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Experimental observation of short-pulse upshifted frequency microwaves
from a laser-created overdense plasma

Noboru Yugami,1,* Toshihiko Niiyama,2 Takeshi Higashiguchi,3,† Hong Gao,1 Shigeo Sasaki,1 Hiroaki Ito,1,‡

and Yasushi Nishida1,§

1Department of Energy and Environmental Science, Graduate School of Utsunomiya University, 7-1-2 Yoto, Utsunomiya,
Tochigi 321-8585, Japan

2Ishikawajima-Harima Heavy Industries Company, Limited, Tokyo 100-0005, Japan
3Department of Electrical and Electronic Engineering, Miyazaki University Gakuen Kibanadai Nishi 1-1, Miyazaki 889-2192, Ja

~Received 30 July 2001; published 5 March 2002!

A short and frequency upshifted from a source microwave pulse is experimentally generated by the over-
dense plasma that is rapidly created by a laser. The source wave, whose frequency is 9 GHz, is propagating in
the waveguide filled with tetrakis-dimethyl-amino-ethylene gas, which is to be converted to the overdense
plasma by the laser. The detected frequency of the pulse is over 31.4 GHz and its duration is 10 ns. This
technique has the potential for the generation of a tunable frequency source.
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In the last decade the interaction between a plasma
the electromagnetic~em! wave has been studied for plasm
applications of short and tunable radiation source. Lam
et al.have studied the phenomena of the frequency upshi
the em wave using a relativistic, overdense ionization fr
with the speed of light@1#. The em wave reflects at the ion
ization front and the frequency is upshifted by the dou
Doppler effect. The creation of the ionization front is no
easy to be realized by the intense short laser pulse thro
photoionization@2#. A frequency upshift and a radiation o
the em wave have been studied by using photon accelera
@3# and relativistic underdense ionization front@4# in the
plasma application in the 1990s. The frequency upshift of
em wave with the laser produced underdense ionization f
having a speed of light was studied by Mori in 1991, wh
the em wave was incident on the underdense ionization f
@4#. This phenomenon of the frequency upshift is the ph
modulation of the incident wave by the ionization front. Sa
ageet al. studied experimental frequency upshift of the m
crowave frequency from 35 GHz over 170 GHz by using
laser produced underdense ionization front@5#.

The frequency upshift can also be expected from a p
odic electrostatic field instead of the initial em wave, beca
the periodic electrostatic field is observed as the incident
wave with the frequency ofv8Þ0 in the frame moving with
the ionization front. In the laboratory frame, the transmitt
wave in the plasma behind the ionization front is direc
observed as the em wave radiation pulse. The observed
quency, however, is upshifted from zero frequency, that
this scheme can directly convert the dc field energy to the
wave radiation. This phenomenon is called dc to ac radia
converter@6–13#.

Wilks and co-workers have investigated the effect
quickly creating a plasma around an em source wave, on
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time scales in the order of a cycle of the wave@13,14#. They
have found that this can generate upshifted em wave
changing the plasma density. Experimental works have b
successfully performed@15,16#; however, this is the first
time, to the best of our knowledge, that the phenomenon
been explored experimentally using laser-created overde
plasma.

In this paper we describe experimental results in whic
GHz source is upshifted in frequency up to 31.4 GHz by
laser-created plasma. The mechanism that is called ‘‘fl
ionization frequency upshift phenomena’’ can be explain
as follows. The source em wave with an angular freque
v0(k0) is propagating in thez direction. Suddenly, in a time
interval much shorter than 2p/v0, a plasma is created
around the em wave along the propagation direction keep
the wave number of this source wave,k0, fixed at the initial
value. But the em wave should obey the dispersion rela
in the plasma given by

v f
25k0

2c21vp
25v0

21vp
2 . ~1!

Therefore, the final frequencyv f of the wave is represente
to beAv0

21vp
2, wherevp is the plasma angular frequenc

and we can expect the frequency upshift that is represe
by Dv5Av0

21vp
22v0 ~Fig. 1!. When the length of the

plasma,d, in the propagation direction of em wave is muc
longer than the wavelength of the em wave,l0, the pulse
duration of the upshifted em wave is decided by the plas
length d. Therefore, this mechanism has a potential for
high frequency and the ultrashort pulse generation by cha
ing the plasma density and length of plasma.

The upshifted wave has two components with the
wave propagation, i.e., copropagation and counterpropa
tion components. The maximum electric field of the wave
represented by

E65
E0

2 S 16
v0

Av0
21vp

2D , ~2!
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whereE0 is the electric field of the em wave and the plus a
minus signs denote copropagating and counterpropaga
em wave, respectively.

By solving the initial-value problem on the theory, on
can obtain the results that the periodic static, or ze
frequency, magnetic field remains in the plasma. This
tionary magnetic field is generated by the transverse elec
current, which is accelerated by the electric field of the init
em wave when the plasma is immediately created. The m
netic fieldBs is given as

Bs5
vp

2E0

vp
21v0

2
. ~3!

In our experiments, the electromagnetic wave propaga
in the waveguide is irradiated into a thin plasma layer w
slowly growing density in time, i.e., we must consider t
electromagnetic wave of frequencyv0 incident on a homo-
geneous plasma layer 0,x,d with plasma densityn(t).
Here the plasma layer is assumed to be thin compared to
wavelength of the incident wave,

d

lg
!1,

wherelg is the wavelength in the waveguide. We also a
sume the case of slow time variation of the plasma dens
i.e., the rate of ionizationm5ncr

21@dn(t)/dt#, where ncr

5mv0
2/4pe2 is the critical density forv0, is assumed much

smaller than the wave frequency,

m!v0 .

The analytic results of interaction between the incid
wave and time varying plasma layer is given by Bakun
et al. @17#,

FIG. 1. Dispersion relationship of the em wave in an instan
neously created plasma. The wave numberk0 of the wave is fixed at
the initial state, but the frequency should be upshifted to obey
dispersion relation of the em wave in the plasma. The frequenc
the em wave is upshifted tov f .
03650
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BL~ t !52
i2GdL~ t !

sinu0
A v0

vp~ t !

3expH 2~v0/2!Fst1E
0

t

dL~ t8!dt8G J , ~4!

where

dL~ t !5
v0d

2c

sin2u0

cosu~ t !
,

andu is incident angle between plasma layer and radiati
This equation indicates that the frequency after the inter
tion is function of the rate of ionizationm, and the width of
plasma layerd. We will present later the calculated spectru
by this equation by using experimental parameters.

Figure 2 shows the experimental setup. In the exp
ments, we used two microwave sources both with the
quency of 9 GHz. One is a Gunn diode~cw! with the maxi-
mum power of 5 mW and the other is pulse magnetron w
the maximum power of 250 kW and a pulse duration
2 ms. These microwave pulses initially propagate with TE10
mode in theX band waveguide whose cutoff frequency is 6
GHz. A tapered waveguide, whose cutoff frequency is
GHz, is inserted between the plasma and the horn antenn
prevent propagation from original microwave to the diagn
tic region. Therefore, the detected microwave pulse is o
upshifted microwave pulse. A working gas is TMA
~tetrakis-dimethyl-amino-ethylene, C10H24N4) with the ion-
ization potential ofUi55.36 eV, which can easily vaporiz
in the room temperature and is easy to be ionized by
laser light. The gas is statically filled in the waveguide w
the pressure of 20–100 mTorr after the evacuation by
turbo molecule pump. The ionizing laser pulse is fourth h
monic light (l5266 nm) of the yttrium aluminum garne
~YAG! laser, which has the maximum energy of 120 mJ a
the pulse duration of;6 ns full width at half maximum
~FWHM!. TMAE gas is expected to be ionized by two
photon process. The laser light is introduced into the wa
guide through the tiny slit (2 mm36 mm) on the side of
waveguide using cylindrical lens whose focal length is 5 c
The laser pulse is focused at the center of the waveguide
its focal size is 5 mm3200 mm. The plasma density is con
trolled by varying the TMAE gas pressure. Before the pu
generation experiments, the plasma density was measure

-

e
of

FIG. 2. Schematic of the experimental setup. The laser ligh
introduced through the tiny slit on the side of waveguide into
waveguide after focusing through a cylindrical lens.
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the interferometry technique as a function of the TMAE g
pressure and the maximum plasma density (n;2
31013 cm23) is much larger than the critical density for
GHz radiation,ncr5131012 cm23. When the plasma den
sity is larger thannc , the plasma acts as a mirror to th
microwave and the microwave is reflected back by
plasma and cannot propagate in the initial direction.

In order to measure the upshifted radiation, we use
combination of the waveguide and horn antenna. The ra
tion is detected by a crystal detector. Four waveguides w
specific cutoff frequencies are used, i.e., 14.1, 21.1, 24.6,
31.4 GHz. The radiation frequency higher than the spec
cutoff frequency is detected by the crystal detector.

The precise frequency spectrum of the emitted radiatio
measured by the time of flight diagnostic method using
delay waveguide line. The radiation pulse propagates wi
group velocity in the waveguide with lengthLd . The group
velocity depends on the frequency of the radiation, i.e.,vgw

5c(12vc
2/v2)1/2, wherevc is the cutoff frequency of the

waveguide. When a delay timetd5Ld /vgw is estimated
through the delay waveguide line, the frequency is given
v5vcctd /(c2td

22Ld
2)1/2. Note that broadening in the puls

width depends on the frequency broadening of the mic
wave pulse.

Figure 3 shows one of the typical oscilloscope traces
the upshifted microwave pulse observed in the waveguid
specific frequency of 31.4 GHz. The observed pulse dura
is ;10 ns ~FWHM! and the maximum plasma density
estimated to be 231013 cm23. The delay time between lase
pulse and microwave pulse depends on the cable lengt
the diagnostics, although the two signals are synchron
The theory predicts that the pulse duration depends on
plasma length of the propagation direction. In the case of
experiments, however, the plasma lengthd is approximately
as long as the focal thickness 200mm and is much shorte
than the microwave wavelength in the waveguide (lg
54.8 cm) and a skin depth (;c/vp) of the order of milli-
meters. Even in the overdense plasma, the microwave
penetrate through the plasma and can be upshifted due t
increase of the plasma density in time. Therefore, the
served microwave pulse duration is on the order of the la
duration.

FIG. 3. The typical microwave signal detected by 31.4-G
cutoff waveguide~upper trace! and the ionizing laser~lower curve!.
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Solid line in Fig. 4 shows an example of frequency spe
trum of the upshifted microwave measured by the time
flight method. The length of the delay line is 3.9 m. Stee
ness in the spectrum at 14.1 GHz is due to the cutoff f
quency of the waveguide. Higher frequency component,
example, over 31.4 GHz, cannot be seen, because of
weak signal intensity due to the strong attenuation from lo
propagation in the waveguide. This spectrum broadening
dicates the plasma density increases in finite time beca
the upshifted frequency is proportional to the time differe
tial of the plasma density. In the case of our experiments,
ionizing laser pulse duration is 50 times longer than the cy
of the microwave pulse and the plasma is slowly produc
during the laser pulse duration;6 ns. The frequency up
shift takes place during the time when the plasma is p
duced, in other words, once the laser pulse is shut off,
increase of the plasma density stops and the upshift of the
wave does not occur anymore even if the steady plasma
ists. Moreover, the frequency upshift is not expected wh
the plasma decays in long time scale, because the time
ferential of the density is negligibly small. Therefore, th
short and monochromatic em wave cannot be generated
expected in theory.

The dotted line in Fig. 4 shows the calculated frequen
spectrum that is taken into account in the temporal evolut
of plasma density, attenuation of rf by the waveguide w
and cutoff by the waveguide. The plasma densityn(t) and
the rate ofm is calculated as follows. We assumed that la
pulse has Gaussian profile such as

I ~ t !5I 0expS 2
t2

s2D ,

where I 0 is the maximum intensity of the laser pulse. It
reasonable to assume that because the recombination tim

FIG. 4. Frequency spectrum of the upshifted microwave m
sured by the time of flight method. The steepness in the spectru
14.1 GHz is due to the cutoff frequency of the waveguide. T
higher frequency component, for example, over 31.4 GHz, can
be seen, because of the weakness of the signal intensity due t
strong attenuation from long propagation in the waveguide. T
dotted line indicates the calculated results under the experime
condition.
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long enough, the plasma densityn(t) is proportional to the
accumulation within the laser pulse, and is given by

n~ t !5aE
0

t

I ~ t !dt,

wherea is equal to the maximum densitynmax at t→`. We
numerically calculated temporal plasma densityn(t) by this
equation and obtainedm by its time differential. Finally, we
obtained the calculated spectrum after the interaction w
the plasma layer using Eq.~4! @17#.

Furthermore, we have taken into account the loss of
em wave by the waveguide wall. The loss of the em wave
propagating the waveguide is due to the finite conductivity
the conductor surface, i.e., a conductivity ofs is finite. The
envelope of the amplitude of the emitted radiation is
sumed an ideal Gaussian profile, i.e.,A(t)5Amaxexp
(2t2ln 2/tL

2), whereAmax is the peak amplitude of the emitte
radiation. In general, the ratio of an input powerAin to an
output powerAout can be written byAout/Ain5exp(2gL)
with

g5~4/abZ0sd!~12 f c
2/ f 2!21/2@~ f c / f !2~a12b!

1~lc
22l2!/4a#,

wherea is a damping rate of the em wave power and ot
parameters are Z05377 V, s563107 S/m, f c
514.1 GHz, a510.7 mm, b54.3 mm, and d
5(vsm0/2)21/2. The em wave is strongly damped when t
frequency of the wave is close to the cutoff frequencyvc .
The wave form of the em wave after propagating the de
waveguide line is calculated by using these conditions. T
typical observed wave form of the delayed signal~corre-
sponding to the frequency spectrum! and the calculated on
are shown at the plasma density of 2.031013 cm23. The
calculated spectrum is narrower than the experimental d
The detailed simulation will be required for the explanati
of experimental data.

Figure 5~a! shows the amplitude of the detected sign
measured by four different waveguide and detector comb
tions as a function of the plasma density. The amplitude
each signal is normalized to the maximum signal intensity
the same waveguide. Note that the microwave pulse su
from strong attenuation when its frequency is close to
cutoff frequency. When the plasma density is increas
higher frequency microwave pulse is observed. The vert
arrows indicate the plasma density at which the onset of
upshifted frequency starts. We plot the onset frequency of
onset vs the plasma density in Fig. 5~b!. The solid line rep-
ys

E.
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resents the theoretically predicted line given by Eq.~1!. The
data show excellent agreement with the theory.

The theory treated here assumed the infinite length of
plasma, that is, the plasma length is much longer than
wavelength of the em wave, and thus the plasma contai
large number of wavelengths. In our experiments, howe
the length of plasma is as long as focal size of 200mm,
which is much shorter than the wavelength of the microwa
in the waveguide. Therefore, the higher frequency com
nent of the microwave could be excited by the finite s
effect from the discontinuity of the electric field of micro
wave at the plasma edge. The computer simulation is nee
for the explanation for our experimental data.

The theory estimates the power of the upshifted em w
as Eq.~2!. In our experiments, however, we could not me
sure the absolute power, because the microwave detect
not calibrated yet. Furthermore, the poor coupling betwe
the waveguide and diagnostic cannot give us precise mi
wave power. In this paper, therefore, all signal intensit
were given in arbitrary units. Precise power measurem
should be required in our future works.

In conclusion, we have demonstrated the frequency
shifted short microwave pulse generation from 9 GHz
31.4 GHz by rapidly created plasma. The observed pu
duration of the upshifted microwave could be explained
the increase of plasma density resulting from the finite io
ization time during the laser pulse irradiation. The pres
mechanism will give us a unique short and coherent
source.

A part of the present work was supported by a Grant-
Aid for Scientific Research from the Ministry of Educatio
Science, Sports, and Culture, Japan. One of the aut
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FIG. 5. ~a! Signals on the cutoff frequencyf c514.1, 21.1, 24.6,
and 31.4 GHz vs plasma density;~b! output frequency vs plasma
density. The solid line stands for the theoretical prediction given
Eq. ~1!.
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