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Ultrashort laser pulses and electromagnetic pulse generation in air and on dielectric surfaces
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Intense, ultrashort laser pulses propagating in the atmosphere have been observed to emit sub-THz electro-
magnetic pulsesEMPS). The purpose of this paper is to analyze EMP generation from the interaction of
ultrashort laser pulses with air and with dielectric surfaces and to determine the efficiency of conversion of
laser energy to EMP energy. In our self-consistent model the laser pulse partially ionizes the medium, forms a
plasma filament, and through the ponderomotive forces associated with the laser pulse, drives plasma currents
which are the source of the EMP. The propagating laser pulse evolves under the influence of diffraction, Kerr
focusing, plasma defocusing, and energy depletion due to electron collisions and ionization. Collective effects
and recombination processes are also included in the model. The duration of the EMP in air, at a fixed point,
is found to be a few hundred femtoseconds, i.e., on the order of the laser pulse duration plus the electron
collision time. For steady state laser pulse propagation the flux of EMP energy is nonradiative and axially
directed. Radiative EMP energy is present only for nonsteady state or transient laser pulse propagation. The
analysis also considers the generation of EMP on the surface of a dielectric on which an ultrashort laser pulse
is incident. For typical laser parameters, the power and energy conversion efficiency from laser radiation to
EMP radiation in both air and from dielectric surfaces is found to be extremely sma0;8. Results of
full-scale, self-consistent, numerical simulations of atmospheric and dielectric surface EMP generation are
presented. A recent experiment on atmospheric EMP generation is also simulated.
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I. INTRODUCTION density corresponds to a plasma wavelength~&30 um

. . . and a plasma frequency 6f0.9 THz.
Propagation of intense, ultrashort laser pulses in the atmo- In this paper we analyze and numerically simulate the

Sphe[]e has der_nons';ratedl_ a ‘.N'de _rre;]ngebof phe_nom_enzli é P produced by the interaction of ultrashort laser pulses
may have a variety of applications. The observations Include i, 4ir and dielectric surfaces, and determine the conversion

formation an_d stable, Iong-dis_tance propggation of qptipa fficiency from the laser pulse energy to EMP. Atmospheric
and plasma filaments, “wh|'te" light generation, and EMISSIONE\p s generated when a short, intense laser pulse ionizes
of sub-THz electromagnetic puls¢s-19. Terahertz radia- the air and forms a plasma filament. The plasma filament

tlon_ has a wn_je range of _appllt_:atlons In areas S_UCh as Chemé'xtends behind and its front travels with the laser pulse as
cal identification, biomedical diagnostics, and dielectric meas;

In_ addii hic | . g TH indicated in Fig. 1. The duration of the plasma current which
surements. In addition, tomographic Imaging using Zdrives the EMP is limited by the electron collision frequency.
radiation has potential applications in biomedical researc

: : . ©C T Eor a plasma density af,~ 106 cmi3, the electron collision
security screening, and remote sensing. Terahertz radiation fRequency isv.~5x 101 sec? (for T.=1 eV), and the du-
also generated by backward wave oscillafdig}, gyrotrons 4iio of the Slasma current is1/v, — 200 fsec. The dura-
[20], free-electron laserf21], difference-frequency mixing €
in nonlinear medid22], photoconductive switchg23], tun-
able optical parametric oscillatof24], semiconductor lasers
[25], optically pumped THz laseri®6], dc to ac converters J
[27], and Cherenkov wakes in magnetized plasiji2ss.

Recently, it has been observed that a broadband electro-
magnetic puls¢EMP) of terahertz radiation can be generated
within the plasma filaments formed by an ultrashort
(~100 fse¢, high-intensity (~10-10"W/cn?) laser
pulse propagating in aif14,17. In these experiments the

Distorted Laser Pulse
Envelope
i P

Modulated Plasma Filament

laser pulse was sufficiently intense to create a plasma fila- ety
ment through multiphoton ionization of air. The plasma den- o _ )
sity within the filament was observed to bel016 cmi™3. This FIG. 1. Schematic diagram for atmospheric EMP generation. An

ultrashort laser pulse ionizes the air and forms a plasma filament.

The ponderomotive forces associated with the laser pulse envelope

drive radial and axial currents, andJ,, respectively, which are the
*Present address: Icarus Research, Inc., P.O. Box 30780, Beource of EMP. The laser pulse distorts due to ionization and the

thesda, MD 20824-0780, USA. optical Kerr effect. The filament is modulated at the plasma wave-
TPresent address: LET Corp., 4431 MacArthur Blvd., Washingtonjength\,,. The axial EMP electric field outside the filament is small
DC 20007, USA. due to shielding by surface charges at the air-plasma boundary.

1539-3755/2004/68)/066415%18)/$22.50 69 066415-1 ©2004 The American Physical Society



SPRANGLEet al. PHYSICAL REVIEW E 69, 066415(2004)

tion of the EMP in air, at a fixed point, is a few hundred fact much larger than the radiation pressure. In our model,
femtoseconds, i.e., the laser pulse duration plus the electrome include the ponderomotive force, radiation pressure
collision time. The spatial gradients associated with the laseforce, as well as a contribution due to ionization. The radial
pulse envelope as well as electron collisions lead to ponderGomponent of the plasma current in the filament can lead to
motive forces on the plasma electrons. These forces caus@rface charges on the plasma-air boundary. The surface
the electrons to oscillate, setting up plasma currents. Thgharge density is strongly dependent on the collisionality of
axial and transverse components of plasma current pulsge plasma. In the weakly collisional regime the surface

ha\_/e_vel_oc_ities close to the group ve_Ioc_ity of the laser pU|Secharge leads to greatly reduced EMP fields beyond the fila-
This is similar to the laser driven excitation of plasma wavesant.

in the laser wakefield accelerat@WFA) [29]. In the LWFA Under conditions of nonsteady stateansient propaga-

plasma OSC'”at'.Ons occur at the local plasma frequency: Irfion the plasma currents can generate EMP having a radial
general the various field components of the plasma oscilla; e,rgy flux. For nonsteady state pulse propagation, the
tions are Cr? uple_d 83 arelthe axial and traE.S\;]erse pllas.rﬁ asma curr.ents can have Fourier components with p')hase
currents. These induced plasma currents, which travel wit locities greater than the laser pulse group velocity. These

the laser pulse, are the source of the atmospheric EMP. Th : or
axial extent of the EMP is limited, and consequently, thel Ourier components can generate radiative EMP, analogous

spectrum of the EMP pulse can be broad. However, the chaf® Cherenkov radiation. A condition for generating radiative
acteristic frequency of the EMP measured outside of th&MP in the transient regime is derived and the differing char-
plasma filament is determined by the laser pulse duration an@cteristics of EMP in the steady state and transient propaga-
not the local plasma frequency. tion regimes are @scussed in detayl and |IIg§trated with simu-
The results of our analysis for atmospheric EMP generalations. For typical atmospheric conditions and laser
tion can be summarized as follows. For steady state prop&@rameters itis found that the efficiency of the EMP genera-
gation, in which the laser pulse and plasma filament are stati¢on from laser-atmospheric interaction, i.e., the ratio of the
in the group velocity frame of the laser pulse, the plasma&=MP energy to the laser pulse energy, is extremely small.
current source travels with a velocity equal to the laser pulse In addition to atmospheric EMP generation we consider
group Ve|ocity_ Since the group Ve'ocity iS necessar"y |e8§£MP from the interaction Of ShOI’t |aser pu|seS W|th dleleCtI’IC.
than the speed of light, there is no EMP radiation generatecfurfaces. The source of the EMP on the surfaces of the di-
The absence of radial EMP emission in the steady state iglectric is the oscillating plasma sheet formed by the ioniza-
one of several fundamental differences between our resuli#on process as well as an optical rectification process. Our
and those of Chengt al,, reported in Refs[30,31). analysis of EMP generation on _tr_\e surfaces of a dielectric
In the model of Ref[BO], several assumptions were made indicates that the Con\'/ers|0n effIC|ency IS eXtremer Sma”
which lead to incorrect conclusions. Of fundamental impor-  This paper is organized as follows. The general equations
tance is the fact that in a steady state situation, it is noglescribing the evolution of the driving laser pulse and EMP
possible to generate a radiative field via an excitation whictn air are derived in Sec. 1. Also in Sec. Il, an estimate of the
travels with a velocity less than the speed of light in theEMP power conversion efficiency is derived and an analysis
medium. Chenget al. consider a steady state situation in Of the steady state and transient propagation regimes pre-
which the driving laser pulse travels with a group velocity sented_. In Sec. Il EMP generation f_rom a dielectric s_urface
vg<c. In this case, the driven response will have Fourieron Which a laser pulse is incident is analyzed. Section IV
components with phase velocities equabtp and therefore presents self-cpn5|stent numerlcal sumula’qons showing laser
produces no radiation. Chere al., inconsistently assume Pulse propagation, plasma filament formation, and EMP gen-
that the EMP sourcéplasma currentdriven by the laser €ration in air and on dielectric s_urfaces. A summary of the
pulse is spatially uniform and oscillates in time at the plasmdesults and concluding remarks is found in Sec. V.
frequency. Effectively, they assume that the source has infi-
nite phase velocity and, as a result, obtain a radiative field. In
our model, the Fourier components of the plasma current in
the steady state have phase velocities equal to the laser pulseln this section we derive the general equations for the
group velocity, and therefore do not radiate. The absence ajeneration of EMP radiation from laser-induced plasma cur-
EMP in the steady state is analogous to the lack of Chererrents in air. For the parameters of interest, the driving laser
kov radiation when the velocity of a charged particle is lesspulse intensity is sufficiently high that it partially ionizes the
than the velocity of light in the mediuri82]. In addition to  air and forms a plasma filament behind the laser pulse. An
this, we consider the nonsteady state regime and derive coequation for the amplitude of the driving laser pulse is de-
ditions for radiation. rived that includes the effects of diffraction, Kerr focusing,
Chenget al. retain the effect of radiation pressure from plasma defocusing, electron collisions, and laser pulse en-
collisions but neglect the ponderomotive force on the elecergy depletion caused by ionization. The plasma currents
trons due to the gradient of the laser envelope. Their negleatithin the filament are driven by the ponderomotive forces
of the ponderomotive force was based on an incorrect estassociated with the laser pulse and are described by a set of
mate of its magnitude. They incorrectly calculate the pon-cold fluid equations which include the effects of multiphoton
deromotive force based on the length of the plasma filameribnization, electron-neutral elastic collisions, and electron
(~1 cm) instead of the length of the laser pulee3 um). recombination/attachment. In our model an axially symmet-
For their assumed parameters, the ponderomotive force is ific laser-plasma configuration is assumed and stimulated Ra-

II. ELECTROMAGNETIC PULSE GENERATION IN AIR
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man scattering of the laser pulse and other instabilities areollision frequency and plasma frequency are comparable,

not considered33,34. Ven~ wp. Taking the Coulomb logarithm to be equal to 10,
the electron-ion collision frequenci85] is v[sect]~3
A. Driving laser pulse X 107°n[cm3](TeV])~®7?, for singly ionized plasma, i.e.,

For a self-consistent description of EMP generation thdle="i- In_ an intense laser field the electron temperature in the
spatial and temporal evolution of the driving laser pulse ise)s(girlﬁastiscl)?]nznfeorryen and ve; must be replaced by the laser
needed. The ponderomotive forces, which are proportional t8 gy
the energy density of the driving laser pulse, induce low

frequency plasma currents which in turn generate EMP. The 1. Plasma current

driving laser pulse is assumed to be many optical wave- The propagation of the driving laser pulse is strongly in-

lengths long and to have a spot size tha_lt is large c_ompared Wuence by the plasma filament. The plasma dynamics are
the wavelength. The transverse laser fields are given by  jescribed by the nonrelativistic, cold fluid equations

EL(r,t) =E (r,)exdi(kez— o t)1&/2 +c.c., (13 N,

E + V - (NgV) = Vionn ~ Brecom ng - Battacmenﬁa (4a)
BL(r,t) =By(r,t)exdi(koz— wst)]&/2 +c.c., (1b)

wherew, is the carrier frequenck,=w,/c is the wave num- av _q vXB

ber, &(&,)is a unit vector in thex(y) direction, and c.c. de- St (v-Vjv= m E+ c )Y

notes the complex conjugate. In Ed.a) E, is the slowly

varying complex electric field amplitude satisfying _ (‘9_ne +V -(n v))v/n (4b)
|E*9E, / it| < w, and |E; *9E, / 97| <k,. The transverse mag- at € e

netic field amplitude B, =[1-i(c/wy)(d/dz+c 1/ ) ]E,.
The axial electric and magnetic fields of magnitude
~(cl wo)|dEL 1 x| and ~(c/ we)|dE, 1 dy|, respectively, which
are associated with the transverse laser fields in @gsare
small and are neglected.

Making use of the electron cold fluid equations, the trans
verse current density, =q n.v,_ induced by the laser pulse is

wherev is the electron fluid velocityy,,, is the ionization
rate, Brecom iS the recombination coefficient, anBliach iS
the attachment coefficient. In obtaining E4) we have as-
sumed that the electrons immediately after ionization have
zero velocity, i.e., the electrons are born at rest and above
threshold ionization effects are ignored.

For the parameters of interest here the ionization process

given by is principally due to multiphoton ionization and the corre-
9] w1 1) sponding rate can be fitted analytically [86]
—Lpd =L2F, 2 .
at A _ 27w, (IL(r,z,t)) )
where va= v, 1 iS the electron collision frequencys,, is =D e ’

the electron-neutral collision frequency, is the electron- \, are the integef <int(U;,,/fiwy+1) refers to the effective
ion collision frequency,w(r *t)=[477q2”e.(r D/m]2 s the  umber of photons absolﬁl;ed t;)y the molecule in the ioniza-
local plasma frequency] is the electronic charge), is the  yion process\U,, is the ionization energyl, is the laser
quiver velocity in the laser field, and}, is the electron den- intensity, and yp=7w2/ oyp, With oye an empirically deter-
sity in the plasma filament which is formed by photoioniza- pyineq “jonization cross section. At laser intensities of
tion. It is assumed that the ions are immobile on the time_qq14\n//cne or above tunneling ionization becomes impor-
scale of interest. In general, the electron densifyncludes . For a laser wavelength af=0.8 um(% w,=1.54 eV)
contributions from plasma oscillations as well as the ionizas | air, the multiphoton ionization order of,Gs €O:8, and the
tion pracess. The s_olu_tlon of Ep) for the flrs_t-oro_ler rans- characteristic intensity is determined empirically to Ipg
verse current density induced by the laser field is ~ 10" W/cn® for pulses with durations~100 fsec [16].
JL(r,) = 3., Dexpi(koz - wot) 18/2 + c.c., (3)  Since the intensity ratio in Eq(5) is raised to the eighth
power, the ionization rate is an exceedingly sensitive func-
where J, = (i/47w,)[1~(i/ o) (9] t+ve)J(w5EL), where we  tion of the laser intensity and the value of the paramijer
have assumed that,> v,. The scaling of the ionization rate in E@) with laser inten-
The electron-neutral collision frequency is given by,  sity is the same as that given in Rg37]. Since the numeri-
=nyoo(kgTe/ M2, wheren,=n,,—ne is the neutral density cal value of the Keldysh formula in Re37] differs from the
(singly ionized plasmgn,, is the ambient neutral densily ~ experimental value, we use the empirical cross section
is the Boltzmann constant, angy~5x 1071° cn? is a typi- quoted above. A similar approach was adopted in [B38.to
cal value for the scattering cross secti@9]. In practical obtain an empirical formula for the multiphoton ionization
units the expression can be written ag/sec']=2 rate. For a laser intensity ¢f =7 x 103 W/cn?, laser wave-
X 107'n, [em™3](TJeV])Y2 For a neutral air density af,  length of A;=0.8 um(w,=2.4X 10'° sec?), and ionization
=Npo=2.7x 10" cm® and temperaturd,=1 eV, the elec- order of¢=8, the ionization rate is,,,~ 2 X 10'* sec™. The
tron collision frequency isv.,=5.7x 10'? sec. Note that ionization rate, however, is an extremely sensitive function
for a plasma density ofi,~ 10 cmi 3, the electron-neutral of the laser intensity. The recombination time is given by
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Trecom™ 1/ Breconfle: Taking BrecontCNT/sed~2 q wz(l’ zt)[ o 102
- _ ~— P 7 7P 22
X 10°8(T[eV]) Y2 [14], n,=10' cm 3, andT,=1 eV, the re- SL~" g o2 \or + o ot [EL(r,z0)|%&.

combination timer,qcom~ 5 nsec. The attachment coefficient
Battach Of €lectrons on oxygen molecules is discussed in Ref. (10

[39]. For an electron temperature ofl eV the attachment . L . ,
coefficient is Byaun~ 3.4X 103 cf/sec and the attach- The axially symmetric circularly polarized laser field has

ment time iSTanachzl/ﬂanacrﬂﬁ~4 nsec. The duration of the been assumed to be of the forlm =E, exdi(k,z— wt)](&,

plasma filament is on the order of the shorter of the two time 1&)/2+¢-C.
scales, Trecom AN Tattach 1-€., MM Trecoms Tattachl-
Combining Eqs(4a and (4b) results in an equation for
the electron plasma current densil;q nev, given by[40] To obtain the ponderomotive source term self-
consistently, an equation describing the evolution of the driv-
ﬂé ing laser pulse is needed. For this purpose it is useful to
—trld=—"E+S (6)  transform to the group velocity frame in which the indepen-
Jat 47 .
dent variables are and 7=t-z/v,, whereuvy denotes the
, , . , linear group velocity of the laser pulse, and is defined later.
where S(r,z,t) is the nonlinear driving term. The first term In terms of the new independent variablesr) the deriva-
on the right-hand side of E@6) is associated with collective ;a5 are given byt — l o7 andal dz— l sz-v -1 . In
effects while the second term represents the driving pondergy, variables(z,r,7) the laser pulse evolves s?owly, ie. is

motive force due to the laser pulse. The duration of thenearly stationary. The wave equation for the complex laser

plasma current density is limited to-1/v,~200 fsec for amplitudeE, (r,z, 7) in the new independent variables takes
ne=10' cm3. To second order in the laser field amplitude, thepform [36L]( Z,7) p

2. Laser pulse amplitude

. 2 2
S:iJLX BL_q—l(V 'JL)JL/ne_q_l(JL'V)(‘]L/nP)' M:li V2l+w0_nK&|EL|2_2P°(r2’—Z’T)
mc az 2 w, 47C Npo c
(7) ,
Ve . Wo Uion 9 Neo
When the laser spot size is large compared to the plasma X(l '%) + 8 c2 |EL|2 JT }EL(r’Z’ 7.

filament spot size, i.e.R,>r, the ponderomotive source (11)
term in Eq.(7) can be simplified. This is a valid approxima-

tion in the case of higher order multiphoton ionization wherepq first term on the right-hand side of EG) is the La-

the ionization rate is a strong function of laser intensity. Inyj4cian operator which is responsible for diffractive spread-
this limit the axial component of the source te8nis given g of the laser beam. The second term is proportional to the

by nonlinear Kerr refractive indery and can lead to nonlinear
) , self-focusing[40,41]. The terms proportional tfmgo repre-
wi(r,zt)f 0 2 2 dw sent the effect of plasma defocusing and collisi¢8&,4Q.
Sz(r,z,t)”—i—p(z—) — e ST The | i ¥ ot
16mm 9z € col at e last term describes laser pulse energy depletion due to

© ionization of the air molecules with effective ionization en-

X|E(r,zt). (8)  ergyU,,. In general the refractive index for electromagnetic
waves in a medium consists of contributions from the linear
Note that the axial source term contains the ponderomotivand the nonlinear polarization field. In the present analysis it
force due to the spatial gradient of the laser pulse envelopés assumed that the contribution to the nonlinear refractive
radiation pressure due to electron collisions, as well asndex is proportional to the laser intensity, i.e., Kerr effect.
changes in the electron density from ionization. The transThis is a valid approximation for a gas as well as for an
verse component of the source term, for the laser pulse linamorphous dielectric. For the laser pulse this nonlinear con-
early polarized in thex direction, is tribution to the index leads to the phenomena of nonlinear
Kerr self-focusing.

2 2
rzty(.ad . 249 . _
S, =- Lg"(z—)(er— + ex—z—wE)|EL(r,z,t)|2, 3. Source dependent expansion analysis of laser pulse
16mm g ar wp IX

Equation(11) for the laser pulse amplitude can be ap-

© proximately solved by employing the source dependent ex-

pansion(SDE) method[42]. In this method the laser field is
whereg, is a unit vector in the radial direction. Note that the gssumed to have a Gaussian transverse profile
transverse part of the source term has a component iR the
direction. For a circularly polarized laser pulse the axial |EL(r,z,7)| =|EL(0,z,7)|exd - r¥/R(z,7)], (12
component of the source term is given by E8) with E
replaced withy2E, and the transverse component is purelywhereR is the laser spot size. For the Gaussian transverse
radial and given by profile the laser power is
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P.(z,7) = c|E (0,2 7)|*R%(z,7)/16. (13) ~25m while the ionization absorption length i,
) ) _ ~10 m. In this example, the laser pulse propagation dis-
Employing the SDE method results in coupled equations foggnce is limited by ionization absorption. It should be

the spot size and power, stressed that these characteristic scale lengths are very sen-
PRz 4_02 1 ( P.(z,7) sitive functions of the laser and plasma parameters.
a7 w2 R¥(z,7) Py

4. Pulse group velocity

MRZ(Z,T)) =Wz, (149 The group velocity is given by;g:c(n+woan/awo)‘1,

(¢ +1) wheren is the total refractive index and expressible as
2 2
IP(z7) 1 wSO(O,z,T)EP( ) nzno—f—w%’—%mKlL. (18)
oz €+1 o2 ¢ “27 205 @R
- Here R, is the initial spot size of the laser pulse, ahd
- —Uion¥ionM Rz, 7), (14b)  =cny|E,|?/8 is the time-averaged laser intensity. The filling
2¢ factor f is the ratio of the plasma filament cross sectional

wherePy=\2/ (27 ng Ny/Nyo) is the nonlinear Kerr focusing &réa to the laser pulse cross sectional area. Using the expres-

power,r.=q?/me is the classical electron radius, and sion for the plasma density due to the multiphoton ionization
v ' process in Eq(5) we find thatf ~ (¢+1)~%. The filling factor

1/ 9 is necessary for calculating the correct group velocity of the
—_ | Zp2 2
Wz, 7) = R(&Z(R U)+RU ) (158 |ager pulse in the presence of the plasma filament. The third
term on the right-hand side of E(L8) denotes the correction
(-1 1P 1 > to the refractive index due to the finite spot size of the laser
Uzn=—>—"L- —ZQPZ—OE, (15b) pulse and the fourth term represents the nonlinear index due
2t PLdz 20((+1)° wg C to the Kerr effect. Making use of the expression for the re-
fractive index, the group velocity vg=cBy=1/[n
an +d(woh)/ dw,] is expressible as
LR sg Hew/dunlis expressil 2
1 f 2c
. . ﬁE———w@———nKlL. (19)
The decrease in the total laser pulse power as a function ° n, 202 PR

of propagation distance is due to both collisional absorption

and ionization. The evolution of the total laser pulse powerdn deriving Eq.(19), it is assumed that the variation of the
given by Eq.(14b) can be rewritten as linear index and Kerr index with frequency is negligible. For

[,=10"W/cn?, R,=260um, \,=0.8 um, n,=10' cm3,
1 16 nk=6x10"cm?/W, and ¢=8, the magnitudes of the
* 127, (16) plasma, finite spot size, and optical Kerr contributionggo

0H@ﬂ_%;L
© \Lear L
coll Tion are~3x 107, 3x 105, and~6x 1075, respectively.

Jz

where

wg Cc
Leon = (€+ 1)_2_ (179 . o . .
Wpo Ve The wave equation for the EMP electric fiek in air
which is driven by plasma currents is given by

B. EMP equations in air

is the absorption length due to collisional effects and
M FE __4mad

20 P, IE _ ,
c? ot? c? ot

<t VX (VXE)+
™ UionVionnnR2

(17b) (20)

I-ion =
whereny is the linear refractive index and the plasma current
fs given by Eq.(6). We use a cylindrical coordinate system
wherer, 6, and z denote the radial coordinate, azimuthal
angle, and axial coordinate, respectively, and assume axial
§§mmetry, i.e.,d/96=0. The generation of EMP from the
surface of dielectrics is analyzed in Sec. lll. In the laser pulse
group velocity frame, the axial and radial components of the
EMP electric field are given by

is the absorption length due to ionization effects. It should b
noted that due to the nonlinear character of ELf), the
expressions in Eqq178 and (17b) are at best local esti-
mates for the scale lengths. As an example, consider the ca
of a laser pulse having a powé =0.1 TW, wavelength
No=0.8 um, pulse duration7 =100 fsec, intensityl =5

X 10" W/cn¥, and spot siz&®~ 360 um, propagating in air
with a neutral density,,=2.7x 10'° cm3, effective ioniza-
tion energy ofU,,,=8 eV(¢=8), and electron collision fre- 10 /( o 1 & 19 4\19
quency Of ve= v+ 1~ 6 X 1012 sec™. In this case the ion- T\ o) T2 2|5t 97 Fﬁ(r E)
ization rate isv,,,~ 10° sec}(lyp=10"* W/cn?) and the

electron density i~ 3x 10" cm, (w,/ wpo~230). For _4mdJd, (213
these parameters the collisional absorption lengtht s oar’

Ugé’T
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(Li_£i+ﬁ)E (11__)&&
v 0P vgdzdT 7 vgdT Jz) ar
419,
=—=—, 21b
car (210

wherey;=(1- ngvg/ €32 Using Eq.(19) v, is found to be
given by

Yo = w(f who+ ARG+ 20 i 1)*2. (22)

For A\,=0.8 um, n,=10 cm™3, nc=6x10"1%cm?/W, I,
—1014W/cn12 ¢=8, and R,=260um, we find that the
plasma wavelength,=2wc/ w,~ 106 um andyy~ 90.
Taking the Fourier transform of Eq&18 and (21b) to-
gether with Eq(6) in the variablez and r, with the conven-

tion Q=(2m)1f* Qexplikz-iwndK dw, gives

{11(&)&_ w0 ]
rar\ ar) & cl+ivdw)

(o \1d -~  4nS(rko
—i| Sk E) =5, (23
I(vg )I’o"l’(r & 2 l+ivdw (239
2 2 ~ E
<k2+2k—w (; 2 wp(.r) )Er+i<2+k>&EZ
)/2 c(l+ivdw) Vg ar
47TSr(r,k,w)
- . 23h
l+ivdw (23D
The azimuthal magnetic field is given by
2 -1
A1 i 14522
B (1 o’(1 +ivdw) 1+ 1) &
4 Kug\ TSk w)
-—|1 —q) . 24
C2< ¥ 1) l+ivdw 29

In obtaining Eqs(23) we have seh, equal to unity. In the
following section Egs(23) and(24) are solved analytically
for an idealized plasma filament.

C. Analysis of EMP in air
We consider steady state and nonsteady Stea@sieny

propagation of the laser pulse for an idealized case that can
be solved analytically. The laser pulse envelope is taken to

have the form

|EL(0,2,7)| = EL(2)sin(m /7, (25)

for 0=<7=<7_ and E =0 otherwise. The front of the laser

pulse is atr=0 and the back is at= 7, . We analyze Eqg23)

and (24) for the case of an idealized plasma filament with
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inside (r <r,) and outside(r >r,,) the plasma filament, re-
spectively,

1o a0\ , ~
{r&r(r&r) Kp(w'k)}EZ
47

T W1 tivdw) - o (KFZJ(“’-k)NSz(r.w,k)
po

—(w/vg+k>%%[r§r<r,k,w>]), (263
[fjr(r%) -, k)] (260)

where
K2(w,K) = “’; @Hé (274
Kp(0,K) = Kg(w,K) + sze,'—) (27b)

and w,, denotes the constant plasma frequency within the

channel. The radial component of the source term, 8&e.,
can be neglected provideg,, r,/c>1. This is assumed to
be the case in writing Eqg26) and (27). However, in the
numerical simulations the radial source term is not necessar-
ily neglected.

The boundary conditions across the plasma-air interface

at r=rp are the continuity of the axial electric fielciiz(r

=r ) E,(r= p), and the azimuthal magnetic fieﬁlg(r:r;)
—B(,(r-rp). Applying the boundary conditions, the axial
electric fields inside and outside the plasma filament are,
respectively,

~ 475w,k < Ko Tp Kalkolp) )
E,(r,m,k) = (L +ivda) wgo 1 D(0.K) lo(kpr) |
(283
- _ 4mS[w,K) Ko Ty li(kghp) ( @)
Ez(r,w,k) = a)z(l i Ve/w) D(w,k) Ko Ko(Kor)r
(280

wherel, and K, are the modified Bessel functions of order
zero of the first and the second kind, respectively,

D(w,k) = h(w, k)Kpero(Kofp)|1(Kprp)

radial extentr, in which the plasma density is constant for gng

r<rp and zero fomr >r. It is also assumed that the recom-
bination process is negligible and that the ionization process
is sufficiently rapid that the plasma density does not vary

longitudinally within and behind the laser pulse, i.e, is
independent ofr. Under these assumptions, E¢283a and

+ kol p Ka(kol p)lo(Kpl p) (293
w? K2(w,K)
_ _ po o
h(w,k) = (1 2L+ Ve/w)) KS(w,k) : (29b)

Making use of Eqs(28a and(28b) the ratio of the field at

(23b) can be combined to give equations for the axial fieldthe boundary to the field at the center of the filament is

066415-6



ULTRASHORT LASER PULSES AND ELECTROMAGNETIC. PHYSICAL REVIEW E 69, 066415(2004)

Efr=rp) _ h(w,K) iyl 11k p) Kol ol p)

_ Pewmp 77_2<aL )\0)2<2 N,r,Cr+ rg)
EZ(I’ =0) D(w,k) = Kol'pKl(KOI'p) ’

(30) Tpower = P, slcn R2

33
In the plasma filament there is a radial component of plasma (39
current density that induces a surface charge at the plasm#here), is the laser wavelength. As an illustration, consider
air boundary. The resulting charge distribution is such thag laser pulse intensity of, =7x10"¥W/cn? and wave-
the EMP fields outside the filament are extremely small. Nelength \,=0.8 um, the laser strength parameter for these
glecting the radial source ter® in Eq. (24), continuity of ~ values isa =5.7xX 103, For a laser pulse duration af
the azimuthal magnetic field across the boundary implies that 250 fsec, the power efficiency is

E(r=r" 2 2Nyrycm +r3

e —E
Er(r I’p) =1-— w?o . (31) Mpower ™ 2 X 10—8< P DR2 L ) (34)
E(r=rp) o (1+i vJw)

Taking the laser spot to H&=200 um, plasma filament spot
size to ber,=100 um, number of plasma wavelengths be-
hind the pulse to bal,~ 1, the efficiency is extremely small,
Mpower~ 1078, This estimate is typical of the values obtained
by numerically solving the full set of EMP equations.

In the weakly collisional regimé¢v.<w) and for w~ w, it
follows that the field outside is nearly completely shielded.
In the highly collisional regime, however, the EMP field is
not shielded outside the filament.

In Sec. I C 2 and Il C 3 we analyze and discuss limiting
cases of these equations for comparison with the numerical

2. EMP in the steady state regime
results.

In the steady state propagation regime it is assumed that
1. Estimate of EMP power conversion efficiency both the plasma density and the laser pulse are independent

A rough estimate for the efficiency of converting laser©f the Ppropagation distance, i.edwp,/ 92=0|E,[*/ 2=0.
power to EMP power can be obtained by using rather generdfVen in @ homogeneous medium there is a minimum propa-
arguments concerning the EMP field amplitudes. This progatlon distance needed to reach a steady state. The steady
vides a consistency check with the calculation of efficiencyStat€ EMP propagates with velocity equal to the group veloc-
obtained by the far more precise analysis which follows. Inity Of the laser pulsep,. The transient EMP on the other
addition, this estimate shows that the low efficiencies ob1and propagates with velocityc/n,. The propagation dis-
tained by more precise analysis are to be expected. tance needed to reach a steady state Ligady state

The maximum amplitude of the longitudinal electric field ~ 7./|1/vg=No/c|~2 %5 C 7 For the purpose of illustration
(wakefield induced by the driving laser pulse propagating init will be assumed that the collision frequency can be ne-

the plasma filament in the absence of collisions is given bylected. o o _
[29] The axial EMP electric field is vanishingly small outside
of the plasma filament, while inside the filament it is given
mme & by

(32

Z,max 2 q CTL’

3 _4w"éz<w>( . Io(Kpr)>
Er,w) = wz_wgo 1 lo(Kp Ip) '

wherea, =q|E,|/m c w, is the laser strength parameter. The (39

frequency of the wakefield is in the THz range and deter-
mined by the laser pulse duratiap. In the absence of col- The EMP magnetic field inside and outside of the plasma
lisions, the maximum field amplitude occurs when the lasefilament is given by

pulse duration is approximately equal to the plasma fre-

quencyw, 7. ~1 [29]. The other components of the EMP 47 i~Sl(w) 1(xp 1)

fields induced by the driving laser pulse are of the same Bylr,w) = ——""— (1) (363
order or smaller than the above maximum axial field. The provTRR
power in the EMP is estimated to % \,p~C EimaXEIS’IT, and
where2 is the area through which the EMP energy flows.
The area of the cylinder enclosing the EMP fields is esti- - 4 i§z(w) l1(kp Tp) Ky(ko )

- 2 i B,(r,w) = p_p 20~ (36b
mated to be&& ~7(2 N, r, ¢ 7-,_+rp), whereN, is the number ) 0 C Ky lo(kp Tp) Kok Tp) (36b)

of periods(i.e., plasma wavelengthsf the wakefield behind
the laser pulse. The paramefdy is a measure of the axial respectively. For typical parameters we find ther,
extent of the emitting region of the EMP. Typically, the ~ wpol p/ €1 andyf,~ o rp/(c Yg)<1 and the EMP mag-

plasma frequency is on the order of the electron collisiometic field inside and outside the plasma filament reduces to
frequency and consequently,~ 1. The driving laser pulse

power can be written in terms of the laser strength parameter, - 47iS(w)(2mcr, )2
PL=(c/16)(m c w,R/q)%a2. Using Eq.(32) and the expres- By(r,w) = ( p)

sion for the laser power we find that an estimate for the EMP @ C @po

power efficiency is X exXp(— wpgf p/C)l1(wpo 1/C), (373
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AmiSle) tp o, thg ¥). (37h)

By(r,0) =
@Wpo  Ug Vg o
=
In the steady state and in the absence of collisions the Fou- =
rier transform of the source term in E@) is ”2
~ iq w wig
_ * ™ po
w)=-— I (w), 38
Se) 2mcc o? o) (38) 0 50 100 150 200 250 300

Laser Pulse Duration, 7 [fsec]
wherel (7)=c|E |?/87 is the laser intensity.
To obtain the temporal variation of the fields it is neces- FIG. 2. Steady state EMP conversion efficiency given by Eq.
sary to invert the corresponding Fourier transforms. To del43) vs laser pulse duration for various laser pulse energies.
rive an analytic expression f@,(r,7) we assume an inten-
sity profile 1, (7)=1 o for 0<7<7_ and zero otherwise. C(7,7)
verse Fourier ransform fesute e 2P AR P AP ARG AT+ P AP D

P+ AP+ 2/7|AH '
r
B(‘}(rv T) = BojH(rv T)! (39) A~
r T=0g Yyl

where T.=vg ¥g7./Tp, @and A7=7-7. The power ratio,Pgyp(7)

normalized to the peak laser pow®x, is typically very
Hr ) 1( T (r—7) small, with a peak value of-4x 10710 for the parameters

r,7=- - i
' 2\ 1(r/ 24 21127 [(y/ 24 (e 2 )27002) listed above.
[(rTvgyg I Wrhogyg™+ (r=m)7] The energy in the EMP pulse is
(409
e o] C (e
and Wewp = f drPeye(r) = B3 1 f drA(r,7). (42)
_ 2T Quwy The energy efficiency, defined as the ratio of the EMP energy
BO -~ 5 2 ILO (40b) M .
m & w3 to the laser energy, is given by

- o W, ML (oo )2
is the peak magnetic field at=r, and 7=7. Note that the Teneray= —P = 2oL ( 2 po) W(), (43)
magnetic field in Eq(39) is proportional to the square root ¥ W 87 P,\ Ry,
of the plgsma densny_. This dependence is due to 'ghe negxfherePosz&/qz:S.?S GW,
cancellation of the axial components of the convective an
inductive current densities. Evaluating the magnetic field at ~ ("
r=r, in Eq. (378 and noting thatw,, r,/c>1, we obtain Ya)=7"] drA(nn), (44
By(rp)=4m i S{w)/(wpew). The inverse transform of this ex- .
pression leads to the magnetic field given in Efb). and the laser pulse energyW =(c/16)|E,|?R%7.. The EMP

As an example consider the laser and plasma parametegsnversion efficiency, Eq43), is plotted in Fig. 2. For typi-
Mo®pol C=25, T W/ 2m=0.8, wo/ wp,=125, £=8, y,~140, cal laser parameters the efficiency is extremely small,
Ao=0.8 um (\,=100 um), and peak laser intensith o=7  7enerqy~4x 1072,

X 10" W/cn?. For these parameters the magnetic field at
the surface of the filament iB,=9 G. The axial flux is 3. EMP in the transient regime

localized in to the vicinity of the laser pulse and reaches a . . . .
In this section EMP generation for nonsteady state, i.e.,

maximum of~18 kW/cn? at midpulse(7=7,/2). In the ra- ¢ ient I tion is di d T derstand
dial direction, the axial flux extends many plasma wave- ransient, puise propagation 1s discussed. 1o understand ra-

length beyond the plasma column diative EMP we employ a heuristic model in which the non-
The EMP power propagating in the axial direction residessteady state regime is represented by a spatially periodic den-
outside of the plasma filament and is given by sity variation in the pulse propagation direction arising, for

example, from the periodic focusing and defocusing of the
c (* c laser pulse. This variation is also manifested in the compo-

Pemp(7) = —f Bj(r,n2m rdr = —BZ r3A(r,7), nents of the laser field within the filament. Since all the field
4mlg 16 components can be expressed in terms of the axial electric

(41) field we spatially modulate this axial field by the facfdr

+e co9K z)], whereK>0 is the wave number associated
where A7, 7)=In[(1+7)(1+AT)]-2 sgn[TAT] with the nonsteady state component of the ponderomotive

XIn[C(7,7)], force ande is a measure of the modulation. In the spatially
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modulated medium the ponderomotive force has superlumi- @ Vo > €
nal Fourier components for a rangekof For these values of Radiative EMP ‘_ Vor =€
K the EMP is radiative, resulting in net power flow in the 2
radial direction. This can be understood by noting that the > | Electromagnetic
Fourier transform of the axial electric field outside of the % Mode
filament is given bysee Eqs(23)] = \ vy <c
gﬂ::) e Non-radiative EMP
[li(ri> _ KE(&),K)]EZ(Q),K) -0, (45) (e.g. steady state)
rar\ oar - EMP (@,K)
where .
2 Wave number K
K2(0,K) = k30, £K) = s £ 2K + K2 o . N .
= vg ys Vg FIG. 3. Dispersion diagram showing the condition for radiative
s EMP.
w w
=<—1K) - (46)
Ug c tromagnetic mode and thg,,> c dispersion line.

Following Fourier inversion the solutions of E@45) are

exprgsmble in the fOero(Ki. r)exp(_il_Kz)exp(—lwr). These Il EMP GENERATION ON THE SURFACE

solutions represent the radial variation of the forward propa- OF A DIELECTRIC

gating, expiK z), and the backward propagating, éxp

-iK z), contributions to the EMP, respectively, where the In this section we analyze the generation of EMP from

transverse wave number is. dielectric surfaces. The incident laser pulse ionizes the di-
For the purpose of discussing the nature of the solutionsslectric and produces an oscillating plasma current sheet

i.e., radiative and nonradiative EMP, we consider the limit ofwhich is a source of EMP. In addition, we assume that the

zero collision frequency,=0. Forx2> 0 the solution of Eq. ~ dielectric may have a nonvanishing second-order susceptibil-

(45) represents exponentially decaying nonradiative soluity x»; this is the case in crystalline dielectrics. A second-

tions, i.e.,Ko(|x.|r) ~rY2exp(—|k.|r). Note that the expo- order susceptibility can result in optical rectification and be a

nentially increasing solution is nonphysical. SineeandK  source of EMP radiatiof43]. Other methods for generating

have been chosen to be positivg, is always positive and THz radiation in solids are discussed in, for example, Refs.

represents exponentially decaying solutions that are nonradi22—25,44.

ative. Howeverx? can be less than zero for valueskfin In previous sections we found the efficiency of laser en-
the range ergy conversion into EMP energy in air to be extremely
small. In this section we consider the EMP generated when a
2w K> o 47) laser pulse is incident on a dielectric target. A difference
C 203/3' between a dielectric and the atmosphere is that the electron-

neutral collision frequency is nearly four orders of magni-
In this casex_= +i|«_| and the solutiorK,(«_r) for larger  tude larger in dielectrics. Another difference between a di-
represents  radiative  solutions,  i.e., Ko(kr)  electric and the atmosphere is related to the ionization
~r~Yaexp(Filk_|r). Here, the upper sign represents a radi-process. Typically, to elevat@onize) an electron from the
ally incoming wave and is not physical. The lower sign, valence band into the conduction band in a dielectric requires
however, represents a radially outgoing EMP field and coran amount of energy on the order of a few electron volts.
responds to radiative fields. The source of the radiative fieldhus for a laser wavelength af=0.8 um (Aw,=1.54 eV a
is the ponderomotive force containing Fourier componentsew photons suffice to induce photoionization. That is, in Eq.
with phase velocities that are superluminal. In the laser pulsg5), £ =2 and hence the plasma filament is no longer limited
frame, the Cherenkov-like emission angle of the EMP radiato a narrow region near the center of the laser pulse, i.e., the
tion with respect to the laser pulse propagation direction isfilling factor is nearly unity. Finally, due to the short penetra-
o tion depth into a dielectrig45,44, self-focusing and diffrac-
O = tar(|x_|/K). (48) tion of the laser beam are negligible and consequently a one-

The phase velocity associated with the Fourier component@mensional analysis of the EMP generation suffices. The
of the ponderomotive force is given by wave equation for the EMP field inside the dielectric is

noPE_ 4mdd 4m PP,

b . (50
c? 9t? 2 gt c? at? (50)

® Vg (49) VX (VXE)+

Uph = y
P w-vgK

and the EMP is radiative when,>v,. The radiative and where n, is t-he .I|nef';1r index of the d|elecAtr|(2:i the. plasma
nonradiative branches of the EMP can be illustrated with gurrent densityd is given by Eq.(6), P,=x,|E,|&,/2 is the
dispersion diagram shown in Fig. 3. The frequency and wavéecond-order polarization field polarized in thedirection,
number of the EMP are given by the intersection of the elecx; is the second-order susceptibility, akg(z,t) is the am-
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plitude of the laser pulse inside the dielectfitl,43. In PE. 1FPE. 4mwdd, 4mwFP

writing the second-order polarization field, second-harmonic 92 2 i = 2 ot + 2 a2 (53
terms have been neglected. A typical value for the second-

order susceptibility in crystalline dielectrics isy,  whereJ (z,t) andP(z,t) are, respectively, the current density
~10" esu. On the right-hand side of EGO), the ratio of  and total polarization fields. Within the dielectric the current
the second-order polarization field source term to the radiadlensity is given by Eq(2), where

and axial components of the plasma current density source ~

term are, respectively, Ju(zt) =(1/12)J (z,t)exp—i w, 1) + C.C. (54

) is the laser driven plasma current density. The rate of change
. m cwg x2[ 2 veR, of plasma density is given by E¢da). The polarization field
(0PI - & ~ 4 ”?EZ( c ) (518 ¢onsists of a linear and a nonlinear contribution,
P(zt) = (1/2)[P(zt) + Py (z,) Jexp— i w, 1)&+ C.C.,
(55

ma2 X2

[(aPoIat)3 &) ~ 4 m——7F (51b)
q wp an

whereP,(z,t)=x, E_(z,1), Py =|E (z,1)|?E(z,1), x. is the
linear susceptibility, andr is related to the nonlinear Kerr
In obtaining Egs(51) it was assumed that the process is infefractive index. Note that the second-order polarization field
the collisionally dominant regimep, 7,>1. For wy/w, in Eq. (55) is omitted since it does not contribute to a driving
~10, 7, ~100 fsec, vo~ 10 sec’, and spot size ofR, term atthe laser frequency. If the laser pulse duration is long
~200 um the ratios in Eqs(519 and (51b) are ~10° and ~ compared to the laser period, i.e,>|d/4t|, Eqs.(53) and
107, respectively. This indicates that the optical rectification(2) can be written as
process, compared to the plasma generation process, can be 5 2 2 .
far more efficient mechanism for generating EMP in crystal- Ta_ %( ﬂi)} E
g g y +—(1+ E (zt)

line materials. i c wo dt

The interaction of a laser pulse with a dielectric surface Ami i
can lead to significant heating of electrons provided that the =- —2w0<1 +— )
pulse duration is long compared with the electron collision ¢ @oJ
time. The hot electrons radiate part of their energy in the (56a
form of bremsstrahlung covering a broad spectrum. As an
example, consider a 100 fsec duration, /@ wavelength i i ) -
laser pulse with intensity #®W/cn? propagating in a sin- (1 +fat>JL(Z t) = pr(Z,t)EL(Z,t),
gly ionized plasma with electron densityx2L0?* cm™ and ve) Am(wo +ive)
collision frequency 18 sec?. The characteristic bremsstrah- (56b)
lung energy in this case 5150 e\/_(soft4x-ray regimg and wheren,=(1+4my,)¥?is the linear refractive index. To low-
the energy conversion efficiency 110°*. The inclusion of
line radiation and recombination radiation can increase thi§ gst order ing/ 41, Eqs.(569 and(56b) combine to give
efficiency by factors of order unity. P i v (zt)

To obtain both the current density and second-order po- 2t K2(zt) + 2|—< nZ-— e—p—2> EL(zt)
larization field on the right-hand side of ER0), the laser J 2wo (0o +i ve)”/
pulse amplitudeE, is required. To obtain the laser pulse =0, (57)
amplitude we write the incident, reflected, and transmitted Ivh
laser pulse fields as follows:

ere

K(zt)—&’< —"—Z(Zt) +4malE ()2
Ve Mo wo(wy +1 vp) THELS

Ein(z,t) = (112 E;p(t — Zc)exdi(k,z — wot) &+ C.C.,

(529 ve/a)(zJ ﬂwg(z,t))llz
(wo+i ve)? 9t ' (583
ERr(zt) = (L/2)ER(t + Zic)exd — i(kyz + wot) 1§ + c.c.éZb awﬁ(z,t) i waﬁw(,( IL(z,t))" -
(52b) at =D\ Iyp )

i and  w,=(4m g?n,o/MY2~1.8x10%sect for N,
EL(zt) = (/2E (zt)exp—iwt)g+c.c., (520  ~10% cm3. Note that 4ra|E, (z,1)|2=2n,nk(Nn/Npo)lL(Z,1),
whereny is the nonlinear Kerr refractive inder,=n,,—Ne,

wherek,=w,/c in the vacuum region. The laser field inside andIL(z,t):chEL(z,t)IZ/SW is the laser pulse intensity. For
the dielectric satisfies a dielectric the number of photons needed for ionization is
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~ 12 Ty G wmis) @ ;in(t) - ER@ = EL(Q,U{K(o,t) +(i/2)[9In(K)/3 Z) =0} ko,
Ng 5 \ which combine to give

= , L _ E00)= 2l o 6
— ) k°+K(0't)+E(T)FO

Within the dielectric the laser pulse amplitude is given by
-1 05 0 05 1 15 2 Eqg. (60) together with Eq.(61). The laser pulse amplitude
determines the current density given by E&) and the
second-order polarization field which drives the EMP fields
in Eg. (50). These equations are solved numerically in Sec.
IV.

IV. NUMERICAL SIMULATIONS OF EMP GENERATION

The numerical simulations presented in this section are
based on solving Eq20) for the EMP field, with the plasma
-1 -05 0 05 1 15 2 current and source given by Eds), (8), and(10). The laser
w |27 envelope evolves accor.din.g to Eq44) and the ionization
po generated plasma density is given by Ethc). The charac-
teristic ionization and recombination parameters used in the
=70 ¢/ wpy, (outside the plasma filamgntaser parameters avg, S|mulgt|0n§ arel dlsgussgd folIowmg EI(@ Th? system of
=0.8um, =267 fsec, y,=13, and peak laser intensity =7 equations is so ve_d in axisymmetric cylndrlca geometry a_nd
X 103 W/cn?. Plasma parameters arg,=1.1x 107 cm™® and evolved using a time qnd_ space centered f|n|te_ differencing
r,=0.4 mm. Panela) shows the steady state radial EMP radiance’scheme with thg electric field and_plqsma density calculated
I, =CE,B,/ 4 (solid curve, and the laser intensity profilg (dashed ~ ON the same grid and the magnetic field and plasma current
curve. Panel(b) shows the corresponding axial EMP radiarige ~ Calculated on a separate, staggered grid. The equations for
(solid curve from the simulation and the analytical calculation of the EMP fields are solved in the laboratory frame character-
|,=cB2/ 4 (dashed curvefor steady state propagation whegis  ized by the variable¢r,z,t). The propagation equations for
obtained from Eq(39). the driving laser pulse are solved in the group velocity frame
and transformed to the laboratory frame when coupled to the
typically small, i.e.£=1, 2, or 3 \,=0.8 um. Equation’57) ~ EMP equations. _
together with Eqs(58) describe the evolution of a laser pulse "€ SDE method42] of solving for the laser pulse am-
propagating in an ionizing dielectric. In dielectrics colli- Plitude provides a description of the laser pulse evolution
sional and ionization absorption of the laser pulse takes plad@at is simple to implement numerically. However, it is based
over a short distance, i.e., the penetration depth is a feQn the premise that the transverse laser profile is approxi-
microns. For distances short compared to the laser puls@ately Gaussian. In certain regimes this may be violated as,
length, i.e..z<cr, /n,, transit time effects can be neglected. for €xample, in Fig. 13 of Ref|36], where a hollowing of

In this limit 4/t can be neglected and E@7) reduces to the laser pulse takes place. In such cases, the solution of Eq.
(11) must be employed. In the following we shall assume

FIG. 4. EMP radiance vs normalized at radial positionr

P 5 - that the Gaussian profile approximation is valid.
(E +K (Z,t)>EL(Z,t) =0. (59) The simulations are initialized &t 0 with the laser pulse
propagating in vacuum in the positizedirection. The lead-
The WKB solution of Eq(59) is ing edge of the laser pulse &t0 is located at axial position
z=0. This configuration provides the initial condition for the
A A K(0,t) 1/2 (7 , numerical EMP field solver, namely, that the initial EMP
Bz = EdQU(m) ex 'J dz K. |, fields are zero. In the vacuume-air transition region fram
' 0 =0 to z=L,, the neutral density increases with the functional
(600 form
where solutions representing waves traveling towards the left lz=L,
are not considered. The value of the field at the boundaryn(2) = Mo [10(ZIL,)% - 15(Z/L,)* + 6(zZL,)?], O<z<L,’

ie., EL(O,t), is obtained from the boundary conditions. Ap-

plying the boundary conditions at0 yields 62
and has the constant valug,=2.7x 10'° cm2 for z>L,.
E.n(t) + Ex(t) =EL(0,1) The choserz dependence of the neutral density assures that
the first and second derivatives of the density are continu-

and ous atz=0 andz=L,.
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1.2
1 (a)
E 0.8 FIG. 5. (Color) (a) Shaded contours of radial
é 0.6 power fluxl, as a function o€=z-vgt and radial
N I — -— A positionr showing radiative EMP from a modu-
0.4 i == <gge — lated plasma filament with plasma density,
_ - - : E— =1.1x 10" cm™® and radiusr,=0.4 mm. (b) I,
0.25% - vs radial position at axial positioi=-220 um.
0 &- - The plasma modulation is characterized by am-
; : 5 : : plitude £=0.3 and wave numbeK=w,/4 c as
250 200 150 100 50 0 defined by Eq.(47). Laser parameters ark
& [um] =0.8um, I=7X108W/cm?, 7 =267 fsec,
and y4=109.
60
(E 40
5 20
= 0
Z, 20
~ -40
~ &0 <«— Plasma boundary

0 0.2 0.4 0.6 0.8 1 1.2
r [mm]
A. EMP generation in air lLo=7x10¥W/cn? and the laser wavelength is\,

=0.8 um. To be consistent with the steady state analysis, the
EMP from the interaction of an ultrashort laser pulse with air.|2S€" €nvelope is independent of the propagation distgnce

The first two examples validate the numerical simulation®nd the radial EMP source term given by EG0) is ne-
with the analyses of Sec. Ill. The third example is a simula-9/€Ctéd in this simulation example. . _
tion of a recent experiment which observed EMP emitted The .Iength of the_vacuum-alr transition region fqr this
from a laser pulse propagating in air. The last example in thiSimulation example is,=20 c/wy,=0.3 mm. A transient

section shows EMP generation from a much higher intensit=VP 1S generated in this transition region which must be
laser pulse which fully ionizes the air. allowed to propagate away from the laser pulse before the

steady state is achieved. To achieve steady state, the laser
1. Steady state laser pulse propagation pulse must propagate a distarce Zyécn. To reduce com-
puter run time and expedite reaching the steady state, a

The following four examples illustrate the generation of

This first example benchmarks the numerical simulatio
with the steady state analysis of Sec. lll. A laser pulse propa-

. ! lens
gates through a preformed plasma filament characterized by _
a constant densityl,=10"" cm 3(w,,=1.9% 10" sec?) in ozl g = S0) ]géserlEtr.wel?pe
the regionr <r, and ng=0 for r>r,, where the filament Il m“iﬂ;
radius isr,=0.4 mn(~25/w,,). The laser spot size is as- m it
sumed to be much larger thagso that the transverse varia- g ; tmulation
tion of the laser envelope can be neglected. To approximate kg j
the square laser pulse profile assumed in the analysis, the — /
laser envelope in the simulation is taken to have a longitudi- 5
nal profile given by E (7)=E gsirm(r/7)'%/2] for "z L z=12

0<7<7_ andE (7)=0 otherwise. The smooth variation of
the laser envelope at the leading and trailing edges reduces FIG. 6. Schematic diagram of the simulation of the EMP experi-
numerical dispersion. The pulse duratiom,=270 fseC  ment of Ref.[17]. The laser envelope simulatigwithout EMP) is
~0.8X 27/ w,,, is chosen to optimally excite a plasma wave performed fromz=0 to z=z, wherez,=1.82 m. The full EMP
under collisionless conditions. The peak laser intensity isimulation is carried out for>z,.
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FIG. 7. (a) Peak plasma density and laser intensity vs propaga-

tion distanceAz=z-z, for the simulation of the experiment of Ref. 7 =225 pm
. ) . ) 0.01
[17]. (b) Peak radialdashed curveand axial(solid curve Poynting 0 10 20 30 40 50 60
flux vs Az Initial (z=0) laser parameters for the simulation are Frequency [THz]
No=0.8 um, P, =83 GW, 7 =120 fsec(FWHM), andR,=7.5 mm.
Parameters for air are taken to bg-1=2.7x10% n¢=3 FIG. 8. (@) Normalized on-axis laser intensity vs tin(e) radial

X 10719 cm?/W, Ujp,=12 eV, €=8, andlyp~ 10" W/cn?. EMP Poynting fluxl, at radial positiorr =225 um vs time, andc)
corresponding temporal Fourier transforml pfor propagation dis-

P . . tancesAz=10 cm(dashed curveand 12 cm(solid curve. The ra-
vacuum(no=1) is assumed outside of the plasma fllamemdial positionr =225 um is outside of the plasma filament. Simula-

and the laser pulse is given an artifici_a!ly low group ve_locity, tion parameters correspond to those listed for Fig. 7.
¥y=13. For these parameters, the minimum propagation dis-
tance required to reach steady state-i3 cm. unit step function. As in the previous example, there is a
The radial EMP Poynting fluk =c E,B,/4 (solid curve transition region from vacuum to air with a scale lengith
and laser intensity profiledashed curveoutside the plasma =20c/ w,,=0.3 mm. The linear and nonlinegKerr) indices
filament is plotted in Fig. &) as a function of normalized of air are chosen to ben,—1=2.7X10* and nk=6
time 7 w,o/27. Note the adjacent regions of positive and x 1071° cn?/W, respectively. For these parameters, the rela-
negative radial flux which, when integrated over time, nearlytivistic factor associated with the laser group velodisge
cancel. This result is consistent with the analytical predictiorEq. (22)] has the valuey,=109. The laser envelope is taken
that the EMP field is nonradiative in the steady state ando be independent of the propagation distamcand the ra-
there is no net radial energy flux. Figur¢bf shows that dial EMP source term given by E@10) is neglected to be
there is, however, a much larger net axial Poynting flyx consistent with the analysis. Note that for an unmodulated
:CB§/477~400 W/cn?) in the simulation which is in agree- plasma filament, the distance required to reach steady state
ment with the analysis. The axial EMP flux is localized lon- for these parameters is2 m.
gitudinally roughly within the laser pulse. Figure 5 shows the spatial EMP distribution generated
from a modulated plasma filament. The modulation wave
number,K=wy,/4c, is chosen to satisfy the condition for
radiative EMP given by Eq47) assuming that the charac-
In the next example, we verify the condition for radiative teristic frequencyw~ w,,. Figure %a) plots the spatialé
EMP given by Eq(47). A laser pulse with longitudinal pro- =z-yt,r) distribution of the radial Poynting fluk. after a
file given by E (7)=E ¢sin(w7/7 ] for 0<7<7 andE.(7)  propagation distance of2 cm. Radiative EMP is observed
=0 otherwise, pulse duratiom =270 fsee-0.8X 7w/ w,,  propagating from the plasma channel behind the laser pulse.
peak laser intensityl o=7x 10" W/cn?, and wavelength The radiation is confined to a cone characterized by the
N\,=0.8 um propagates through a modulated, preformedCherenkov angle given by E¢48). The outward EMP flux
plasma filament. The plasma density is given myr,z) observed within the laser pul$e80 um< ¢<<0) is a mani-
=Ned 1-O(r-rp)[1+¢ sin(Kz)], whereng,=10"" cm™3, the  festation of the transient interaction at the vacuum-air tran-
modulation amplitude i£=0.3, and®(x) is the Heaviside sition region. It is expected that there would be no net out-

2. Transient laser pulse propagation

066415-13



SPRANGLEet al. PHYSICAL REVIEW E 69, 066415(2004)

Imp=10" W/cn?, andn,,=2.7X 10'° cm3. The laser pulse
envelope is taken to be Gaussian in the transverse direction
with a spot sizeR,=7.5 mm. The longitudinal laser field
profile is given by Eq(25) with 7y =240 fsec, which corre-
sponds to a FWHM intensity duration of 120 fsec. The laser
pulse has wavelength,=0.8 um, peak powelP, =83 GW,
and energy~10 mJ. The simulation is performed in two
parts as illustrated in Fig. 6. The first part models the focus-
ing of the initially low intensity laser pulse in air by a lens
0 02 04 06 038 I with a focal length of 2 m. Here the simulation covers a
range 0<z<z,, wherez,=1.82 m. Over this range, the laser
b intensity is sufficiently low that no appreciable plasma den-
(b) sity is formed and no EMP is generated. To expedite the
simulation, only the propagation equations for the driving
1, [kW/cm?] laser pulse envelope are solved fox z,. The laser pulse
envelope atz=z, is used to initialize the full-scale EMP
________________________________ simulation forz>z,,.

Figure {a) plots the peak plasma densitgolid curve
and laser intensity (dashed curve over the range
0<Az<16 cm, whereAz=z-z, is the distance from the
start of the full-scale EMP simulation. Fdxz<<9 cm, the
z [em] laser intensity increases due to both geometric and nonlinear
focusing. ForAz>9 cm, a plasma filament is formed on axis
which defocuses the trailing edge of the laser pulse, thereby
resulting in a shorter duration laser pulse. The peak plasma

1000

100

10

FIG. 9. (a) Normalized peak laser intensity /I, (dashed
curve) and normalized peak plasma densityn,, as a function of

propagation distance for an initially collimated laser pulse with . . . . L 8 .3 .
Z0.8 um, P,=5.3 TW, 7, =240 fsec, andR,=1 mm. Parameters density achieved in the simulation is2 X 10'® cm 3, which

for air are taken to ba—1=2.7x 104, ng=3x 10-1 c?/W, occurs atAz~10 cm. ForAz>10 cm the plasma density
Uign=12 eV, €=8, andlyp=101W/c?. (b) Corresponding peak st.ead|ly decreases due to the s_hortemng of the laser pglse.
radial (dashed curveand axial (solid curvg Poynting flux as a F'G‘%fe b) plots the .correspondlng peak vglues of the axial
function of propagation distance. (solld_ curve and radlaI(Qashed curv)ePoynt_lng. fluxes_ as a
function of Az. The maximum EMP flux coincides with the

; : ; ; maximum plasma density. The maximum radial fluxlis
- <éE<
ward flux in the region —8Qum< ¢<0 had the simulation 35 kw/cn? while the maximum axial flux isl,

reached the steady state regime after 2 m of propagation. In S . -
Fig. 5b), the radial profile ofl, behind the laser pulse at 15 kW/cn?. Significant shortening of the driving laser

axial positioné=—-220 um shows an outward Poynting flux pulse prevented the simulation from extending beydd

on the order of 100 W/cfextending outside the plasma _~16 cm without violating the assumption that group veloc-

filament. Consistent with the analysis, for simulation param-Ity I(:i_lspersmn IIS ?e?hllglble. - intensi lized t
eters identical to those of Fig. 5, except that the modulation igure &g) plots the on axis laser intensigiormalized to

wave numberK=4 wp,/c, we find an absence of radial flux its peak value az=0) versus time atAz=10 cmdashed

; - : curve and Az=12 cm (solid curve. The relatively shorter
behind the laser pulse outside the plasma filament. pulse duration at\z=12 cm is the result of plasma defocus-

3. Simulation of experiment ing of the trailing edge of the laser. Figurgb8 plots the

A recent experiment at the Applied Optics Laboratoryc_o_rresponding radial Poyntiqg flux versus time at radial_ po-
(LOA) reported in Ref[17] measured an EMP from a fem- smo.n r:225,u.m. The Poynting flux is peaked in a region
tosecond laser pulse propagating in air. In the experiment, 8€hind the driving laser pulse and has a duration that is of
laser pulse with a FWHMfull width at half maximun du- the'order~1/ve. Note that the flux aﬁ'z.: 10 cmis @rected
ration of 120 fsec, wavelengtih,=0.8 um, and energy ra_ldlally outward while atAz=12 cm, it is c_JutW_ard just be-
~30 mJ was passed through an aperture of diameter 1.5 chind the laser pulse and then reverses direction. Figoe 8
and focused into the air with a 2 m focal length lens. As thePlots the frequency distribution of the two curves shown in
laser pulse focused and the intensity increased, a plasma fil&ig- 8b). The frequency distribution
ment was formed near the focal region and EMP was mea- -
sured along the Iength of t_he plasma ﬁlament. The following (1o w) = A_ﬂf 1, (ro, € tdt (63)
results are from a simulation with similar parameters. A de- V2mrd —
tailed comparison with the experiment is beyond the scope of
this paper due to uncertainties in the measurements. Howsas units of intensity and represents the intensity contained
ever, the simulations do reveal a number of features that amithin a frequency bandw. In this caseAw/27m~1 THz is
difficult to diagnose in experiments. the smallest frequency interval that can be resolved by the

In our simulation, the parameters for air are taken to besimulation grid size. The EMP spectrum Az=10 cm is
No—1=2.7x10% ng=3x 10 cm?/W, U;,,=12 eV, ¢=8,  peaked near zero frequency and is broadband with a width of
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é: [Mm] (unshadeyland (a) axial and(b) radial Poynting
flux (shaded contouysn the (¢,r) plane at propa-
[ [kW/sz] gation distancez=0.8 cm corresponding to the
r simulation of Fig. 9.
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~10 THz. At Az=10 cm, the maximum electron collision 4. High energy laser pulse
frequencyrve~ 6 10'3 sec. At Az=12 cm, the spectrum is
broader and a local maximum at a frequency~dt THz is
apparent. The peak plasma frequency varies froh3 THz
to ~12 THz over 2 cm of propagation shown in the plots.
Note that there is no distinct feature in the EMP spectrum a
the plasma frequency or any of its harmonics.

The total EMP power emitted radially through a cylindri-
cal surface of radius,=580 um versus time is given by IEL(0,2,7)| = EL(Z)Sinz(WT/TL) (65)

As a final example of atmospheric EMP generation, we
consider the propagation of a high-energy1 J), high-
intensity (>10* W/cn?) ultrashort laser pulse in air. In this

xample, the initial laser pulse is Gaussian in the transverse
irection with a spot siz&,=1 mm. The longitudinal enve-
lope is given by

. for 0= 7= 7_and zero otherwise, with, =240 fsec. The la-
- ser pulse is initially collimated and has wavelength
Py = 2m fof_w {rozt)dz ©)  Zos um, peak power P =53 TW, intensity | 4=3.5
X 10 W/cn?, and energy~0.5 J. Parameters for air are
taken to ben,-1=2.7X10% nc=3x10"%° cm?/W, Uiy,
In our simulations, we find that the power has a maximum of=12 eV, ¢{=8, andl,p=10"* W/cn?. The air-vacuum inter-
~0.8 W. Most of the power is emitted over a duration face has scale length70 um.
~0.1 nsec. Integrating the power over time, the total energy Figure 9a) shows the normalized peak laser intensity
radiated in the radial direction during the entire simulation isl /1, ; and normalized peak plasma densityn,, as a func-
found to be~50 pJ, which corresponds to an energy convertion of propagation distance. A=0, the laser pulse is in
sion efficiency of~5x107°. vacuum. As the laser pulse enters the air, the air is fully
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I,.,» IMW/cm?®] Figure 10 plots the corresponding spatial distributions of
0 1 2 3 1 laser intensity, and Poynting flux in the quasiequilibrium
configuration at a propagation distare0.8 cm. The radius

200 — . of the plasma filament in these plots+#9.5 mm. Due to the
— =0 Air (a) high electron collision frequency, there is little axial flux in
g 150 <«— Dielectric the regionr <0.25 mm, while the radial flux is seen to be
= 100 > strongly damped behind the laser pulse.
X~ IL — i
& . B. EMP Generation on the Surface of a Dielectric
ST -50 0 50 100 In this section, we simulate the EMP generation from the
. : , interaction of a laser pulse with a dielectric surface. The
__ 2000 t=0.3psec (b) simulation is set up with air in the regian< 0 and a dielec-
g 150 : tric in the regionz>0. The initial laser pulse at=0 is situ-
= | ated just outside the dielectric and has a field envelope that is
5 Gaussian in the transverse direction with a spot $#ge
50 =0.1 mm. The longitudinal laser field profile is given by Eqg.
0‘— | (25) with 7, =200 fsec. The laser pulse has wavelength
-100 -50 0 50 100 =0.8um(f w,=1.54€eV} and peak intensity I,
7= ' =10 W/cn?. The dielectric is characterized bg,,=6
— CR NS pses ) (c) X 1072 cm 3, ny=3, ng=7x10"° cnm?/W, U;,,=3 eV, £=2,
g 150 andlyp=5x 10" W/cn?. The WKB solution, i.e., Eq(60),
= 100 is evaluated numerically to obtain evolution of the laser
' pulse within the dielectric, and E@50) is solved to deter-
50 b mine the EMP generation.
o' | Figure 11 plots contours of the laser intendityand EMP
-100 -50 0 50 100 ; ; — (124 12)1/2 i ; i
: intensity lgyp=(I7+15)*< in the (z,r) plane at various times
__ 200 t=1 psec (d) during the simulation. Figure {4) shows the laser intensity
£ 150 contours before the interaction &t 0. Figure 11b) shows
= 100 \ the simulation results immediately after the front of the laser
~ -~ pulse enters the dielectric and the initial EMP is generated.
50 G The EMP extends radially on the order of the laser spot size
0 and longitudinally~50 wm into the dielectric. The EMP has

-100 -50 50 100 a peak intensity ofgyp~ 30 MW/cn? near the boundary. At

0
z [um] this time, a plasma layer of width-5 um, radial extent
~100 um, and peak densityl,~3.5x 10% cm™3(w,~ 3.3
surface. Panels show laser intengitysshaded contouysand total X 10°° sec 1). IS. formed at t'he boundary. The laser pulse is
EMP flux | gyp=(12+192 (shaded contoursn the (z,r) plane at absc_)rbed within several microns of the b0L_|r_1dary.
times (a) t=0, (b) t=0.3 psec,(c) t=0.7 psec, andd) t=1 psec. Figure 11c) shows the EMP as the tra_llmg end of the
Dashed line az=0 indicates the boundary between @ir<0) and  laser pulse approaches the boundary. At this instant, the peak
dielectric (z>0). Laser parameters a0 are \,=0.8um, I,  EMP intensity islgyp~7 MW/cn? within the dielectric.
=103 chmzy TL:200 fsec, an(RO:O.]_ mm. Parameters for the Outside the dielectric, an EMP traveling in the negaiive
dielectric are taken to be,=3, n=7x10"1% cn?/W, U;,,=3 eV,  direction is observed. Figure @) shows simulation results
€=2, andlyp=5x 10" W/cm?. later in time after the laser pulse has been completely ab-
o ) ) ) sorbed in the dielectric. There is relatively little EMP flux
ionized and the laser intensity decreases rapidly. Note thagithin the dielectric, most of it has been either reflected or
for the initial parameters of the s!mqlatlpn, _the scale lengthypsorbed by the plasma. At this time, the peak plasma den-
for laser energy depletion due to ionization#8 um. Over sity is ng~9x 10?1 cm 3. Within the dielectric, a pulse of

a propagation distance of1 cm, the laser pulse is seen to ; o P o ot
lose more than~70% of its energy. As the laser intensity !ntggzg)r/vegoo kw/cn traveling in the positive z direction

decreases, the plasma density is also seen to decrease. The , , . .
corresponding values of peak radial and axial Poynting flux,. As n_oted in Sec. lll, the interaction O.f a laser pulse with a
dielectric can also lead to the generation of bremsstrahlung

are plotted in Fig. ). Initially, the peak radial flux radiation. The conversion efficiency for bremsstrahlung is

E:;6Mk\<lvvllccnn?) fﬂ;nrufg (I:zrarzgoefr trr(;ar; gfonpetﬁlé rz):jlgll g:g estimated to be on the order ofL07%, which is significantly
j propag ' higher than the EMP conversion efficiency.

the axial flux are both of order-1 kW/cn?. Note that a
quasiequilibrium state is attained aftel0.3 cm of propaga-
tion in which the laser intensity and plasma density change

slowly relative to the initial phase of propagation in which  In this paper the generation of EMP by ultrashort laser
the air was close to fully ionized. pulses in air and on dielectric surfaces is analyzed and dis-

FIG. 11. (Color) Simulation of EMP generation from a dielectric

V. SUMMARY
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cussed. Multiphoton ionization leads to the creation of aEMP energy is possible provided a Cherenkov-like condition
plasma filament in the medium. The plasma currents driveiis satisfied. Several examples of EMP generation have been
by the ponderomotive forces associated with the laser pulssimulated and discussed. Our results predict a peak EMP
are the source of the EMP. The plasma currents, howevepower of~8 W for the parameters of the experiment in Ref.
dec_ay rapidly behind the laser pulse dug to the large electrof 7], corresponding to an efficiency ef107° for the radial
collision frequency. For a plasma densitygf~ 10" cm™®,  power flow. In another example, using a high energy laser
the electron collision frequency is.~5x10"?sec* (for  pyise (0.5 ) we find that the ionization losses of the laser

T.=1 eV), and the duration of the plasma currentid /v, PP
. i . ... __pulse are significant and that the pulse eventually reaches a
~—200 fsec. The duration of the EMP at a fixed axial positiong, ;asjequilibrium state. Finally, simulations of EMP genera-

is roughly equal to the laser pulse duration plus the plasm on from the interaction of a laser pulse with a dielectric

decay time,~7 +1/v,, which is typically a few hundred . : s
femtoseconds. The conversion efficiency from the laser pulsrenedlum show that EMP intensities on the order of MW#cm

to EMP radiation is found to be extremely small in both air ¢an be generated. Most of the EMP energy, however, is re-

and on dielectric surfaces. Typical conversion efficiencies arf€Cted by the plasma formed at the surface of the dielectric.

on the order of 1. The EMP frequency spectrum is broad

with a characteristic frequency determined by the laser pulse

duration and the electron collision time and not by the local ACKNOWLEDGMENTS
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