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Radiation from high-intensity ultrashort-laser-pulse and gas-jet magnetized plasma interaction
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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 limi} 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 &f) ¥ radiation scheme, wheng, is the
phase velocity of the electron plasma wave &id 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.
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I. INTRODUCTION gas area and the radiation from the interaction region should
be viewed by the diagnostics, it is also important that the

Plasma-based radiation sources are expanding rapidlinteraction region should be outside the nozzle with suffi-
The multimode nature of the plasma has the capability tecient distance from the tip of the nozzle. The reported works
convert different initial energies to coherent radiationin this area were conducted mostly in very high back pres-
through processes such as Raman scattering, harmonic geswre rangeg 11,12 but due to our main purpose, which is
eration, or photon acceleratigph—3]. We are studying a new detecting the radiation from magnetized wake, according to
kind of high-power tunable radiation source, where the shortaser pulse width and plasma density relation, the neutral gas
electromagnetic pulse is generated by a magnetized plasng®nsities lower than 10 cm 2 are interested for obtaining
wake. the maximum wake amplitude.

When making such radiation sources the coupling be- In this paper, the effects of different gas-jet nozzles on the
tween the wake and the electromagnetic radiation at th@ensity distribution characteristics in the low pressure regime
plasma boundary is very important. To cause the transmief He and N gases are reported and also the experiments of
sion coefficient field of the radiation to increase by decreasthe emitted radiation in millimeter wave range from gas-jet
ing the attenuation effect due to ramping the plasma densitplasma wakes excited by ultrashort intense laser pulse are
at the boundary, the boundary should be as sharp as possibgesented.

One of the most advanced ways to achieve this requirement Before coming to the experimental results it is convenient
is by using the gas-jet flow. Controlling the initial neutral to explain briefly the theoretical background related to the
density by gas-jet back pressure as well as using differerpresent experiment. In this radiation scheme, a large ampli-
kinds of nozzles to make a suitable geometry of density intude plasma wake is generated by an intense laser pulse or a
teraction medium has presented some interesting advantagkdativistic electron bunch in the presence of a modest per-
in our experiments. Previous works on gas-jet sources haveendicular dc magnetic field. The initial motion of plasma
focused on studying homogeneous condensation and makigectrons due to the laser ponderomotive force make them
cluster beam$4], and after that gas jets are widely used inrotate around the magnetic field lines and generate the elec-
the field of laser-plasma interaction, in areas such as lasgfomagnetiqem) part in the wake with a nonzero group ve-
particle acceleratiofi5,6], inertial confinement fusiofi7,8],  locity. The magnetized wake propagates through the plasma
x-ray lasers[9], and high harmonic generatidd0]. Each  and couples to vacuum at the plasma-vacuum boundary. The
field requires its special geometry of gas expansion and derheory of radiation from the wakes excited by laser pulse in
sity configuration. In our case because the magnetizethe magnetized plasma has been introduced by Yeslal.
plasma is generated as a source of coherent electromagneltii3] and the characteristics of this radiation have been ob-
radiation so the spatial distribution of gas density is an im-served by Yugamet al. [14].
portant characteristic specifically uniform gas density inside By applying the external magnetic field in the direction
the flow and sharp boundaries at the interaction region. Beperpendicular to the laser beam pathksoB, and also the
cause the laser beam passes transversely across the puffeave electric fieldeL By, radiation occurs in the extraordi-

nary mode and the dispersion relation is giveni?/ w?
=1— (0 w)[(0?—w))/(v*~wf)], which is plotted in
*Email address: doran@plasma.ees.utsunomiya-u.ac.jp Fig. 1[15]. Radiation frequency is introduced by the inter-
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FIG. 2. Experimental setup.

FIG. 1. Dispersion relation of the magnetized plasma. Evanes-
cent regions are shown by dashed area. several hours, in frequency or single-pulse mode. Gas jet
synchronously operates with the laser pulse. Different
section point between dispersion relation and laser pulsfozzles are used in the experiment in order to change the gas
curves onw-k diagram, wherevp< w<wy. Another param-  gensity and also boundary configurationgig. 3. The
eter to guide the radiation through the plasma into vacuum i§trength of the applied magnetic field is up to 8 kG. As the
the boundary condition. .In the case of gradual change of th?egion of the field along ther z direction is about 2.5 cm,
plasma boundarywy will gradually reduce toward the ch Jonger thaxg, the Rayleigh length, it is expected to
vacuum and the upper evanescent regioa-k diagram will - pe yniform in the interaction region. The experiment is car-
go down wider and wider. As a result, this area will cover allyjeq out using nitrogen and helium gases at the initial base
the radiation frequency range and the radiation should tu”n‘ﬂressure of below 5 mTorr and maximum gas-jet back pres-
through this layer as it propagates into the vacuum, whickyre of 8 atm. The measurement system for the radiation
makes the radiation power damp noticeably. In the case Qfpnsists of a crystal detector, horn antenna, waveguide, and
sharp boundary plasma, on the other hand, according to thgsilloscope Tektronix; TDS-694¢ with limitation of mini-
continuity of the tangential components Bfof the reflected  ,,ym pulse width measurable at 200 ps and covering 10 Giga
and the transmitted waves at the boundary, the transmissicghmme per second with frequency bandwidth of 3 GHz. An-
coefficient forE, tends to 1. Using gas-jet plasma configu- tenna and waveguide ld band with cutoff frequency at 31.4

ration with a suitable nozzle is a way to make the sharpgHz for TE,, mode are employed to observe the temporal
plasma boundary. More details about the radiation theory cayaveform of the radiation.

be found in Refs[13,14,16 and the review will be given in

the Appendix.

Section Il describes the experimental setup. Section Il is x 10"
devoted to interferometry experiment and results. Radiation ER v P
experiment results and discussions are presented in Sec. I N E %
including theoretical background and finally a brief conclu- 4 - % % E
sion is presented in Sec. V. - -

l"g 1.3, 1
Il. EXPERIMENTAL SETUP E; 3 A 0s ' 05 ls

The experimental arrangement is shown schematically in § i ™
Fig. 2. A mode locked Ti:sapphire laser operating \at = 5 [ 1 03 o.--®
=800 nm wavelength, with the pulse width ef =100 fs % o7
[full width at half maximum(FWHM)], and maximum en- < /i/’
ergy of 100 mJ per pulse with 10 Hz repetition rate is used to 1 .7 g
excite wakefield. The laser pulse is irradiated into the e — e ==
vacuum chamber through 5-mme-thickness Ca#dow and _,,fif ,,,,,,, s momT R
is focused by a lens df/5 at about 0.5 mm above the gas-jet Y Sl SR L i i i ¢
nozzle. The focal spot diameter is about 20n and the 0 Back Préssure ( Atm? 8

intensity is of the order of 6 W/ cn?. A solenoid valve
(lota ong made by Parker instrumentation with 0.8 mm di-  FG. 3. Interferometer fringe shift of different nozzles are shown

ameter exit hole was employed to generate the gas-jet comrt the top. Diamonds on dashed dotted line, squares on dotted line,
stant flow of 100-200 us. These kind of valves are gener- and circles on dashed line are the neutral gas density magnitudes at
ally closed and the open time can be adjusted fromsbto  different back pressures of nozzlgs, (b), and(c) correspondingly.
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IIl. INTERFEROMETER 1.2

The Mach-Zehnder interferometer is employed to detect 1k
fringe shifts due to the neutral gas density of the gas-jet flow.
A He-Ne laser beam working at 632 nm is expanded and
collimated to 5-mm-diameter beam which propagates in the
interferometer, passed by the tip of the gas-jet nozzle. The
beam splitters and mirrors of the interferometer have a sur-
face quality ofA/4. Outside the vacuum chamber &10
spherical lens images the gas-jet through the Nd filter onto a
linear charge coupled device detector. The spatial resolution
is limited by the pixel size of about 1am. Gas jet charac-
teristics are explained in the last chapter. The back pressure
of the gas reservoir is measured by a gas pressure gauge in
the range of 0.5-8 atm. In order to study the effect of
nozzles on different gas density configurations, different Time ( ns )
kinds of brass nozzles in shape and size are machined. First
two are supersonic nozzles at 0.5 mm throat diameter and

divergence angle of 12°. For bigger one the exit hole diam- o _
eter is 1.3 mm(a) and for smaller one it is 1 mr¢b). Third of 200 ps at FWHM is limited by the bandwidth of the re-

one is a simple cylindrical nozzle at 0.5 mm throat diameteC€Ving equipment. From nitrogen plasma, the similar result
(©). is also. obtained. The lifetime of the wgkes in the plasma can
Typical patterns of the fringe shifts are shown at the top of?€ estimated from,~L /vy, whereL , is the plasma length
Fig. 3. They are measured in radians and since the geometf}f the order of Rayleigh length and is the group velocity
of the nozzle and the medium can be assumed to be Cy“nQ_f the wakes in the_plasma. In this experiment with laser spot
drically symmetric, the cylindrical Abel inversion transfor- Sizeé of 20um, L is estimated to t3)e about 1.55 mm. The
mation is employed in order to obtain the local density in the€lectron density is about tbcm™* correspondinglyw,
gas flow. After the Abel inversion transformation in cylindri- =1.8x 10*° rad/s, sor, should be about 80 ns theoretically.
cal coordinates, the axial data can be changed to radial®ut experimental results show that wakefield disappears
Neutral nitrogen gas density of three nozzles with differentf@ster than the calculated lifetime. In a similar experiment,
back pressures are shown in Fig. 3. Neutral gas density dfe calculated lifetime for wakes is about 5.4 ns while the
nozzle(a) is from 1.5< 107 cm™3 to 2.5x 108 cm™ 2 at the !lfetlr_ne of the plasma waves, measured by Thomso_n scatter-
center of the flow, and about 0.5 mm upper than the nozzI&d; is about 300 p$18]. The reason could be explained by

exit. For nozzle (b) this magnitude changes from 6.5 taking into account the gas ionization effect. In the case of
X 1017 cm~3 to 1x 10 cm~2 and for nozzle(c) it is from performed plasma, whose volume is larger than the laser

2x 10 cm~2 to 2.15¢ 10" cm™ 2 both at the same point. In pulse perturbation volume, when a corona electron moves

this range of the back pressure of the supplied gas, the g&¥/ay from its firs_t position, a pqsitive charg(_a is create_d. This
density is a linear function of the back pressure. According tdnduces a restoring electrostatic force that is proportional to
laser intensity of about 2HW/cn?, gas is expected to be the electron displacement and produces a harmonic oscillator

fully ionized and we can calculate the plasma density froneYStém at the plasma frequency. On the other hand, in the
neutral gas density. tunnel ionization produced plasma, when the corona electron

The sharpest boundary between the gas flow and vacuulgaves the plasma, _the number of_positive charges is fixed by
has been found for the case of noz## at about 0.5 mm the laser pulse radius and Rayleigh length. Laser pulse en-

from the nozzle tip. In this case, neutral gas density is ap€'9Y IS more nonuniform in this volume and electrons feel
proximately flat in the radius of about 0.4 mm and falls down™More nonuniform force. This could induce a lower restoring
to zero within 0.1 mm. We cannot generate the ideally Sharlg}lectrostanc force and larger number of electrons which do
boundary due to the quick expansion of the gas flow, whicH0t cOme back in phase with plasma waves and destroy the
occurs at the nozzle exit. Indeed, this effect occurs due to th@scillation faster than the expected time. Similar to this effect
very low background pressure in the vacuum chamber, so thfor the radial component of plasma wakefield also has been

flow is said to be “underexpanded” and a subsequent exparRPserved19]. _ L
sion occurs as the flow attempts to meet the necessary The polarization of the emitted radiation is measured by

boundary condition imposed by the ambient chamber backtating the receiver horn antenna around zfeis in both
ground pressurgL7]. cases of He and Nplasma at different gas densities. As it is

predicted by the theory, the electromagnetic component of
the wakes is in tha direction perpendicular to the direction
IV. RESULTS AND DISCUSSION of the applied external dc magnetic field. Experimental data
show that the radiation is also polarized in thdirection, in
In Fig. 4 a typical radiation waveform is shown, obtainedfairly good agreement with expectation.
from helium plasma aBy=7.8 kG, that corresponds ®, The spatial distribution of the radiation is measured by
=1.4x 10" rad/s. The observed pulse duration of the orderchanging the position of the horn antenna in different angles,

0.8r

0.61
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O_

-0.2

FIG. 4. Sample of the radiation pulse.
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FIG. 5. Spatial distribution of the emitted radiation.
FIG. 7. Radiation intensity of three different nozzles at constant
referred to thez axis in they-z plane. Data are shown in Fig. gas pressure of 15 mTorr of,N
5. The radiation is mainly launched within the angte&°
with respect to thez axis in they-z plane, in the forward rate. Here also, the lowest radiation is observed with the
direction. Pulse becomes weaker in larger angles up &3 nozzle(c) plasma, which generates the largest density mag-
and absolutely disappears after that. These results are copitude, and with decreasing the plasma density the radiation
firmed by the fact that the group velocity of the magnetizedhas been enhanced.
wake is maximum in the forward direction. Both data in Figs. 6 and 7 verify that increasing the
The intensity of the radiation of both He and Nlasmas  plasma density in this range will decrease the radiation in-
in different densities are shown in Fig. 6. Gas density istensity. These results can be explained from the theory
controlled by the back pressure to the gas-jet nozzle andlearly due to the fact that in the present experiments we deal
density is obtained in the interferometer experiment. Data ar@ith plasma densities greater than the laser wakefield qua-
obtained by using nozzléa) at the external magnetic field siresonance. Indeed the term “singy/2)” in Egs. (A7a) and
strength of about 8 kG. The base pressure of the interactiofA8a) represents the quasiresonance behavior of the plasma
chamber is 15 mTorr, and gas-jet open time is 280and 10  wakefield, which confirms that increasing the plasma density
Hz repetition rate. One can see that the radiation intensitfrom an optimum magnitude will decrease the amplitude of
decreases noticeably by increasing the gas density. RadiatigRe plasma wakefield. Due to= ‘/wp2+ (1_32)%2 (see Ap-
from other nozzles show the similar behavior. pendiX, whenw < w, plasma wakefield frequenay is very
In Fig. 7, three samples of the radiation pulses from dif-¢jgse to plasma frequenay, and the maximum wake am-
ferent nozzles are displayed for comparison purposes. Thgiitude is created whear =\, wherer_ is the laser pulse
position of three radiation pulses are shifted in order to simyigin and \, is the plasma wavelength. In the present ex-
plify their comparison. Data show the radiation fromy N periment, the maximum of the wakefield amplitude is ex-
plasma at 1 atm back pressure in 15 mTorr of chamber pregsected at 5 THz plasma frequency, corresponding to electron
sure and 25Q«s gas-jet valve open time and 10 Hz repetition density 3.3 107 cm™2. Increasing the density from this op-
timum magnitude decreases the wakes amplitude sharply

[19]. The lowest neutral densities of nozZ®, (b), and(c)

1 o.m T-e- N, |
~ | ey - are 1.5¢10" cm 3, 6.5 10" cm3, 2x10'® cm~3, and
"§ 0.9 ”'«1=\ | plasma electron densities are five times bigger for nitrogen,
< 08f B all of them larger than the optimum magnitudes. Decreasing
= i the wake amplitude with increasing the density when density
> 0.7} o, . . LY .
g e is larger than optimum density is in good agreement with
g 06 L ™ theory of the plasma wakefield.
'S 05 e ‘e Relative output power of the radiation versus the external
c L . .. . K K .
5 RN magnetic field is shown in Fig. 8. The data are obtained
| T - without changing the position of the gas-jet nozzle and the
T o3t T laser beam. The magnetic field is varied by changing the
0.2 , L/ distance between permanent magnets pair, which are con-
“0 3)2 25x 10 trolled from out of the vacuum chamber. The experiment is

0.5 1 15  _
Neutral gas density ( cm

done by nozzlga) at the constant back pressure of 1 atm,

FIG. 6. Radiation intensity in relative units versus neutral gascorresponds to 1:610' cm™2 neutral gas density. Working

density for both He(dotted full square lineand N, (dashed full

circle line) plasma. The experiment is done by noz@e

gas is N. The circles are the average of data upon six mag-
nitude and the error bars indicate the difference between
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those measurements indicate the wide frequency range of the
radiation from the gas-filed chamber, whereas radiation
from the gas-jet flow is found to be quasimonochromatic.
Difference can be because of the nonuniform plasma density
in the case the gas-filled chamber, while the gas-jet plasma
characterizes by uniform density and sharp boundary. In
other words, it shows the effect of gas-jet nozzle in localiz-
ing the gas and generating the plasma with uniform density
and sharp boundary.

From another point of view, by estimating the plasma
lengthL,~1.5 mm and plasma lifetime less than 200 ps, we
can see only that part of the wake whose group velocity in
the axial direction is about 2acm/s or more are taken part in

4 6 8 the radiation, but it is well known that in order to produce
B, (kG) wakefield with larger amplitude we need to focus the beam

in a smaller spot, so the wake group velocity decreases in the

FIG. 8. Output power of the radiation as a function of the ap-axial direction and increases in the radial direction, which
plied external dc magnetic field. Solid line indicates the theoreticalegds to dissipating a part of wakefield energy in the plasma.
vqlu_e. Error bars shgw the diffgrence between the maximum and Fyrthermore, in the present experiment, the maximum
minimum of the obtained experimental data. magnetic field applied is about 8 kG, corresponding to cy-

clotron frequencyw.=1.4x 10" rad/s. Therefore, the as-
maximum and minimum of the experimental data at eaclsumption of w}=w;+wi=w) as w.<w, is quite natural
magnitude of magnetic field strength. Fr@p=0 to 1.7 kG, and the present wakefield scheme is exactly the same situa-
although the amplitude of the signal is larger than the nois¢ion as theV,x B acceleration scheme, which was originally
level, the radiation intensity does not change significantlyintroduced as the plasma based high energy acceleration
with increasing the magnetic field. In this region, magneticschemd21-24. In the presence of the static magnetic field,
field is weak and unable to affect the plasma wakefield. Thehe electrostatic plasma waves travel across the magnetic
observed radiation in this range Bf might be caused by field lines and accelerates the trapped electrons very effi-
nonlinear current$20]. Up to 7.5 kG, the output power of ciently by the VX B mechanisms, wher¥, is the phase
the radiation increases with the magnetic field strength. Solidelocity of the electron plasma wave aflis the steady
line indicates the theoretical values. Due to E@s7a) and  magnetic field intensity. In other words, thgx B radiation
(A8a) the amplitude of the radiation is proportionald@ or ~ scheme is the inverse process\gfx B acceleration mecha-
Bo. So without taking the damping phenomenon into accounhism. In this sense, thé,X B radiation decreases the accel-
the output power of the radiation is proportionalBé. Be- eration efficiency, but this is negligibly small compared with
cause of the sharp boundary of the gas-jet plasma, the radithie acceleration efficiency, and no serious losses take place
tion emitted without the boundary effect, in contrast to thefor the particle accelerators, if the trapped particles in the
theory predicted by Yoshit al.[13] and experimentally ob- wave frame are small in number, i.e., the loading effect is
served by Yugamet al. [14] in chamber filled gas. Due to small enough.
the mentioned theory of the boundary model, the attenuation

—_
T

©
[}

o
o

o
~

Radiation intensity ( rel. units )

o
PN
N

of the output power i'ncreases wiBy, faster than increasirjg V. CONCLUSION
the output power which goes % Up to now, the peak in
radiation around,=3 kG cannot be explained. Short pulse radiation from the interaction of short intense

Another effect of using the gas-jet plasma to excite thdaser pulse and magnetized gas-jet plasma is investigated as a
radiation is as follows. Typical radiation waveform observednew source of coherent radiation tunable in frequency pulse
by using the gas-jet flowFig. 4) consists of single radiation duration and intensity. Different radiation characteristics,
pulse of millimeter wavelength, whereas the radiation fromspecially dependence of the radiation intensity on plasma
gas-filled chamber obtained in similar experimental condi-density have been studied. By using gas-jet flow to generate
tions represents a set of pulses. Number of these pulses atite plasma, the effect of the sharp plasma boundary on the
their relative intensities depend on experimental conditionstadiation intensity is investigated. Increasing the radiation
namely, on the gas pressure. Time-of-flight diagnostics byntensity with magnetic field strength confirms the unifor-
using a longer waveguide of about 75 cm displays the differmity of the plasma density and sharpness of the gas-jet
ence between two experimental approach even more clearlplasma boundary.

In those measurements, the width of each pulse of radiation

from the chamber filled gas broaden_s r_10ticeab|y by ab(_)ut ACKNOWLEDGMENTS
three times, but the pulse width of radiation from the gas-jet
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~ e ~ e
SVZ= - EEZ— a)CVX-i- mS(p, (ASG)

where tilde refers to Laplace transformation of variabdss,
APPENDIX: MAGNETIZED WAKE CALCULATIONS the Laplace variabley is the Laplace transformation @f,

It is convenient to review the theory presented originallyand’gzvolc' Answers for set of EqA3) are

by Yoshii et al. [13], modified after taking into account our Bww?

experimental conditions. In contrast to the original theory, EX(S):B“By(S): ¢ p(P, (A43a)
where all transversal components of the magnetized wake cD(s)

have been found through perturbation technique, we have

developed a direct analytical procedure, which allows us to - wip?—s%(1- %)

find exact expressions for all components of magnetized Exs)= Ex(s), (Adb)

2
plasma wake. These expressions can be used for any driver Sw

velocities as well as for any ratios of./w,. The radiation

geometry is presented in Fig. 2. Laser pulse propagates in tp{ghere as usualby and o, are the pla§ma frequen%y 2and

z direction and external dc magnetic field is applied in yhe eIectr0n2 cch:Iotrc;n frtzaque-ncy, respectlvely.z(s)2=[e,8 wp
direction. This field is uniform in space and constant in time.~ (1= 89)(s"+ wp+ wg)], in which e=1+ wy/s®. The in-
Maxwell's equations for plane waves in one dimension forverse Laplace transformation of the above equations gives
the present geometry have the form, in the first-order relathe components of the excited magnetized wakes behind the

tionship, laser pulse. They are described by the residue of £4g) at
the pole whereD(s)=0. The dispersion equatioD (i )

JEy 1By =0 defines the frequenay of the wake field. The amplitude

Tz ¢ ot (A18)  of the field By is given at the poles=iw and takes the

following form:
By 10E, A4m

oz o o N (Atb) I |
By=20[w4,62+(1_32)w4] e(iw). (AB)

10E, 4= P

— ——eNV,=0. (Alc) ) o

c Jt c For laser pulse of duration, electric fieldE, and fre-

quency ., ponderomotive potential has the formp
=eE’/4mw? . Transforming it tow space, for the longitudi-
nal component of magnetized wakes, the electric field can be
expressed via the relation

Then, first-order velocitie¥, andV, are the components of
electron velocity satisfying the equation of motion:

aVy e
mW=—eEX+ EBOVZl (A2a) - s
E :wpﬂ f(l_ﬂ o B (A6)
N, e P ‘ lwwp v
mT=—eEZ—EBOVX—eE. (AZb)

also taking into account the contribution of another pole at

and ¢ is the average ponderomotive potential defined by thénd longitudinal components can be obtained as
laser pulse envelope. It can be assumed that the poteftial

and therefore the fields and electrons velocity are functions _ eEE szwcwg i, wéy . wéo

of only é=t—2z/vy, whereuvy, is the initial phase velocity of EX_Zmaz 452 — a2y a0t SN wé— 2 )
T . X . L w,B+H(1-B%w

wakes. This implies that pump depletion and laser instabili- P (A73)

ties are neglected. In terms of new variable, applying

Laplace transformation with respectgpthe set of Eqs(A1)
and(A2) become E_ eE  wojlwip+(1-pH)w?]
z

N meEvo a)gﬁz+(l—ﬂ2)w4

E.=BB,, (A3a)
~ - - X sinw—gocos( wé— w_§o) (A7b)
sB,=sBE,—4mepNV,, (A3b) 2 2 )
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in which &=7 —2z/vg. 7 is the laser pulse time. These eEE w1+ (1- B2)(312— B2 0w w?]
equations can be used for any radiation driver, i.e., electron E,=-— 5 P 5 S5 5 c P
bunch or laser pulse with different velocities. 2Mwivg wpt2(1- %) wg

When w,>w, is assumed, following the present experi-

.- . Y . a)fo ng

mental conditions, one obtains= \/wp2+(1 B )wc2 for the X Sin——c03 wé— ——|. (A8b)
radiation frequency and Eq8A7a) and(A7b) are converted 2 2
to

In this case.wy=w, and the dispersion relation reduces
to c?k?/ w?~1— w}/ w? and the ratio of em component of the

eE Bodwit(1-pwl]  wé wéy field to es component is
X~ 2 2 232, 2 Sstm wf—T '
2meop  wp+2(1- %) wg E 02l o
‘—* =B 1-(1-B)°—|—. (A9)
(A8a) E, wp| @p
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