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Generation of rf radiation by low-intensity laser pulse trains in air
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In this paper, we analyze and numerically simulate mechanisms for generating directed rf radiation by a
low-intensity laser pulse train (LPT) propagating in air. The LPT ionizes the air, forming a plasma filament. The
ionization process relies on the background level of radioactivity which plays an important role in initiating
a collisional ionization process. In our model a low-intensity LPT photoionizes background negative ions
(produced by ambient ionizing radiation) and provides the seed electrons necessary to initiate collisional
ionization. The intensity of the LPT is far below tunneling ionization levels. The ponderomotive forces associated
with the LPT and self-fields drive plasma oscillations predominately in the radial direction. The driven radial
electron currents in turn generate directed rf radiation. As the plasma density builds up on axis, the later
portion of the LPT can defocus and limit the interaction length. The spectrum of the rf radiation consists of
the fundamental frequency associated with the pulse separation time as well as harmonics. The rf generation
mechanism is analyzed using fluid equations which incorporate, among other things, the effects of background
radioactivity, photoionization, collisional ionization, ponderomotive and space-charge effects, and electron
attachment-recombination processes. As an example, for a specific set of parameters, the rf spectrum and

intensity are compared to experimental data.

DOI: 10.1103/PhysRevE.108.015203

I. INTRODUCTION

There has been a great deal of work done in recent decades
on the generation of plasma filaments in air by high-intensity,
ultrashort laser pulses [1-11]. In these studies, the laser pulse
duration was typically in the multifemtosecond to picosecond
regime and the intensities were high enough to induce tun-
neling ionization (10'® — 10" W/m?) in air. Recent work has
shown that multiple laser pulses can be generated and used
to generate extended plasma filaments [12,13]. For example,
30 laser pulses of duration ~30 fs, separated by ~0.5ns and
having a total energy of ~600mlJ, were used to generate
plasma filaments in air [14].

Laser-plasma filament interactions have been used to gen-
erate terahertz (THz) radiation. For example, THz radiation
has been produced by two-color laser pulses interacting in
ionized air [15,16].

The generation of radiation by the interaction of laser
pulses with plasma filaments is also of interest because of its
potential applications in remote sensing, communications, and
electronic countermeasures [15-20].

The present work focuses on the generation of radiofre-
quency (rf) radiation in air by low-intensity laser pulse
trains (LPT). The O; ions, which are generated by ambient
levels of ionizing radiation, play a major role in the initia-
tion of the plasma filaments. The negative ions are readily
photoionized by the low-intensity LPT. For example, O,
ions have a low ionization potential, i.e., 0.46 eV [21], and
are ionized by the low-intensity LPT. The photoionization
of the negative ions provides seed electrons for collisional
(avalanche) ionization to take place at relatively low laser
intensities [19,20].
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In this paper we analyze and numerically simulate a LPT
propagating and ionizing air by a combination of photo-
and collisional ionization processes. The ionized electrons
are acted on by ponderomotive and space-charge forces
and undergo oscillations predominately in the radial direc-
tion. The radial oscillating currents generate rf radiation.
As micropulses propagate through the plasma filament, pon-
deromotive forces drive the electrons radially outward and
space-charge forces tend to drive the electrons radially inward.
The radial oscillating current density generates rf radiation in
the forward and backward directions. The rf frequency spec-
trum is determined by the LPT repetition rate and micropulse
duration. The fractional linewidth scales as the inverse of
the number of micropulses in the LPT. For example, for a
micropulse separation time of 650 ps, the fundamental rf fre-
quency is 1.6 GHz. By varying the LPT repetition rate and
micropulse duration, the rf frequency spectrum can be varied
over a wide range.

We want to emphasize that this paper contains a number
of inter-related mechanisms to generate tunable directed rf
radiation using low-intensity laser pulse trains. Our proposed
method has the potential to generate directed and tunable rf in
the atmosphere at extended ranges. Preliminary experimental
studies support our proposed rf generation mechanism. Since
the rf wavelength can cover the entire global positioning sys-
tem (GPS) spectrum, this approach has potential applications
in electronic communications and countermeasures.

II. MODEL AND ANALYSIS

In our model the low-intensity LPT propagates in air and
initiates photoionization of the ambient negative molecular

©2023 American Physical Society
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FIG. 1. Schematic overview of LPT generating a plasma filament
in air by a combination of photoionization of background negative
ions and collisional ionization processes. Radial plasma currents in-
duced by ponderomotive LPT fields generate rf radiation in forward
and backward directions.

ions, e.g., O, ions. The photoionized electrons become the
seed electrons for collisional ionization, which becomes the
dominant ionization process after a few pulses of the LPT.
The effective ponderomotive field associated with the LPT
accelerates electrons radially outward, creating a radial space-
charge field and radial current density. The space-charge field
is created by the radial flow of electrons and the station-
ary positive ions. The space-charge field together with the
ponderomotive field drive radial electron oscillations having
a frequency related to the laser pulse separation time. The
electron current is primarily in the radial direction and the
rf radiation is directed primarily in the forward (backward)
directions with a fundamental frequency given by 1/7,,, where
T, is the micropulse separation time, as well as harmonics.
The LPT undergoes defocusing as the plasma filament devel-
ops. This defocusing limits further ionization and limits the
LPT-plasma interaction length. Figure 1 shows a schematic
overview of the process of generating a plasma filament in the
air through a combination of photoionization and collisional
ionization from the LPT. The LPT and plasma fields induce
currents that generate directed rf radiation.

A. Laser pulse train

The LPT interacts with the ionized plasma electrons in
the region from z =0 to z =L, where L is the length of
the plasma filament. The LPT intensity consists of multi-
ple, equally spaced micropulses. The micropulse intensity, in
cylindrical geometry, is

Ipulse(pv T)= Ipeak exXp (_ 2/)2/10(%) exp (_ 2’7"2/‘52)’ (D

where I, is the peak micropulse intensity, po is the spot
size, T =t—z/c, and 7, is the micropulse duration. The
energy in a single laser micropulse is given by Wy =
(77/2)3/210(% TLIpeak-

The LPT consists of N, >> 1 micropulses separated in time
by T, > 1. The Fourier series representation of the injected
probe pulse train is

Lpr(p,z,7) = Iyexp (— 2,02//75)

x [1 + " g cos (@n(t — rL/z))}nr),

n=1

2

LPT Intensity (W/m?) vs Time and Radius

FIG. 2. LPT intensity I pr Vs p/po and T = t—z/vs. Parameters
for this plot are [y = 4 x 10 W/m?, 7, = 100ps, T, = 0.65 ns,
po = 100 um, and N, = 15.

where Iy = /7 /2(t/Ty)lpeax, the Fourier intensity coef-
ficients are g, = 2exp[—(w,72/2)*/2], w, =27n/T,, n=
0,1,2,..., T(t) =0O(t) — ©(t—T), and O(t) is a Heav-
iside step function. The LPT has an axial electric field
which is neglected since its amplitude is down by the factor
Ao/ (2w py) <K 1. A typical plot of the LPT used in our simula-
tions is shown in Fig. 2, where the laser parameters are taken
from Table 1.

B. Ponderomotive forces

The plasma currents that drive the rf radiation are induced
by the ponderomotive forces associated with the LPT. The
electromagnetic ponderomotive effective electric field (non-
relativistic limit) is given by [22,23]

1
Epona(r, 1) = ‘%(EV(E : E)), 3)
0

where the terms on the right-hand side of Eq. (3) are aver-
aged over an optical period, I(r, t) = no|E(r, 1I?/27, is the
laser intensity, Zy = «/[to/€o is the vacuum impedance, ny =
cko/wp is the index of refraction, wy is the laser frequency,
ko is the wave number, m is the electron mass, and ¢ is the
electron charge. The effective field in Eq. (3), in terms of the

TABLE 1. Parameters used in simulations.

Parameter

Peak laser intensity, I 4 x 105 W/m?
LPT energy 150 mJ
Average LPT power 7.4 MW
Pulse length, 7, 100 ps
Pulse separation time, 7, 650 ps
Number of pulses, N, 25

LPT duration, T;pr 16 ns
Spot size, pg 100 um
Peak pulse power, Py 60 MW
Initial electron density, Ny 10° m—3
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laser intensity, is

qZo
7
mnow?

Epond(rs 1) =— ) VI(r,1). 4)
For the micropulse, with an intensity given by Eq. (1),

the transverse and longitudinal components of the effective

ponderomotive electric fields are, respectively,

Epond,p = Ep(p/po)exp (—2p%/p5) exp ( — 27%/17), (52)
Epond.c = Ep(po/vetr)(t/tr)exp (— 20%/p0])
X exp ( — 21:2/IL2), (5b)

where Ep = 2qZoleax /(mnowipo) and v = c/ny is the mi-
cropulse group velocity. For the parameters used in our
simulations, the radial ponderomotive field dominates the lon-
gitudinal field. The ratio between the two is Eyond, o/ Epond,z =
(vaT1/00)*(p/veT). In the parameter regime considered in
this paper, vgT 3> po, so that the radial ponderomotive force
dominates by a few orders of magnitude.

In the case of the LPT, with an intensity given in Eq. (2),
the transverse and longitudinal components of the effective
ponderomotive electric field are, respectively,

Eipr, =Ep

x [1 + ) gncos (wn(r — rL/Z)):|T(r), (6a)
n=1
Ep Iy po

2,2
=— exp(—207/p
4 Ipea.k VGTL ( 0)

Eipr;

X Y gunTL sin (0n(T — 7L/2)T(T).  (6b)

n=1

C. Fluid model, driving current

The electron density, fluid velocity, and temperature equa-
tions are given by [17]
oN, 19(pN.V,)
e + > ap = Oraa + Vo, No;
+ (vcol —NA — lgeNion)Ne’ (721)

v, v v, q

E p% = n_1[Esc,p(pa 7) +Ep0nd,p(pv 7)]
V/O
- F(Qrad - VOENOE)’ (7b)
39N T) ON,
—-—— = -E) — Ujgn—, 7
2 3¢ (J-E) = Uion Y (7¢)

where N, is the electron density, V), is the radial electron fluid
velocity, Or,q is the background radioactivity ionization rate,
Vo; is the photoionization rate of O, ions, Ny is the density
of O; ions, v is the collisional ionization rate of neutral
molecules, ny ~ 108[s™'] is the electron reattachment rate,
B, =2 X 10~ #[m? /s] is the electron-ion recombination rate
[24,25], Nion is the positive ion density, E , is the radial
space-charge field, Eyong,, is the effective radial pondero-
motive field, i.e., Eq. (6a). In Eq. (7c), T, is the electron

temperature in units of eV, (J - E) is the ohmic heating due
to the LPT, and U, is the average ionization potential for
air, taken to be 14 eV. The ohmic heating term is given

by (J-E) = a)[z,esoEsz/Zve where wp,, = (¢? Ne/mgo)l/2 is the

plasma frequency, Eer = (ve/wo)Eo/[1 + (ve/a)o)z]]/2 is the
effective laser field, and Ey = (27l /no)l/ 2 is the peak laser
field (np = 1). In obtaining Egs. (7a) and (7b), the thermal
fluctuations in the fluid velocity are assumed to be small
and are neglected. In addition, the magnitude of fluid veloc-
ity is <c, so that the pressure tensor and flux term in the
time derivatives can be neglected. These approximations are
checked and validated in our numerical simulations. For the
range of parameters used in our simulations, the ambipolar
diffusion coefficient is estimated to be D4 ~ 10™3[m?2 /s] and
the diffusion time rg /Da = 1 ps [26]. The diffusion time is
much longer than any time in the present process; therefore,
diffusion effects are neglected.

The rate equations for the positive ion density, Njo,, and the
negative ion density, Np, , are given by

IN;
a;on = VeollNe — (M4 + BelNe)Nion, (8a)
8-[2 = _UOZ—NOZ— + T]ANg. (8b)

The radial space-charge electric field is given by
(1/p)3(pEs,5)/9p = q(N, — Nion)/€0. Using the continuity
equation, (N, — Nigp)/dt = —(1/p)3(pN,V,)/0 p, the radial
component of the space field is given by

0E /0T = —qN,V,/¢o. )

In obtaining Eq. (9), the self-magnetic field has been ne-
glected since the fluid velocities are <c.

In the absence of space charge and ionization, the max-
imum radial electron velocity from a micropulse due to
the ponderomotive field in Eq. (6a) is (Vj pond/C), =
Iyt (re/ po)r3/(rmc?), where r, = ¢*/(4meomc?) is the clas-
sical electron radius. For example, if I, = 10'® W/m?, py =
100 um, Ao =1 pm, and t; = 100 ps the maximum ra-
dial electron velocity due to the ponderomotive force is
(V. pond) gy = 10~%¢. The velocity in the presence of space-
charge fields is reduced.

Changes in air density due to thermal expansion are ne-
glected in this model. The laser pulse train duration is 7' ~
10 ns and the spot size is pg ~ 100 um. The air density de-
pression due to the thermal blooming process occurs on a
timescale of ~ pg /vy, where vy ~ 300 m/s is the sound speed
in air. The density depression time is po/vs; ~ 0.3 us, which is
much longer than the laser pulse train duration.

As the electron plasma density increases, it can reach a
level where the attractive radial space-charge force balances
the repulsive radial ponderomotive force. When the increment
in electron density caused by a single micropulse is large
enough, the net radial force is substantially reduced. This
balance occurs when the space-charge field is equal to the
ponderomotive field.
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D. Ionization and collision rates

Background ionizing radiation is the primary process
through which negative ions are generated in air. Gamma rays,
originating from cosmic and/or ground sources, can ionize
air molecules. The ionized high-energy electrons cascade
down to thermal energies and attach, for example, to oxygen
molecules. A single MeV gamma ray can produce as many
as ~3 x 10* thermal electrons [7,27]. These electrons attach
mainly to O, molecules to create O, ions, which have a
relatively long lifetime. The background radiation disintegra-
tion rate, at ground level, is Qyq~ 107 [pairs/ (m? — s)] which
results in a negative ion density of Np-~ 3 x 10°m~3 [7]. The
background density of free electrons is, however, far less than
the negative ion density. The ionization potential of O; is
0.46 eV, while the photon energy for Ag = 1 um is 1.24eV.
Therefore, O, ions can be ionized by single-photon ionization
and thus, provide seed electrons for collisional ionization to
further increase the electron density.

1. Photoionization

The photoionization rate for O, 1is given by Vo, =
Oionl /(hwy), where oo, is the ionization cross section, [/
is the intensity, and wq is the frequency. The experimen-
tal value is ojon &~ 5 x 1073 [m?] for A9 = 1 um [21] and
the single-photon ionization rate for O; is vog[s’l] =2.5x
107*1(p, T)[W/m?]. This rate is sufficient to deplete the O3
ions in the optical volume for intensities in the range of
10" — 10" [W/m?].

2. Collisional ionization

The collisional ionization rate in air can be written in the
form [25,28] veor = Veol(V2) + Vo1 (02 ), where the rates for N,
and O, are veor = vy (T./Ux)**(Ux /T, + 2) exp(—Ux /T). vx
is a characteristic frequency for species X, i.e., vy, = 7.6 x
10 s~ 1, Vo, = 10" s~ T, is the electron temperature in eV,
and Uy is the molecular ionization potential for species X, i.e.,
Uy, ® 15.6 eV, Up, = 12.1 eV.

3. Collision frequency

The electron collision frequency is the sum of the
electron-neutral and electron-ion collision frequencies, i.e.,
Ve = Ven + Vei. The electron-neutral collision frequency [28]
is given by ve,[s™'] = 2.8 x 10%0,[m?]N,[m~3|(T,[eV])!/?,
where o, ~ 107m? is the molecular area. Setting
the neutral molecular density equal to N, = Ny — N,,
the electron-neutral collision frequency Ven[s™'] =
2.8 x 107 (N [m=3] — N,[m3])(T.[eV])"/?, where Ny, =
2.7 x 10 m~3 is the air density. The electron-ion collision
frequency is [28], for singly ionized plasmas, i.e., N; = N,,
given by vei[s~'] = 2.9 x 107N, [m3](T,[eV])~*/?, where
the Coulomb logarithm was set equal to 10 and N; is the
positive ion density.

E. Defocusing of the laser pulse train

The electron plasma density is peaked on axis and, there-
fore, the refractive index is minimum on axis. The plasma
filament, as well as diffraction, tends to defocus the mi-
cropulses in the LPT. To estimate the degree of defocusing,

we assume that the radial variation of the electron density near
the axis is given by N,(p) & Nyo(1 — pz/,oJ%), where p < py
is the characteristic radial size of the plasma filament. The
plasma frequency, wp.(p) = 4* Ne(p)/mso]m, is peaked on
axis. The axial variation of the laser field amplitude spot size
R(z) is given by [1]

R 4c? N @) w_ L (10)
9022 W} R3 4c2p? P’

where w0 = wp(p = 0) is the plasma frequency on axis, P
is the pulse power, and Py, = )%/ (2 ngny) is the nonlinear
focusing power [1,29]. The peak power Fy in the micropulses
is far below the nonlinear focusing power in air, i.e., Pyp =
A3/(2ny) ~ 4 GW, where np ~ 3 x 1072 m?/W is the Kerr
refractive index for air at Ag = 1 um. Nonlinear focusing,
therefore, has a negligible effect for our parameters. In ad-
dition, not shown in Eq. (10) is the relativistic focusing
power [1,29], i.e., P = 17.4(a)o/wp0)2[GW], which is also
far greater than the micropulse power and therefore does not
contribute to focusing of the pulses. Plasma defocusing dom-
inates both diffractive defocusing and nonlinear focusing for
the parameters considered. Under these conditions, Eq. (10)
reduces to 9°R/07> = R/L%F, and the spot size is R(z) =
R(0) exp(z/Lpr), where Lpr = (wo/wp0)py, is the defocusing
length.

The peak micropulse intensity Iy is no longer constant in
the LPT but varies as

Io(z) = Ip(0) exp(—2z/LpE), 1D

due to defocusing.

When the electron density in the filament approaches air
density (2.7 x 10*>m™3), the effect of plasma defocusing be-
comes significant. For example, when the plasma electron
density approaches air density, the defocusing length Lpgp ~
10~3m. Incoming micropulses will be able to maintain the
high electron plasma density through ionization at the front
of the filament, and the filament will continue to generate rf
radiation at this elevated electron density.

F. rf radiation generation

The rf intensity and power generated by the plasma
electrons interacting with the ponderomotive and self-fields
associated with the LPT and plasma filament are obtained in
this section. The radial ponderomotive and radial self-electric
field are the dominant forces acting on the plasma electrons so
that the driving current density is in the radial direction and the
Poynting flux is primarily in the forward and backward axial
directions. Although the electrons are essentially stationary
axially, the ionizing process propagates in the forward direc-
tion. The rf frequency spectrum can be controlled by varying
the repetition rate and micropulse duration of the LPT. The
configuration used in obtaining the rf Poynting flux is shown
in Fig. 3.

The vector potential associated with the rf in the radiation
zone is reduced to

Ho

A(r,t):m J t—rjc+7r -t/0)d’,  (12)
v

015203-4



GENERATION OF RF RADIATION BY LOW-INTENSITY ...

PHYSICAL REVIEW E 108, 015203 (2023)

X -
radiation zone
p z>>L
L ]
P>z
%4
P
\ o i z
0~ \JEJ,Z) plasma’ -7

——— —

y

FIG. 3. Configuration used in evaluation of rf intensity. Local-
ized current and charge density are confined to region with dotted
red curve.

where J is the radial current density and the integration is
over the current density source, d°*r’ = p'dp'd¢’dz’. In the
radiation zone the fields are E(r,7) =t x (f x 0A/dt) and
B(r,t) = —c7'# x A /0t, where t is the radial unit vector
from the origin. The Poynting flux associated with the rf
radiation is given by

S(r, 1) = (1/Zo)|F x 0A(r, 1)/dt|*F, (13)
where Zy = «/uo/e9. The angular distribution of the rf
power is given by dP(r,t)/dQ = r’*S(r,t) - £, where dQ =
sin6#d6dy, and the total power radiated is P = r2 fS(r, t)-
td 2. The radial component of the vector potential in the
radiation zone is

wo [
A(p,z,t) = E/ / J(p'. 2 tg)p'dp'dZ (14)
o Jo

where the radial current density is J=¢gN.V,p, tg =
t—r/c+ (p'sin6 4 7/ cosf)/c is the retarded time, p =
rsinf and z =rcos6. The current density J = gN,V, is
obtained by numerically solving Eqs. (7a)-(7c), (8a), (8b),
and (9).

(a) Electron Density on Axis vs Time

=
(=3
o
o

1.x108 15x108 2.x10°8
Time (s)

0 5.x107°

The angular power distribution is given by

dP(r,1)/dQ = r*Z; ' |t x dA(r, 1)/3t|* = r*Z; [E(x, 1)),
(15)
and is independent of r.

III. SIMULATION RESULTS

In this section, Eqs. (7a)—(7c) together with Egs. (8a), (8b),
and (9) are solved numerically for the electron density and
the radial space-charge field. Equation (9) is used to evaluate
the radial current density. At the end of the LPT, the radial
space-charge field balances the radial ponderomotive field,
i.e., Egc p & —Epong,p. This approximation is used to simplify
the simulations at the tail end of the LPT. The radial plasma
current density is used in Eq. (14) to obtain the vector po-
tential associated with the rf radiation in the radiation zone.
The Poynting flux and angular distribution of the radiation are
obtained using Eqs. (13) and (15), respectively. These equa-
tions were solved using the various programs in Mathematica
12.0. The parameters used in the simulations are given in
Table 1.

The energy depletion of the LPT can be neglected in the
ionization process, since the energy needed to ionize the air is
significantly less than the LPT energy.

A. Atmospheric LPT propagation

Here, the LPT propagates into air and photoionizes the
ambient negative ions to initiate collisional ionization. Fig-
ure 4(a) shows the electron density, N,, on axis as a function
of time. Figure 4(b) shows the electron density as a function
of time and radius. The maximum electron density reached
by the plasma filament is ~ 10*m 3. The electron density is
localized on axis and increases toward the end of the LPT. The
space-charge electric field is less than the ponderomotive field
at the beginning of the LPT. Therefore, there is little restoring
force on the electrons. Once the space-charge electric field
becomes comparable to the ponderomotive field, the elec-
tron fluid velocity and the current density reach a maximum.
Figure 5(a) shows the electron current density as a function

Electron Density (m‘3) atz=Ovs pandt

(b)

FIG. 4. Electron density as a function of time in laser pulse frame for a LPT with 25 micropulses. Peak laser intensity is Iy =
4 x 10" W/m?. (a) Logarithmic plot of electron density along axis of propagation. (b) Electron density as a function of time and radius,

normalized to spot size, from axis of propagation.
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Electron Current Density (A/mz) vs p andt
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Electron Current Density at p=0.5p, vs Time
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FIG. 5. Radial electron current density for a LPT of 25 micropulses having a peak intensity of I, = 4 x 10'> W/m?2. (a) Radial current
density as a function of radius, normalized to spot size, and time in laser pulse frame. (b) Radial electron current density as a function of time

in laser pulse frame at p = 0.5p9.

of radius and time. The current density is highest near the
end of the LPT, where the electron density is high and the
space-charge field is comparable to the ponderomotive field.
Figure 5(b) shows the electron current density at p = 0.5 as
a function of time.

B. rf radiation generation

Figure 6 shows a comparison of our simulated rf spec-
trum with an experimental spectrum [13,17] employing very
similar LPT parameters. The experiment employed a LPT
consisting of >30 micropulses with a micropulse separa-
tion of 7, = 650 ps. The focused LPT, having a total energy
of Erpr = 510 mJ, generated a plasma filament in air. The
peak intensity of the micropulses is estimated to be Ipea ~
5 x 10" W/m>2. A loop antenna was used to detect the rf
signal generated by the plasma filament [13,17]. Figure 6(a)

FFT of the Poynting Vector in the Radiation Zone

z @

=

&

=

B

N

=

5

3 ]

v
0 1x10° 2x10° 3x10° ax10°
Frequency (Hz)

shows the spectrum by taking a Fourier transform of Eq. (13).
The peak intensity of the total calculated rf signal, approx-
imately half a meter from the filament, is ~ 107! W/m?
(E¢ ~ 107 V/m). Preliminary experimental results, using a
loop antenna, indicate that the peak rf electric field is E; ~
10~* V/m. Figure 6(b) shows the experimental spectrum. The
antenna in the experiment is tuned to receive a narrow range
of frequencies. Therefore, harmonics that are present in the
calculated spectrum are not shown in the experimental data.

The angular dependence of the radiation for plasma fila-
ments of varying lengths is shown in Fig. 7. Figure 7 shows
the peak 1f intensities of the Poynting flux given by Eq. (13).
For short filament lengths, i.e., L < A, where A is the wave-
length of the rf, there is significant radiation directed in the
backward direction, as well as the forward direction. In our
parameter regime, the plasma defocusing of the LPT limits
the length of the filament to be <.

(b)

2 Exp'l Spectrum
=
S
g
E :
@ SF: 0011 rf
B WW
0 2.0x10° 4.0x10° 6.0x10°
Frequency (Hz)

FIG. 6. Calculated and experimental spectra of the rf in arb. units. (a) Calculated spectrum from a LPT with 40 micropulses and
(b) experimentally measured spectrum. Fundamental peak is at 1.6 GHz in both spectra. Note that harmonics are not shown in experimental
spectrum since receiving antenna was tuned to only a narrow range of frequencies. Harmonics, however, have been measured experimentally

(private communications with V. Markov at AS&T, Inc. [13]).
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Angular Dependence qf rf Radiation vs 6
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(b)
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FIG. 7. Polar plots showing dependence of strength of rf signal on angle 0 for various plasma filament lengths: (a) 3 mm and (b) 3 cm.

IV. SUMMARY AND DISCUSSION

In this paper, we proposed, analyzed, and numerically sim-
ulated a mechanism for generating rf radiation in air by using
low-intensity laser pulse trains. In our model, the LPT propa-
gates in air and photoionizes the ambient negative molecular
ions, which are present due to background (ambient) radia-
tion. The photoionized electrons provide the seed electrons for
collisional ionization to take place and become the dominant
ionization process. The buildup of electrons forms a plasma
filament. The ionized plasma electrons are acted on by the
ponderomotive forces (radial and axial) associated with the
LPT. For the parameters considered, the radial electron os-
cillations driven by the LPT ponderomotive and self-fields
dominate. The formation of the plasma filament tends to
defocus the trailing pulses in the LPT, which can limit the
length of the plasma filament. The radial plasma oscillations
provide a driving current density which generates rf radiation
primarily in the forward (backward) directions. The duration
of the rf signal is determined by the duration of the LPT.

The peak intensity of the rf signal, approximately half a me-
ter from the filament, is ~107'° W/m? (E; ~ 107* V/m),
which is in agreement with the experimentally measured rf
field. The frequency spectrum of the rf radiation is determined
by harmonics of the micropulse separation time and duration.
The frequency spectrum can be controlled by varying the
pulse repetition rate and duration of the micropulses. For a
particular set of LPT parameters, our numerically simulated
frequency spectrum is in general agreement with the experi-
mental spectrum.
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