achieved at the lowest pressures we tried, a smaller increase is seen at

higher pressures, and no improvement near atmospheric pressure. The pressure dependence

of the optimization’s efficacy either results from a tendency of the GA to perform better

when the initial signal levels are larger, or is related to the spatial distribution of plasma

resulting from the optimizations that allows for greater radiation at low air pressure.

Pinpointing the causes of the increase is difficult in part because of the nonlinearity of

the laser propagation and plasma generation, but also because we have observed that it is

possible to achieve a repeatable enhancement of the microwaves with mirror shapes that

may have some similarities, but clearly are not the same.

Images of the plasma fluorescence and far field beam profile before and after the opti-

mization provide a partial explanation. The optimized wavefronts increase the length and

the brightness of the plasma, and alter the beam mode leaving the filamentation region.

The increase in the plasma fluorescence is highly repeatable in spite of the differences in the

optimized mirror shapes. The optimization also appears to make the beam profile more cir-

cular than if the mirror is flattened. These imply an increase in the pulse intensity through

the filamentation region. This increase in intensity must occur slightly off axis, since the

peak intensity is still limited by intensity clamping. This agrees with the observed increase

in the volume of fluorescing plasma, and the pressure dependence of the GA’s efficacy.

This experiment suggests several possibilities for additional experiments and simulations.

In particular, the ambiguities that arise in this study (different mirror shapes cause the same

increase in microwave generation) call for systematic exploration of the effects of general

beam aberrations on the propagation of the filaments and the plasmas they generate.

Also, a similar experiment to this one could be performed to see if optimization of other

characteristics of the microwave field is possible. For example, given the invariance of the

temporal phase with the optimization in this experiment, is it possible to force changes in

the waveform shape by maximizing the microwave rise time, or selecting a subrange of the

receiver bandwidth to increase, while minimizing the other spectral content? The GA is a

convenient tool for prototyping experiments of this nature, even if an immediate physical
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connection between input and outcome is elusive.

Finally, our experiment could eventually find a practical application in high intensity

laser science. The increase in intensity resulting from optimizing the microwave yield may

provide a method for automatically finding the best laser focus. This would require further

study than what we have presented, including careful measurement of the laser focal spot

in vacuum, as well as wavefront characterizations. If a connection between the microwave

yield and the optimal focal intensity were established, it would provide a relatively straight-

forward way to correct the final focusing of intense ultrashort laser pulses without manual

realignment.
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Appendix: Electric Field Calibrations

The calibration procedure for the microwave spectra has two parts: measurement of

the antenna gain, and measurement of the frequency-dependent loss through the rest of

the receiver (the coaxial cable and the oscilloscope). The antenna gain is measured using

the two-antenna technique, and the loss is measured by connecting the coaxial cable to a
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broadband reference noise source. This allows us to present spectra in terms of the microwave

electric field in free space incident on the antenna aperture by using the definition of the

antenna factor.

E(f) =
V (f)

X(f)

√
4πη0

λ2ZLG(f)
. (A1)

The antenna factor is the ratio of the electric field E(f) to the voltage induced on the

antenna’s terminal E(f)/Vterm(f), and is given in Eq. A1 by the square root term, where

η0 = 377 Ω is the impedance of free space, λ is the microwave wavelength, ZL is the antenna

output impedance (here ZL = 50 Ω) and G(f) is its frequency-dependent gain. The voltage

present across the antenna terminal is given by Vterm(f) = V (f)/X(f), where V (f) is the

real part of the Fourier transform of the voltage waveform v(t), and X(f) is the frequency-

dependent loss measured for the coaxial cable and oscilloscope.
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N. Aközbek, and V. P. Kandidov, Physical Review A 70, 033802 (2004), URL https://

link.aps.org/doi/10.1103/PhysRevA.70.033802.

[6] D. Pushkarev, E. Mitina, D. Shipilo, N. Panov, D. Uryupina, A. Ushakov, R. Volkov, A. Karab-

utov, I. Babushkin, A. Demircan, et al., New Journal of Physics 21, 033027 (2019), URL

https://doi.org/10.1088%2F1367-2630%2Fab043f.

26

Approved for Public Release: Distribution Unlimited.



[7] F. Courvoisier, V. Boutou, J. Kasparian, E. Salmon, G. Méjean, J. Yu, and J.-P. Wolf, Appl.
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