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Radiation from high-intensity ultrashort-laser-pulse and gas-jet magnetized plasma interaction

Davoud Dorranian,* Mikhail Starodubtsev, Hiromichi Kawakami, Hiroaki Ito, Noboru Yugami, and Yasushi Nishida
Energy and Environmental Science, Graduate School of Engineering, Utsunomiya University, 7-1-2 Yoto, Utsunomiya Tochi

321-8585 Japan
~Received 10 February 2003; revised manuscript received 2 May 2003; published 19 August 2003!

Using a gas-jet flow, via the interaction between an ultrashort high-intensity laser pulse and plasma in the
presence of a perpendicular external dc magnetic field, the short pulse radiation from a magnetized plasma
wakefield has been observed. Different nozzles are used in order to generate different densities and gas profiles.
The neutral density of the gas-jet flow measured with a Mach-Zehnder interferometer is found to be propor-
tional to back pressure of the gas jet in the range of 1 to 8 atm. Strength of the applied dc magnetic field varies
from 0 to 8 kG at the interaction region. The frequency of the emitted radiation with the pulse width of 200 ps
~detection limit! is in the millimeter wave range. Polarization and spatial distributions of the experimental data
are measured to be in good agreement with the theory based on theVp3B radiation scheme, whereVp is the
phase velocity of the electron plasma wave andB is the steady magnetic field intensity. Characteristics of the
radiation are extensively studied as a function of plasma density and magnetic field strength. These experi-
ments should contribute to the development of a new kind of millimeter wavelength radiation source that is
tunable in frequency, pulse duration, and intensity.

DOI: 10.1103/PhysRevE.68.026409 PACS number~s!: 52.25.Xz, 52.35.Hr, 52.38.Kd, 52.90.1z
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I. INTRODUCTION

Plasma-based radiation sources are expanding rap
The multimode nature of the plasma has the capability
convert different initial energies to coherent radiati
through processes such as Raman scattering, harmonic
eration, or photon acceleration@1–3#. We are studying a new
kind of high-power tunable radiation source, where the sh
electromagnetic pulse is generated by a magnetized pla
wake.

When making such radiation sources the coupling
tween the wake and the electromagnetic radiation at
plasma boundary is very important. To cause the transm
sion coefficient field of the radiation to increase by decre
ing the attenuation effect due to ramping the plasma den
at the boundary, the boundary should be as sharp as pos
One of the most advanced ways to achieve this requirem
is by using the gas-jet flow. Controlling the initial neutr
density by gas-jet back pressure as well as using diffe
kinds of nozzles to make a suitable geometry of density
teraction medium has presented some interesting advan
in our experiments. Previous works on gas-jet sources h
focused on studying homogeneous condensation and ma
cluster beams@4#, and after that gas jets are widely used
the field of laser-plasma interaction, in areas such as l
particle acceleration@5,6#, inertial confinement fusion@7,8#,
x-ray lasers@9#, and high harmonic generation@10#. Each
field requires its special geometry of gas expansion and d
sity configuration. In our case because the magneti
plasma is generated as a source of coherent electromag
radiation so the spatial distribution of gas density is an
portant characteristic specifically uniform gas density ins
the flow and sharp boundaries at the interaction region.
cause the laser beam passes transversely across the p
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gas area and the radiation from the interaction region sho
be viewed by the diagnostics, it is also important that
interaction region should be outside the nozzle with su
cient distance from the tip of the nozzle. The reported wo
in this area were conducted mostly in very high back pr
sure range@11,12# but due to our main purpose, which
detecting the radiation from magnetized wake, according
laser pulse width and plasma density relation, the neutral
densities lower than 1017 cm23 are interested for obtaining
the maximum wake amplitude.

In this paper, the effects of different gas-jet nozzles on
density distribution characteristics in the low pressure reg
of He and N2 gases are reported and also the experiment
the emitted radiation in millimeter wave range from gas-
plasma wakes excited by ultrashort intense laser pulse
presented.

Before coming to the experimental results it is conveni
to explain briefly the theoretical background related to
present experiment. In this radiation scheme, a large am
tude plasma wake is generated by an intense laser pulse
relativistic electron bunch in the presence of a modest p
pendicular dc magnetic field. The initial motion of plasm
electrons due to the laser ponderomotive force make th
rotate around the magnetic field lines and generate the e
tromagnetic~em! part in the wake with a nonzero group ve
locity. The magnetized wake propagates through the pla
and couples to vacuum at the plasma-vacuum boundary.
theory of radiation from the wakes excited by laser pulse
the magnetized plasma has been introduced by Yoshiiet al.
@13# and the characteristics of this radiation have been
served by Yugamiet al. @14#.

By applying the external magnetic field in the directio
perpendicular to the laser beam path sok'B0 and also the
wave electric fieldE'B0, radiation occurs in the extraordi
nary mode and the dispersion relation is given byc2k2/v2

512(vp
2/v2)@(v22vp

2)/(v22vH
2)#, which is plotted in

Fig. 1 @15#. Radiation frequency is introduced by the inte
©2003 The American Physical Society09-1
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section point between dispersion relation and laser p
curves onv-k diagram, wherevP<v,vH . Another param-
eter to guide the radiation through the plasma into vacuum
the boundary condition. In the case of gradual change of
plasma boundary,vH will gradually reduce toward the
vacuum and the upper evanescent region inv-k diagram will
go down wider and wider. As a result, this area will cover
the radiation frequency range and the radiation should tun
through this layer as it propagates into the vacuum, wh
makes the radiation power damp noticeably. In the case
sharp boundary plasma, on the other hand, according to
continuity of the tangential components ofE of the reflected
and the transmitted waves at the boundary, the transmis
coefficient forEx tends to 1. Using gas-jet plasma config
ration with a suitable nozzle is a way to make the sh
plasma boundary. More details about the radiation theory
be found in Refs.@13,14,16# and the review will be given in
the Appendix.

Section II describes the experimental setup. Section II
devoted to interferometry experiment and results. Radia
experiment results and discussions are presented in Se
including theoretical background and finally a brief conc
sion is presented in Sec. V.

II. EXPERIMENTAL SETUP

The experimental arrangement is shown schematicall
Fig. 2. A mode locked Ti:sapphire laser operating atlL
5800 nm wavelength, with the pulse width oftL5100 fs
@full width at half maximum~FWHM!#, and maximum en-
ergy of 100 mJ per pulse with 10 Hz repetition rate is used
excite wakefield. The laser pulse is irradiated into t
vacuum chamber through 5-mm-thickness CaF2 window and
is focused by a lens off /5 at about 0.5 mm above the gas-j
nozzle. The focal spot diameter is about 20mm and the
intensity is of the order of 1017 W/ cm2. A solenoid valve
~Iota one! made by Parker instrumentation with 0.8 mm d
ameter exit hole was employed to generate the gas-jet
stant flow of 100;200 ms. These kind of valves are gene
ally closed and the open time can be adjusted from 5ms to

FIG. 1. Dispersion relation of the magnetized plasma. Evan
cent regions are shown by dashed area.
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several hours, in frequency or single-pulse mode. Gas
synchronously operates with the laser pulse. Differ
nozzles are used in the experiment in order to change the
density and also boundary configurations~Fig. 3!. The
strength of the applied magnetic field is up to 8 kG. As t
region of the field along the1z direction is about 2.5 cm
much longer thanxR , the Rayleigh length, it is expected t
be uniform in the interaction region. The experiment is c
ried out using nitrogen and helium gases at the initial b
pressure of below 5 mTorr and maximum gas-jet back pr
sure of 8 atm. The measurement system for the radia
consists of a crystal detector, horn antenna, waveguide,
oscilloscope~Tektronix; TDS-694C! with limitation of mini-
mum pulse width measurable at 200 ps and covering 10 G
sample per second with frequency bandwidth of 3 GHz. A
tenna and waveguide inU band with cutoff frequency at 31.4
GHz for TE10 mode are employed to observe the tempo
waveform of the radiation.

s-

FIG. 2. Experimental setup.

FIG. 3. Interferometer fringe shift of different nozzles are sho
at the top. Diamonds on dashed dotted line, squares on dotted
and circles on dashed line are the neutral gas density magnitud
different back pressures of nozzles~a!, ~b!, and~c! correspondingly.
9-2
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III. INTERFEROMETER

The Mach-Zehnder interferometer is employed to det
fringe shifts due to the neutral gas density of the gas-jet fl
A He-Ne laser beam working at 632 nm is expanded a
collimated to 5-mm-diameter beam which propagates in
interferometer, passed by the tip of the gas-jet nozzle.
beam splitters and mirrors of the interferometer have a
face quality ofl/4. Outside the vacuum chamber anf /10
spherical lens images the gas-jet through the Nd filter on
linear charge coupled device detector. The spatial resolu
is limited by the pixel size of about 15mm. Gas jet charac-
teristics are explained in the last chapter. The back pres
of the gas reservoir is measured by a gas pressure gau
the range of 0.5–8 atm. In order to study the effect
nozzles on different gas density configurations, differ
kinds of brass nozzles in shape and size are machined.
two are supersonic nozzles at 0.5 mm throat diameter
divergence angle of 12°. For bigger one the exit hole dia
eter is 1.3 mm~a! and for smaller one it is 1 mm~b!. Third
one is a simple cylindrical nozzle at 0.5 mm throat diame
~c!.

Typical patterns of the fringe shifts are shown at the top
Fig. 3. They are measured in radians and since the geom
of the nozzle and the medium can be assumed to be c
drically symmetric, the cylindrical Abel inversion transfo
mation is employed in order to obtain the local density in
gas flow. After the Abel inversion transformation in cylindr
cal coordinates, the axial data can be changed to rad
Neutral nitrogen gas density of three nozzles with differ
back pressures are shown in Fig. 3. Neutral gas densit
nozzle~a! is from 1.531017 cm23 to 2.531018 cm23 at the
center of the flow, and about 0.5 mm upper than the noz
exit. For nozzle ~b! this magnitude changes from 6.
31017 cm23 to 131019 cm23 and for nozzle~c! it is from
231018 cm23 to 2.1531019 cm23 both at the same point. In
this range of the back pressure of the supplied gas, the
density is a linear function of the back pressure. According
laser intensity of about 1017 W/cm2, gas is expected to b
fully ionized and we can calculate the plasma density fr
neutral gas density.

The sharpest boundary between the gas flow and vac
has been found for the case of nozzle~a! at about 0.5 mm
from the nozzle tip. In this case, neutral gas density is
proximately flat in the radius of about 0.4 mm and falls dow
to zero within 0.1 mm. We cannot generate the ideally sh
boundary due to the quick expansion of the gas flow, wh
occurs at the nozzle exit. Indeed, this effect occurs due to
very low background pressure in the vacuum chamber, so
flow is said to be ‘‘underexpanded’’ and a subsequent exp
sion occurs as the flow attempts to meet the neces
boundary condition imposed by the ambient chamber ba
ground pressure@17#.

IV. RESULTS AND DISCUSSION

In Fig. 4 a typical radiation waveform is shown, obtain
from helium plasma atB057.8 kG, that corresponds tovc
51.431011 rad/s. The observed pulse duration of the ord
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of 200 ps at FWHM is limited by the bandwidth of the re
ceiving equipment. From nitrogen plasma, the similar res
is also obtained. The lifetime of the wakes in the plasma
be estimated fromtp;Lp /vg , whereLp is the plasma length
of the order of Rayleigh length andvg is the group velocity
of the wakes in the plasma. In this experiment with laser s
size of 20mm, Lp is estimated to be about 1.55 mm. Th
electron density is about 1017 cm23 correspondinglyvp
.1.831013 rad/s, sotp should be about 80 ns theoreticall
But experimental results show that wakefield disappe
faster than the calculated lifetime. In a similar experime
the calculated lifetime for wakes is about 5.4 ns while t
lifetime of the plasma waves, measured by Thomson sca
ing, is about 300 ps@18#. The reason could be explained b
taking into account the gas ionization effect. In the case
performed plasma, whose volume is larger than the la
pulse perturbation volume, when a corona electron mo
away from its first position, a positive charge is created. T
induces a restoring electrostatic force that is proportiona
the electron displacement and produces a harmonic oscil
system at the plasma frequency. On the other hand, in
tunnel ionization produced plasma, when the corona elec
leaves the plasma, the number of positive charges is fixed
the laser pulse radius and Rayleigh length. Laser pulse
ergy is more nonuniform in this volume and electrons fe
more nonuniform force. This could induce a lower restori
electrostatic force and larger number of electrons which
not come back in phase with plasma waves and destroy
oscillation faster than the expected time. Similar to this eff
for the radial component of plasma wakefield also has b
observed@19#.

The polarization of the emitted radiation is measured
rotating the receiver horn antenna around thez axis in both
cases of He and N2 plasma at different gas densities. As it
predicted by the theory, the electromagnetic componen
the wakes is in thex direction perpendicular to the directio
of the applied external dc magnetic field. Experimental d
show that the radiation is also polarized in thex direction, in
fairly good agreement with expectation.

The spatial distribution of the radiation is measured
changing the position of the horn antenna in different ang

FIG. 4. Sample of the radiation pulse.
9-3
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DORRANIAN et al. PHYSICAL REVIEW E 68, 026409 ~2003!
referred to thez axis in they-z plane. Data are shown in Fig
5. The radiation is mainly launched within the angle65°
with respect to thez axis in they-z plane, in the forward
direction. Pulse becomes weaker in larger angles up to68°
and absolutely disappears after that. These results are
firmed by the fact that the group velocity of the magnetiz
wake is maximum in the forward direction.

The intensity of the radiation of both He and N2 plasmas
in different densities are shown in Fig. 6. Gas density
controlled by the back pressure to the gas-jet nozzle
density is obtained in the interferometer experiment. Data
obtained by using nozzle~a! at the external magnetic fiel
strength of about 8 kG. The base pressure of the interac
chamber is 15 mTorr, and gas-jet open time is 250ms and 10
Hz repetition rate. One can see that the radiation inten
decreases noticeably by increasing the gas density. Radi
from other nozzles show the similar behavior.

In Fig. 7, three samples of the radiation pulses from d
ferent nozzles are displayed for comparison purposes.
position of three radiation pulses are shifted in order to s
plify their comparison. Data show the radiation from N2
plasma at 1 atm back pressure in 15 mTorr of chamber p
sure and 250-ms gas-jet valve open time and 10 Hz repetiti

FIG. 5. Spatial distribution of the emitted radiation.

FIG. 6. Radiation intensity in relative units versus neutral g
density for both He~dotted full square line! and N2 ~dashed full
circle line! plasma. The experiment is done by nozzle~a!.
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rate. Here also, the lowest radiation is observed with
nozzle~c! plasma, which generates the largest density m
nitude, and with decreasing the plasma density the radia
has been enhanced.

Both data in Figs. 6 and 7 verify that increasing t
plasma density in this range will decrease the radiation
tensity. These results can be explained from the the
clearly due to the fact that in the present experiments we d
with plasma densities greater than the laser wakefield q
siresonance. Indeed the term ‘‘sin(vj0/2)’’ in Eqs. ~A7a! and
~A8a! represents the quasiresonance behavior of the pla
wakefield, which confirms that increasing the plasma den
from an optimum magnitude will decrease the amplitude
the plasma wakefield. Due tov5Avp

21(12b2)vc
2 ~see Ap-

pendix!, whenvc!vp plasma wakefield frequencyv is very
close to plasma frequencyvp and the maximum wake am
plitude is created whenctL5lp , wheretL is the laser pulse
width andlp is the plasma wavelength. In the present e
periment, the maximum of the wakefield amplitude is e
pected at 5 THz plasma frequency, corresponding to elec
density 3.131017 cm23. Increasing the density from this op
timum magnitude decreases the wakes amplitude sha
@19#. The lowest neutral densities of nozzle~a!, ~b!, and~c!
are 1.531017 cm23, 6.531017 cm23, 231018 cm23, and
plasma electron densities are five times bigger for nitrog
all of them larger than the optimum magnitudes. Decreas
the wake amplitude with increasing the density when den
is larger than optimum density is in good agreement w
theory of the plasma wakefield.

Relative output power of the radiation versus the exter
magnetic field is shown in Fig. 8. The data are obtain
without changing the position of the gas-jet nozzle and
laser beam. The magnetic field is varied by changing
distance between permanent magnets pair, which are
trolled from out of the vacuum chamber. The experimen
done by nozzle~a! at the constant back pressure of 1 at
corresponds to 1.531017 cm23 neutral gas density. Working
gas is N2. The circles are the average of data upon six m
nitude and the error bars indicate the difference betw

s

FIG. 7. Radiation intensity of three different nozzles at const
gas pressure of 15 mTorr of N2.
9-4
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RADIATION FROM HIGH-INTENSITY ULTRASHORT- . . . PHYSICAL REVIEW E 68, 026409 ~2003!
maximum and minimum of the experimental data at ea
magnitude of magnetic field strength. FromB050 to 1.7 kG,
although the amplitude of the signal is larger than the no
level, the radiation intensity does not change significan
with increasing the magnetic field. In this region, magne
field is weak and unable to affect the plasma wakefield. T
observed radiation in this range ofB0 might be caused by
nonlinear currents@20#. Up to 7.5 kG, the output power o
the radiation increases with the magnetic field strength. S
line indicates the theoretical values. Due to Eqs.~A7a! and
~A8a! the amplitude of the radiation is proportional tovc or
B0. So without taking the damping phenomenon into acco
the output power of the radiation is proportional toB0

2. Be-
cause of the sharp boundary of the gas-jet plasma, the ra
tion emitted without the boundary effect, in contrast to t
theory predicted by Yoshiiet al. @13# and experimentally ob-
served by Yugamiet al. @14# in chamber filled gas. Due to
the mentioned theory of the boundary model, the attenua
of the output power increases withB0 faster than increasing
the output power which goes asB0

2. Up to now, the peak in
radiation aroundB053 kG cannot be explained.

Another effect of using the gas-jet plasma to excite
radiation is as follows. Typical radiation waveform observ
by using the gas-jet flow~Fig. 4! consists of single radiation
pulse of millimeter wavelength, whereas the radiation fro
gas-filled chamber obtained in similar experimental con
tions represents a set of pulses. Number of these pulses
their relative intensities depend on experimental conditio
namely, on the gas pressure. Time-of-flight diagnostics
using a longer waveguide of about 75 cm displays the dif
ence between two experimental approach even more cle
In those measurements, the width of each pulse of radia
from the chamber filled gas broadens noticeably by ab
three times, but the pulse width of radiation from the gas
plasma does not change.

Broadening the pulse width of the radiation during t
flight through the longer waveguide is due to different gro
velocities and frequencies in the pulse. Thus, the result

FIG. 8. Output power of the radiation as a function of the a
plied external dc magnetic field. Solid line indicates the theoret
value. Error bars show the difference between the maximum
minimum of the obtained experimental data.
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those measurements indicate the wide frequency range o
radiation from the gas-filled chamber, whereas radiat
from the gas-jet flow is found to be quasimonochroma
Difference can be because of the nonuniform plasma den
in the case the gas-filled chamber, while the gas-jet plas
characterizes by uniform density and sharp boundary.
other words, it shows the effect of gas-jet nozzle in local
ing the gas and generating the plasma with uniform den
and sharp boundary.

From another point of view, by estimating the plasm
lengthLp'1.5 mm and plasma lifetime less than 200 ps,
can see only that part of the wake whose group velocity
the axial direction is about 109 cm/s or more are taken part i
the radiation, but it is well known that in order to produc
wakefield with larger amplitude we need to focus the be
in a smaller spot, so the wake group velocity decreases in
axial direction and increases in the radial direction, wh
leads to dissipating a part of wakefield energy in the plas

Furthermore, in the present experiment, the maxim
magnetic field applied is about 8 kG, corresponding to
clotron frequencyvc51.431011 rad/s. Therefore, the as
sumption ofvH

2 5vp
21vc

2.vp
2 as vc!vp is quite natural

and the present wakefield scheme is exactly the same s
tion as theVp3B acceleration scheme, which was original
introduced as the plasma based high energy accelera
scheme@21–24#. In the presence of the static magnetic fie
the electrostatic plasma waves travel across the magn
field lines and accelerates the trapped electrons very
ciently by theVp3B mechanisms, whereVp is the phase
velocity of the electron plasma wave andB is the steady
magnetic field intensity. In other words, theVp3B radiation
scheme is the inverse process ofVp3B acceleration mecha
nism. In this sense, theVp3B radiation decreases the acce
eration efficiency, but this is negligibly small compared wi
the acceleration efficiency, and no serious losses take p
for the particle accelerators, if the trapped particles in
wave frame are small in number, i.e., the loading effect
small enough.

V. CONCLUSION

Short pulse radiation from the interaction of short inten
laser pulse and magnetized gas-jet plasma is investigated
new source of coherent radiation tunable in frequency pu
duration and intensity. Different radiation characteristi
specially dependence of the radiation intensity on plas
density have been studied. By using gas-jet flow to gene
the plasma, the effect of the sharp plasma boundary on
radiation intensity is investigated. Increasing the radiat
intensity with magnetic field strength confirms the unifo
mity of the plasma density and sharpness of the gas
plasma boundary.

ACKNOWLEDGMENTS

We would like to thank Professor Michael I. Bakuno
with Department of Radiophysics, University of Nizhn
Novgorod, Russia for his very useful discussions and
Higashiguchi with Department of Electrical and Electron

-
l
d

9-5



u
R
to
r

p
he
o

lly
r
ry
a
a
t

ze
ri

t
e
e

fo
la

f

de
th
ial
on

il
in

d

ives
the

be

at
rse

DORRANIAN et al. PHYSICAL REVIEW E 68, 026409 ~2003!
Engineering, Miyazaki University of Japan for his usef
technical support. We are also grateful to Cooperative
search Center and Satellite Venture Business Labora
~SVBL! of Utsunomiya University for providing us the lase
system. One of the authors~M.S.! is grateful to SVBL for
providing the financial support. A part of the work was su
ported by the Grant-in-Aid in Scientific Research from t
Ministry of Education, Culture, Sports, Science and Techn
ogy, Japan.

APPENDIX: MAGNETIZED WAKE CALCULATIONS

It is convenient to review the theory presented origina
by Yoshii et al. @13#, modified after taking into account ou
experimental conditions. In contrast to the original theo
where all transversal components of the magnetized w
have been found through perturbation technique, we h
developed a direct analytical procedure, which allows us
find exact expressions for all components of magneti
plasma wake. These expressions can be used for any d
velocities as well as for any ratios ofvc /vp . The radiation
geometry is presented in Fig. 2. Laser pulse propagates in
z direction and external dc magnetic field is applied in thy
direction. This field is uniform in space and constant in tim
Maxwell’s equations for plane waves in one dimension
the present geometry have the form, in the first-order re
tionship,

2
]Ex

]z
5

1

c

]By

]t
, ~A1a!

2
]By

]z
5

1

c

]Ex

]t
2

4p

c
eNVx , ~A1b!

1

c

]Ez

]t
2

4p

c
eNVz50. ~A1c!

Then, first-order velocitiesVx andVz are the components o
electron velocity satisfying the equation of motion:

m
]Vx

]t
52eEx1

e

c
B0Vz , ~A2a!

m
]Vz

]t
52eEz2

e

c
B0Vx2e

]f

]z
. ~A2b!

Here,B0 is the applied external dc magnetic field magnitu
andf is the average ponderomotive potential defined by
laser pulse envelope. It can be assumed that the potentf
and therefore the fields and electrons velocity are functi
of only j5t2z/v0, wherev0 is the initial phase velocity of
wakes. This implies that pump depletion and laser instab
ties are neglected. In terms of new variable, apply
Laplace transformation with respect toj, the set of Eqs.~A1!
and ~A2! become

Ẽx5bB̃y , ~A3a!

sB̃y5sbẼx24pebNṼx , ~A3b!
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sẼz54peNṼz , ~A3c!

sṼx52
e

m
Ẽx1vcṼz , ~A3d!

sṼz52
e

m
Ẽz2vcṼx1

e

bmc
sw, ~A3e!

where tilde refers to Laplace transformation of variables,s is
the Laplace variable,w is the Laplace transformation off,
andb5v0 /c. Answers for set of Eq.~A3! are

Ẽx~s!5bB̃y~s!5
bvcvp

2

cD~s!
w, ~A4a!

Ẽz~s!5
vp

2b22s2~12b2!

svcb
2

Ẽx~s!, ~A4b!

where as usualvp and vc are the plasma frequency an
electron cyclotron frequency, respectively.D(s)5@eb2vp

2

2(12b2)(s21vp
21vc

2)#, in which e511vp
2/s2. The in-

verse Laplace transformation of the above equations g
the components of the excited magnetized wakes behind
laser pulse. They are described by the residue of Eq.~A4a! at
the pole whereD(s)50. The dispersion equationD( iv)
50 defines the frequencyv of the wake field. The amplitude
of the field By is given at the poles5 iv and takes the
following form:

By5
iv3vcvp

2

2c@vp
4b21~12b2!v4#

w~ iv!. ~A5!

For laser pulse of durationt, electric fieldEL and fre-
quency vL , ponderomotive potential has the formf
5eEL

2/4mvL
2 . Transforming it tov space, for the longitudi-

nal component of magnetized wakes, the electric field can
expressed via the relation

Ez5
vP

2b21~12b2!v2

ivvcb
By , ~A6!

also taking into account the contribution of another pole
s52 iv, the final relation for magnetized wakes transve
and longitudinal components can be obtained as

Ex5
eEL

2

2mcvL
2

bv2vcvp
2

vp
4b21~12b2!v4

sin
vj0

2
sinS vj2

vj0

2 D ,

~A7a!

Ez52
eEL

2

2mvL
2v0

vvp
2@vp

2b21~12b2!v2#

vp
4b21~12b2!v4

3sin
vj0

2
cosS vj2

vj0

2 D , ~A7b!
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in which j05tL2z/v0 . tL is the laser pulse time. Thes
equations can be used for any radiation driver, i.e., elec
bunch or laser pulse with different velocities.

When vp@vc is assumed, following the present expe
mental conditions, one obtainsv5Avp

21(12b2)vc
2 for the

radiation frequency and Eqs.~A7a! and~A7b! are converted
to

Ex5
eEL

2

2mcvL
2

bvc@vp
21~12b2!vc

2#

vp
212~12b2!2vc

2
sin

vj0

2
sinS vj2

vj0

2 D ,

~A8a!
.

.
ett

.
en

pl.

.G

D

ri,

02640
n Ez52
eEL

2

2mvL
2v0

vp@11~12b2!~3/22b2!vc
2/vp

2#

vp
212~12b2!2vc

2

3sin
vj0

2
cosS vj2

vj0

2 D . ~A8b!

In this case,vH.vp and the dispersion relation reduce
to c2k2/v2.12vp

2/v2 and the ratio of em component of th
field to es component is

UEx

Ez
U5b2F12~12b2!2

vc
2

vp
2Gvc

vp
. ~A9!
hi,
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hi,
ew
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