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The excitation of terahertz radiation by laser pulses propagating in miniature plasma channels is
considered. Generation of radiation by laser pulses in uniform plasmas is generally minimal.
However, if one considers propagation in corrugated plasma channels, conditions for radiation
generation can be met due to the inhomogeneity of the channel and the presence of guided waves
with subluminal phase velocities. It is found that for channels and laser pulses with parameters that
can be realized today, energy conversion rates of a fraction of a joule per centimeter can be
achieved. Miniature corrugated channels can also be used for creation of THz radiation by bunched
electron beams. © 2007 American Institute of Physics. �DOI: 10.1063/1.2715864�

I. INTRODUCTION

Electromagnetic terahertz radiation spans the range of
wavelengths from millimeters to infrared. It has many poten-
tial applications in biological imaging, spectroscopy of solids
and liquids, and remote sensing.1 Coherent pulses of THz
radiation are especially of interest for time domain
spectroscopy.2 Conventional sources of THz radiation using
short pulse lasers rely on pulse generation in a solid and are
generally limited to �J /pulse.3 Higher energies per pulse can
be generated at accelerator facilities with intense bunched
electron beams4 via synchrotron or transition radiation. Re-
cently, intense THz pulses with energies in the range
10–100 �J /pulse have been generated as transition radiation
by a laser generated and accelerated electron beam passing
from plasma to vacuum.5–7 Here we present a scheme for
THz radiation generation that involves the creation of min-
iature corrugated plasma channels �period �40 �m� that act
as slow wave structures. THz radiation can be generated in
these channels by either the ponderomotive currents driven
by a laser pulse �considered in the present paper� or by a
beam of electrons accelerated by the laser pulse. Our calcu-
lations show that a large fraction of laser pulse energy can be
down-converted to THz levels.

Research on THz radiation generation by lasers pulses
propagating in plasmas has been active since its demonstra-
tion by Hamster et al.8 The laser pulse exerts a low-
frequency force on plasma electrons leading to a current that
has a spectral width that is determined by the temporal du-
ration of the laser pulse and the natural oscillation frequency
of the modes supported by the plasma. It is tempting to con-
sider this current density as a source for radiation. However,
care must be taken in evaluation of the spatial distribution of
the current density.9 Specifically, the electrostatic or longitu-
dinal part of the current density does not lead to radiation. In
addition to having a current density as a source, it is required
that the radiation modes of the plasma that couple to the

source have a charge density perturbation. This can be ac-
complished if the plasma is immersed in a strong magnetic
field,10,11 or if the plasma is inhomogeneous.8 An alternative
approach is for the pulse to excite plasma waves, which nor-
mally would be trapped in the plasma, but then by a process
of mode conversion, the plasma wave energy is transferred to
an electromagnetic �EM� wave.12 An additional factor that
limits the efficiency of conversion of energy from the laser
pulse to THz radiation is the lack of phase matching �f� or
electromagnetic modes. The ponderomotive �PM� current,
which is a source for the radiation, travels with the laser
pulse at its group velocity, which is below the speed of light.
This current density will strongly excite only modes whose
phase velocity matches the group velocity of the current
source. The radiation modes of the system tend to have phase
velocities above the speed of light. Thus, strong excitation is
not expected.

In this paper we will investigate a scheme for excitation
of THz radiation by the ponderomotive force of a laser pulse
that addresses the two main issues previously discussed. The
scheme involves the excitation of radiation in a corrugated
plasma waveguide. These channels have recently been made
in the laboratory, and have been shown to have quite repro-
ducible parameters.13,14 A schematic diagram of the experi-
mental configuration appears in Fig. 1. A plasma channel is
formed by focusing a spatially modulated 500 mJ, 100 ps
laser pulse �the formation pulse� through an axicon into a gas
jet. This leads to an axially modulated break down along the
axis of the axicon and an outward propagating shock wave
that is similarly modulated. The period of the modulation is
controlled by the spatial modulation of the formation pulse,
and can be varied over a wide range of values from 35 �m to
several millimeters. A second pulse �100 mJ, 50 fs�, delayed
by about 2 ns with respect to the formation pulse, is injected
into the channel through a whole in the axicon. This pulse
will be used to drive currents that generate THz radiation in
the channel. This is possible because the electron density is
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inhomogeneous in the channel. Thus, the radiation modes
acquire a density perturbation and can couple to ponderomo-
tively driven currents. Further, the presence of axial corruga-
tions introduces spatial harmonics to the modes that are at
multiples of the wavelength corresponding to the period of
the corrugations. Thus, the field contains waves that are
slower than the speed of light and that can match the velocity
of the ponderomotive current.

The organization of the paper is as follows. Section II
presents a general calculation for the excitation of THz ra-
diation in periodically corrugated plasma channels. The cal-
culation is similar to that of the excitation of plasma waves,
but makes use of the properties of modes of a radially and
axially inhomogeneous plasma channel. In Sec. III we intro-
duce a simple model for a periodically corrugated channel
that allows for an evaluation of the expressions derived in
Sec. II. Using this model we compute the rate of conversion
of laser pulse energy to THz levels. We tabulate this rate for
an interesting set of parameters and compare the rate of con-
version to THz radiation with the rate of conversion to
plasma waves. We find a window of parameters where con-
version of laser pulse energy to THz radiation is efficient. In
Sec. IV we state our conclusions, and we discuss some ef-
fects not included in our model that deserve closer study.

II. EXCITATION OF RADIATION BY A
PONDEROMOTIVE POTENTIAL

When an ultrashort, intense laser pulse travels through a
uniform plasma, the energy of the pulse is depleted due to
the excitation of a plasma wave wake. In a nonuniform
plasma channel, an electromagnetic wave wake can be ex-
cited as well. We now calculate the rate of energy depletion,
due to the excitation of electromagnetic waves with fre-
quency well below that of the laser, that can occur in an
inhomogeneous plasma channel. Let us suppose that the laser
pulse exerts a force F on the plasma electrons, which results
in an electron current density J. The rate at which the force
does work on the current is then given by

PF =� d3xF · J/q , �1�

where q=−e is the charge of an electron. We now assume
that the force is the gradient of a ponderomotive potential,

i.e., F=−�Vp, integrate �1� by parts, and use the continuity
equation �� /�t=−� ·J to express the divergence of the cur-
rent density. This yields an expression for PF,

PF = −� d3xVp
�

�t
ñ , �2�

where ñ is the perturbed electron density. Thus, it is clear
that the force can only do work on excitations for which
there is a perturbed electron density. In the case of a cold,
uniform plasma, this implies that work can be done on elec-
trostatic plasma oscillations, which have an electron density
perturbation, but not on electromagnetic waves, which have
no electron density perturbation. In a nonuniform plasma, or
in a magnetized plasma, electromagnetic waves acquire a
density perturbation and then the ponderomotive force can
do work on them.

Before calculating the rate at which energy is transferred
to electromagnetic waves, we repeat the calculation for the
rate at which energy is transferred to plasma waves. Accord-
ing to the Poisson equation the divergence of the electric
field can be expressed in terms of the perturbed electron
density ñ, � ·E=4�qñ. In the limit of a weak ponderomotive
potential, the density perturbation satisfies a linear inhomo-
geneous equation

�2

�t2 ñ + �p
2ñ =

n0

m
�2Vp, �3�

where the plasma frequency is given by �p
2 =4�q2n0 /m, and

n0 is the ambient electron density and m the electron mass.
We express the time and space dependence of the pondero-
motive potential in terms of an integral,

Vp�x,t� =� d�

2�
exp�− i��t − z/up��V̄p�x�,�� , �4�

where it is assumed the potential is traveling in the z direc-
tion at a speed up without changing shape. Here, the pulse
speed up will be essentially the group velocity of the laser
pulse, and consequently will be below the speed of light. We
have yet to specify a contour for the integration in Eq. �4�.
As we will transform Eq. �3� to obtain an expression for the
perturbed density, and as we assume that both the perturbed
density and its time derivative are zero before the arrival of
the pulse, it is appropriate to consider �4� to be a Laplace
transform inversion. In this case the integral in Eq. �4� is
carried out along a contour parallel to the real −� axis above
all the poles of the transform of the perturbed density. In the
uniform plasma density case these poles will be at �= ±�p.
Inserting the assumed form of the potential in Eq. �3� and
representing the perturbed density in the form of a Laplace
integral yields an expression for the transform of the per-
turbed density that is proportional to the ponderomotive po-
tential. The expression for the rate at which the ponderomo-
tive potential does work on the current can then be written

FIG. 1. Schematic diagram of the experimental setup for the generation of
axially modulated plasma channels of Ref. 13.
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PF-PW =� d�

2�
� d2x�

i�up

�2 − �p
2

n0

m
��2

up
2 V̄p���V̄p�− ��

+ ��V̄p��� · ��V̄p�− ��� . �5�

If the integration contour is pushed down to the real −� axis,
then the principal part of the integral is an odd function of �
and vanishes. The value of the integral is then determined by
the two poles at �= ±�p,

PF-PW = P�

up

c
� d2x���p

2

up
2 	�pV̄p�x�,�p�

mc2 	2

+ 	��

�pV̄p�x�,�p�
mc2 	2� , �6�

where P�=c�mc2 /q�2 / �8�� and corresponds to 3.45
�108 W when converted to SI units. The integral in Eq. �6�
is a dimensionless quantity that is proportional to the square
of the ponderomotive potential measured in units of the elec-
tron rest energy. Recall that the overbar on the potential in-
dicates that it is the Laplace transform of the time dependent
potential. If we estimate the integral as being of order unity,
then it takes 80 cm of propagation to generate 1 J of plasma
waves; viz., P� /c corresponds to 1.16�10−2 J /cm.

We now evaluate the power transfer in the case in which
an electromagnetic mode of the guiding channel is excited by
the ponderomotive potential. The channel is assumed to be
periodic in axial distance with a period d=2� /k0. The elec-
tric and magnetic fields of the eigenmodes of the channel are
characterized by the dimensionless functions e�x ,�� and
b�x ,��, which are periodic in z with the same period as the
channel, and which according to Floquet theory satisfy Max-
well’s equations,

i�b = c�� + ikcẑ� � e , �7a�

and

− i��e = c�� + ikcẑ� � b . �7b�

Here, ��x� is the periodic dielectric constant of the plasma
that determines the modes of the structure, and kc��� is the
Floquet wave number associated with frequency �. We as-
sume that the ponderomotive force is weak and resonantly
excites the mode. In this case the electric field of the guided
mode will be written as a Laplace integral of a frequency-

dependent amplitude Ē���, multiplying the vector eigen-
mode e�x ,��

E�x,t� =� d�

2�
Ē���e�x,��exp�− i�„t − z/up…� , �8�

The ponderomotive force drives a current JF, which in turn
excites the modes of the channel. The field amplitude can be
calculated perturbatively by inserting �8� into Maxwell’s
equations and projecting on to the eigenfunctions e and b.
The result is


 �

up
− kc����Ē��� =

2�i

cA��� � d2x��e* · J̄F
 , �9�

where J̄F is the transformed amplitude of the current driven
by the ponderomotive force and the angle brackets indicate
an average over one period of the channel. The quantity A���
represents the effective cross-sectional area of the mode,
based on power density, i.e., A���=�d2x�Re�e*�b · ẑ�. The
transform of the perturbed current can be expressed in terms
of the ponderomotive potential and the dielectric constant of
the channel:

J̄F�x,�� =
i�

4�q
�� − 1�
�� + iẑ

�

up
�V̄p. �10�

Inserting the expression for the current �Eq. �10�� into
Eq. �9� allows one to find the amplitude of the electric field:

Ē��� = −
up�V� p���

2cqA���„� − kcup…
, �11�

where

V� p��� =� d2x�V̄p�
�� − iẑ
�

up
� · e*� , �12�

and the angular brackets indicate an average over one period

of the structure. The quantity V� p��� represents the overlap of
the ponderomotive potential with the density perturbation
�proportional to the divergence of the electric field� associ-
ated with the mode of the corrugated channel. Expressing the
perturbed density in Eq. �2� in terms of the divergence of the
electric field, using Eq. �8� for the electric field, we can cal-
culate the power transfer from the ponderomotive force to
the waveguide mode. The power transfer results in an ex-
pression that varies periodically in time as the laser pulse
moves through the periodic structure. If we average this ex-
pression over one period of the oscillation, we obtain

PF−EM =
iup

4�q
� d�

2�
�Ē���V� �− �� . �13�

Substituting the expression for the electric field amplitude
obtained from �9� into �13� gives an expression analogous to
�5� in the plasma wave case:

PF−EM = − i� d�up
2

16�2q2cA���„� − kcup…
��V� p����2. �14�

The value of the integral is determined by the contribution of
the pole and corresponds to the frequency for which the
wave matching condition is satisfied , i.e., �=kc���up:

PF−EM = P�

up
2/c2

„1 − up/ug…A���
	�V� p���

mc2 	2

, �15�

where ug=d� /dkc is the group velocity of the waveguide
mode, and we have doubled the contribution to account for
the poles at positive and negative frequency. We note that the
expression here for the transfer of power to radiation has
essentially the same form as Eq. �6� for power transferred to
plasma waves. Here, however, the ponderomotive potential
is weighted by the divergence of the electric field basis vec-
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tor before spatial integration. Thus, power will not be trans-
ferred to electromagnetic waves that do not have an electron
density perturbation. Comparison of these two expressions
will be made once we have introduced a simple model that
allows us to calculate the modes of a periodic waveguide
plasma waveguide.

III. RADIALLY POLARIZED WAVES IN A CORRUGATED
CHANNEL

In this section we will introduce and solve a simple
model for a periodically corrugated plasma channel. This
will determine the modes described by Eqs. �7a� and �7b�
and allow for the rough evaluation of the integrals in Eq.
�12� that will lead to an estimation of the power transfer to
electromagnetic waves according to �15�. The model that we
consider is that of a plasma channel for which the electron
density near the axis varies in both radius and axial coordi-
nate:

n0�r,z� = n00�1 +
r2

2rch
2 + � �

l=−�

�

	�z − ld�� . �16�

That is, the channel has a parabolic profile in radius and a
sequence of delta-function peaks, with period d and strength
�, in axial distance. We consider radially polarized, azimuth-
ally symmetric, transverse magnetic modes �er ,b
 ,ez� with
er�ez for which the approximate mode equation can be writ-
ten:

�

�r

�

r�r
rer +

�2

�z2er +
�2

c2 er =
�p

2�r,z�
c2 er. �17�

We now assume that the radial dependence of the radial elec-
tric field corresponds to the lowest mode of the uniform sec-
tions of the channel,

er�r,z� = e��z��r/w�exp„− r2/w2
… , �18�

where 8w−4=�p0
2 / �c2rch

2 � defines the radial mode width w,
and �p0

2 =4�q2n00 /m is the plasma frequency at the channel
axis. This results in an ordinary differential equation for the
z-dependent amplitude


 d2

dz2 +
�2 − �c

2

c2 �e��z� =
�p0

2

c2 � �
l=−�

�

	�z − ld�e��z� , �19�

where �c
2=�p0

2 +8c2 /w2 is the cutoff frequency for the lowest
mode in the uniform sections of the channel.

We now solve Eq. �19� subject to the Floquet condition,
i.e., e��z+d�=e��z�eikc���d, where kc���d is the phase ad-
vance per period of the solution, and kc is the Floquet wave
number introduced in Eqs. �7a� and �7b�. In the axially uni-
form regions the solutions have the form of forward and
backward going waves, i.e.,

e��z� = e+
�
 exp�ikfz� + e−

�
 exp�− ikfz� , �20�

where kf =���2−�c
2� /c2 is the axial wavenumber in the uni-

form portion of the channel, and the “�” and “
” signs
correspond to d�z�0 and −d
z
0, respectively. Rela-
tions between the amplitudes of the forward and backward
waves on either side of z=0 are obtained from the boundary

conditions corresponding to the continuity of e�, and the
jump condition obtained by integrating Eq. �20� across the
delta-function at z=0, �de� /dz�0−

0+= ��p0
2 � /c2�e��0�. Finally,

application of the Floquet condition, i.e., e±

=e±

� exp�±ikfd
+ ikcd� results in a dispersion relation for kc���,

cos�kcd� = cos�kfd� +
R

kfd
sin�kfd� , �21�

where R=�p0
2 d� / �2c2� measures the strength of the periodic

modulations of the channel. In addition, as a by-product of
the preceding conditions, we obtain a relation between the
amplitude of the forward and backward waves:

e−
�


e+
�
 = −

1 − exp�i„kf − kc…d�
1 − exp�− i„kf + kc…d�

. �22�

Equation �21� can be interpreted as follows. For a given
value of frequency � �and consequently, a given value of kf�,
values of the Floquet wavenumber kc are determined. Note
that if kc is a value that satisfies Eq. �21�, then so do kc

+2�n /d and 2�m /d−kc, where m and n are integers. There-
fore, frequency will be an even periodic function of kcd.
Note also, that since �cos�kcd���1 for real kc, there will be
intervals of frequency and kf values for which Eq. �21� has
no solutions. These intervals correspond to stop bands that
appear in the presence of axial corrugations of the channel.
Note also that in the case of no corrugations, i.e., R=0, kc

= ±kf, and according to Eq. �22� the solutions are either
purely forward or purely backward propagating waves, as
expected.

A plot of �d /c versus kcd for the case of R=1 and
�cd /c=1.41 appears in Fig. 2. The periodic dependence of
�, and on kc is evident, as are the stop bands. Also shown in
this plot is a straight line �the light line� �=kcc correspond-
ing to the case of a ponderomotive pulse traveling at the

FIG. 2. Dispersion curves, � vs kc, for a periodically modulated channel
with normalized modulation size R=�p0

2 d� / �2c2�=1 and �cd /c=1.41, ac-
cording to Eq. �21�. Here, d is the period of the channel.
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speed of light. The intersection of this line and the dispersion
curves define �s� the frequency for which wave phase match-
ing occurs and corresponds to the pole in Eq. �14�. We note
that in the case of Fig. 2 the lowest-frequency intersection
occurs for �
kcd
2� and that in this range of wavenum-
bers the waveguide mode is a backward wave. Thus, the
radiated power in this case will propagate counter to the
direction of the laser pulse.

For given values of the central plasma frequency �p0
2 ,

radial mode width w, and corrugation period d, we can find
the intersection point between the dispersion curve and the
light line �assuming the laser pulse is propagating near the
speed of light� and determine the operating frequency. Re-
sults of such a calculation are plotted in Fig. 3 in the form of
electron density versus frequency for a structure with period
d=35 �m and several values of the radial mode width w.
The intersections occur in different ranges of kcd depending
on parameters. The ranges are indicated by the integer n,
where �n−1��
kcd
n�. The lowest-frequency intersec-
tion of Fig. 2 is classified as being n=2 in this scheme. Even
�odd� values of n thus correspond to backward �forward�
wave intersections.

The present model can be used to evaluate the coupling
coefficient �12� in addition to determining the dispersion re-
lation as just described. In particular,

���� + iẑkc� · e
 = �
0

d dz

d
e−ikcz� �

r�r
„rer… + ikcez� , �23�

where we have evaluated the coefficient for �=kcup corre-
sponding to the pole in �14�.

The axial electric field of the TM mode can be found in
the uniform sections of the channel to be given by

ez�r,z � 0� =
2i

kfw

1 −

r2

w2�exp
−
r2

w2�„e+
� exp�ikfz�

− e−
� exp�− ikfz�… . �24�

Thus we have, carrying out the integral in �23�,

���� + iẑkc� · e
 =
4

w

1 −

r2

w2�ei�−r2/w2+i�kf−kc�d/2�e+
�

�
sin�„kf − kc…d/2�

kfd/2
, �25�

where we have used the ratio of backward to forward waves
�22� to eliminate the backward wave amplitudes in er and ez.
Expression �25� is relatively simple; however, it should be
used with caution. Note that the value of the coupling coef-
ficient exhibits essentially no dependence on which range n
of values ��n−1��
kcd
n�� kcd is considered to lie in.
This is because of the delta-function nature of our axial den-
sity profile. In our model the electric field has zero diver-
gence in the uniform sections of the channel and possibly
infinite divergence at the location of each delta-function peak
in the channel density. Thus, the integral in �23� will have an
oscillatory dependence on the value of kc. In a more realistic
model, the high-density regions will have a nonzero thick-
ness, and the value of the integral will tend to zero for kc

values that are greater than the inverse of this thickness. As a
result, the coupling to modes with larger values of the index
n in Fig. 3 will be smaller than the coupling to the lowest
values of n. We therefore expect the electromagnetic wave
generation to be more efficient for the lower values of n.
Quantification of this effect requires a more realistic model
of the channel density profile, and will be left to future work.
For the time being we will assume that �25� is accurate for
low values of n and proceed.

The effective area of the mode, A���=�d2x�Re�e*

�b · ẑ�, can be calculated using the given radial profile of the
mode �20� along with the relation

b
�r,z � 0� =
�

kfc

1 −

�p0
2

�2 � r

w
exp
−

r2

w2�„e+
� exp�ikfz�

− e−
� exp�− ikfz�… .

We find that

A��� =
�

4

w2�

kfc

1 −

�p0
2

�2 ��e+
��2�1 −

sin2�„kf − kc…d/2�
sin2��kf + kc…d/2�� .

We now take the ponderomotive potential to have the form

Vp�x,t� = Vp0f�t − z/up�exp�− 2r2/rsp
2 � , �26�

where the function f�t� gives the temporal profile of the pulse
and rsp is the spot-size of the laser pulse. If the laser pulse is
a guided mode of the channel, then rsp=w. We Fourier trans-
form the ponderomotive potential in time, multiply by the
divergence of the electromagnetic field of the mode given by
�25� and integrate over radius according to �12� to obtain

FIG. 3. Electron density vs frequency for channels with period d=35 �m
and various channel widths. The index n, where �n−1��
kcd
n�, gives
the range of kc values for which the light line and dispersion curves cross.
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V� p = f̄���Vp0ei„kf−kc…d/2e+
� 8�w3rsp

2

„rsp
2 + 2w2

…

2

sin�„kf − kc…d/2�
kfd/2 ,

�27�

where f̄��� is the Fourier transform of the pulse shape. Com-
bining the above factors, we arrive at the following expres-
sion for the rate of power transfer to electromagnetic radia-
tion,

PF−EM = P�F1F2	� f̄���Vp0

mc2 	2

, �28�

where

F1 = �
„4rspw…4

„rsp
2 + 2w2

…

4 , �29�

and

F2 =
�2

��2 − �p0
2 �

up

„up − ug…

 kfug

�
� R2 sin�kfd�

�kfd�4 sin�kcd�
. �30�

The group velocity is obtained by differentiation of the dis-
persion relation with respect to frequency:

ug

c
=

kfc

�
� „kfd…

2 sin„kcd…

�R + „kfd…
2�sin„kfd… − kfdR cos„kfd…

� . �31�

The power transfer to electromagnetic waves is the product
of a fixed power P��3.45�108 W� and three dimensionless
quantities. Under the same assumptions on the ponderomo-
tive potential �26� we can evaluate the power transfer to
plasma waves �6�,

PF−PM = P�

�

4
�1 +

�p0
2 w2

c2 �	�p f̄��p�Vp0

mc2 	2

, �32�

which is to be compared with Eq. �28�.
In the expression for generation of electromagnetic ra-

diation, factor F1 accounts for the overlap of the radiation
pulse with the electromagnetic mode of the waveguide. This
factor has a peak value of 4�=12.57 when rsp

2 =2w2. How-
ever, the maximum is broad, being above 9.9 for w2
rsp

2


4w2. Factor F2 can be evaluated once the parameters of the
channel are specified. Such an evaluation has been made for
the case R=1, d=50 �m, and several values of mode width
w. Results are plotted in Fig. 4, where coupling coefficient
F2 and electron density are plotted versus generated fre-
quency. We note that the coupling strength generally in-
creases with frequency, while exhibiting large variations. The
general increase is due mainly to the first factor in Eq. �30�.
With fixed channel dimensions, increasing frequency re-
quires increasing plasma density and as a result, the relative
difference between the wave and plasma frequencies de-
creases. There is also a set of frequencies for which the cou-
pling factor vanishes. These frequencies correspond to cases
in which the intersection in Fig. 2 occurs at a so-called “
�”-point in the dispersion curve; that is, when kcd=m�,
where m is an odd integer. At these points both kcd and kfd
equal an odd integer multiple of � and the last term in Eq.
�27� vanishes. Physically, for �-point modes, the radial elec-
tric field has the opposite sign in adjacent cells of the struc-

ture and vanishes at the location of the high-density �delta-
function� regions. The vanishing of the radial field at these
points implies that the axial field does not vary at the loca-
tion of the high-density region. The divergence of the electric
field thus vanishes at the location of the delta-functions and
the coupling is zero. The coupling maximizes at the
2�-points. Here, the radial field has the same direction in
each cell, and the direction of the axial field reverses at the
location of the delta-functions. This implies a relatively large
electric field divergence and associated with that, a large
density perturbation. If we consider a w=50 �m wide mode
at 6 THz, we then arrive at a value of the product F1F2

�10.
In general, the conditions required to excite a 2�-mode

at a particular frequency can be obtained as follows. Equa-
tion �21� with kcd=2�m, determines the normalized cutoff
wavenumber kfd for different values of R, which character-
izes the size of the modulations. For example, with R=1, the
normalized cutoff wavenumber is kfd=1.31. Using the defi-
nition of kf following �20� and �c following �19�, we have

� = ��po
2 + c2�8/w2 + 1.72/d2� = 2�mc/d , �33�

where the second equality follows from the requirement that
the dispersion curve intersect the light line with kcd=2�m.
Thus, if a particular frequency is desired for an m=1 spatial
harmonic interaction, one must pick the period d of the
modulations based on the second equality in �33�, and then
channel density �po

2 and radial mode width w, to satisfy the
first equality in �33�. On the other hand, if two of the param-
eters of density, mode width, and period are specified, the
second equality in �33� determines the third, and the first the
frequency.

The remaining factor that controls the rate of generation
of radiation is the amplitude of the normalized ponderomo-
tive potential. For a given pulse power this quantity will

FIG. 4. Coupling coefficient and electron density vs frequency for channels
with period d=50 �m, various channel widths and R=1. Coupling minima
occur for kcd=m�, where m is an odd integer.
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scale as the negative fourth power of the radius w assuming
the spotsize and radius are fixed. In particular,

Vp0

mc2 =
�2

4�7/2rs
2

UL

tDP�

= 1.32 � 104�2

rs
2

UL �J�
tD �fs�

,

where � is the wavelength of the laser radiation, UL is the
pulse energy, and tD is the half-width at e−1 of the laser
intensity. For a Gaussian temporal profile of the laser pulse
the Fourier transform of the ponderomotive potential is given

by � f̄���=�1/2�tD exp�−��tD�2 /4�, which has a peak value
of 1.52 when �tD=�2. For 6 THz radiation, the optimum
value of tD is 37.5 fs. We thus arrive at the depletion rates
listed in Table I. For a 1 J, 0.8 �m laser pulse with time
duration tD=37.5 fs. for 6 THz and tD=18.8 fs for 12 THz.

The corresponding electron densities for the entries in
Table I are obtained from Fig. 4. The highest depletion rate is
obtained for a channel with a 15 �m mode width at a density
just below 1018 cm−3. The generated frequency in this case is
12 THz.

An important consideration is a comparison between the
rate of generation of radiation and plasma waves: the ratio of
Eqs. �28�–�32�. This quantity is plotted in Fig. 5 as a function
of frequency. The ratio has peaks at the frequencies corre-
sponding to local maxima of the coupling coefficient F2 as
expected. It also has a peak towards lower frequencies due to
the fact that the central channel density is tending toward
zero and the excitation of plasma waves becomes small. Fre-
quencies below the point where the ratio diverges should be
disregarded as they correspond to negative central electron
densities. Figure 5 shows that to maximize the fraction of
energy transferred to THz radiation, one is lead to consider
more narrow channels, even though coupling to modes to
larger channels appears to be stronger. For example, for
15 mm channels with density 7.8�1017, roughly twice as
much energy is transferred to radiation as is to plasma
waves.

IV. DISCUSSION

In order for the present scheme to be a useful source of
THz radiation, the power that is transferred from the laser
pulse to the waveguide mode, calculated in the preceding
sections, must be able to escape the plasma. A number of
factors may limit this process. First, the waveguide mode

may suffer either collisional or collisionless damping. Fur-
ther, the modes of the plasma channel have to couple to free
space radiation at the plasma boundary.

The importance of collisional damping can be assessed
by evaluation of the product of the wave frequency and the
electron collision time �e�. The electron collision time is
sensitive to the electron temperature. For channels formed by
hydrodynamic expansion,15 the electron temperature is in the
range Te; i.e., 100 eV. Thus, if we consider the last entry in
Table I, we find �e�=2.25�103. Thus, one could expect the
THz radiation damping length due to collisions to corre-
spond to a large number of periods of the structure, and the
amount of extracted energy could be as high as the product
of the extraction rate and this length. A more accurate assess-
ment of the damping length including the effects of the THz
radiation group velocity awaits a more realistic model of the
plasma channel.

Collisionless damping may place a more severe restric-
tion on the interaction length. In the uniform sections of the

TABLE I. Depletion rate for modes with various widths for a 1 J laser pulse and d=50 �m.

w ��m� Vp0 /mc2 F2 f �THz� dU /dz �J /cm� ne �cm−3�

75 0.040 050 1.94 6 8.339 64�10−4 3.9381�10+17

50 0.090 112 1.06 6 2.306 83�10−3 3.4359�10+17

25 0.36045 0.31 6 1.062 01�10−2 7.2387�10+16

15 — — 6 — —

75 0.080 100 7.54 12 1.296 51�10−2 1.7393�10+18

50 0.180 22 4.09 12 3.560 36�10−2 1.6891�10+18

25 0.720 90 1.18 12 1.643 51�10−1 1.4179�10+18

15 2.0025 0.44 12 4.728 66�10−1 7.7503�10+17

FIG. 5. The ratio of power transferred to THz radiation to power transferred
to plasma waves for laser pulses in channels with period d=50 mm, R=1,
and various channel widths. The ratio peaks for modes that satisfy kcd
=m�, where m is an even integer.
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channel in the model discussed in Sec. IV, the mode is con-
fined by the parabolic variation of the electron density. The
mode width is determined by the location of the turning
point rt, where �p

2�rt�=�2−kf
2c2=�p

2�0�+8c2 /w2. At a larger
radius rs, where �p

2�rs�=�2, the mode frequency is resonant
with the local plasma frequency, and collisionless absorption
can be expected. The damping will be small if the mode
amplitude is small at the radius rs. This requires, in the case
of a parabolic channel, that rs

2 /w2=2+ �kfw�2 /4 be large. If
we estimate the damping to scale as the mode amplitude at
the resonant surface, and estimate the mode to have a Gauss-
ian dependence on radius, we then find exp�−rs

2 /w2�
=0.130 21, 0.121 57, 0.088 123, 0.051 545, respectively, for
modes of width w=15, 25, 50, and 75 �m for the 12 THz
entries in Table I. Thus, for parabolic channels, damping will
be small only if the channel width is large enough. One could
imagine circumventing this problem by considering leaky
channels,16 which have a peak electron density below the
critical density for the generated radiation. In these channels
radiation will be lost to leakage through the walls. If the wall
is thick, this rate of loss can be made exponentially small.

Once energy has been deposited in the form of a THz
mode in the channel, a way must be found to extract that
energy for the desired applications. Two possibilities present
themselves: end coupling and side coupling. For end cou-
pling, we can imagine that the properties of the corrugated
channel �for example, the strength of the periodic modula-
tion� can be slowly varied with axial distance. In terms of the
dispersion curves pictured in Fig. 2, we can imagine that
with axial distance the modulation amplitude decreases and
the stop bands close, leaving a uniform waveguide dispersion
relation. In this case, the generated wave will smoothly trans-
form to a superluminal mode of a smooth waveguide, which
then will be easily transmitted through the boundary at the
end of the channel. The direction of the radiated energy will
depend on the sign of the group velocity at the point of
intersection of the dispersion curve and pulse line �=kcup.
For example, the case depicted in Fig. 2 involves a backward
wave. Gradual variation in space of parameters of the chan-
nel also offers the possibility to engineer the properties of the
THz pulse. For example, variation of the period will give rise
to a chirped THz pulse. Such pulses may be further com-
pressed by transmitting them through a medium with a
known dispersion. A possible drawback to end coupling is
the issue of losses mentioned above. In this case, side cou-
pling may be considered.15 Side coupling can be understood
from the square of the local radial wavenumber; i.e., k�

2

=�2−�p
2�r�−kc

2c2. In the center of the channel this number is
positive. It becomes negative in the wall of the channel and
then positive again outside the channel. Thus, energy can
tunnel through the wall and escape laterally if the wall is not
too dense. This phenomenon has already been exploited ex-
perimentally for smooth channels.15 Side coupling is avail-
able for our slow wave modes because, in fact, the mode
consists of a superposition of partial waves with different
spatial wavenumbers. Some of these partial waves will be
superluminal and can propagate laterally away from the
channel.

The theory outlined so far for THz radiation generation

has assumed that the driving laser pulse shape �or electron
beam shape� does not change as energy is depleted from the
pulse and converted to THz radiation. Of course, the pulse
must evolve as energy is depleted from it. However, we note
that preliminary calculations show that a long laser pulse is
modulationally unstable to the generation of THz radiation in
corrugated channels in analogy to forward Raman scattering
that occurs in uniform plasmas. Thus, one can envisage a
self-modulated regime in which the envelope of the laser
acquires time dependence that enhances the excitation of
THz radiation. This represents a three-wave decay scenario
in which an electromagnetic wave decays to two lower-
frequency electromagnetic waves. This is a process that can-
not occur in a uniform plasma, which makes it interesting in
its own right.

Finally, a bunched electron beam can also be used to
generate THz radiation.5,6 We can repeat the above analysis,
starting with Eq. �9� and consider that J is the transform of
the beam current density. We arrive at an expression for the
power extracted from the beam,

PBeam =
2�up

2ug

�1 − ug/up�cA
	� d2x��e* · J̄
	2

=
1

2
Z	� d2x�

��e* · J̄

�e*�0� · ẑ


	2

, �34�

where the first equality is expressed in esu, while the second
is in SI units. The quantity

Z =
ug

„up − ug…

��e�0� · ẑ
�2

kc
2� d2x�Re„ẑ · e* � h…

�35�

represents the impedance of the structure. �Recall, J̄ is the
Fourier transform of the current density; thus, the second
quantity under the magnitude sign is roughly the peak beam
current.� The impedance characterizes the strength of the
axial electric field for a given level of power flowing along
the structure and is useful in analyzing the effectiveness of
the structure for particle acceleration and radiation genera-
tion. Future publications will focus on this quantity.
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