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Abstract 
The frequency up-shifts around several megahertz and other higher frequency components have 

been observed in the interaction of a high power microwave with an unmagnetized inhomogeneous 

argon plasma, while there is no ionization front in the present experiments. The dependencies of the up-

shifts and higher frequency components on plasma density, incident microwave power and spatial posi-

tion have been clearly demonstrated in our experiments. The time evolution of these frequency compo-

nents has also been investigated. The observed frequency up-shifts are considered to be related to a 

rapidly expanding plasma which is created by the ponderomotive force of a strong standing wave due to 

the incident microwave. The theoretical calculations have been carried out, and the results are in fairly 

good agreement with the results observed in the present experiments. 

KeYWOrds: 
frequency up-shift, frequency down-shift, Stokes line, ponderomotive 

standing wave, Doppler effect, ionization front, Lorentz transformation 

force, moving plasma, 

1. Introduction 

The frequency shift is one of very important topics 

for plasma physics and new high power microwave 

source. Such as in laser-driven inertial-confinement 

fusion (ICF), a pump wave may couple to an acoustic 

photon and an electromagnetic wave (Stimulated Bril-

louin Scattering: SBS) so that a frequency down-shift of 

the scattered electromagnetic wave can be observed 

[ 1,2]. This phenomenon is a significant concern for 

laser fusion applications, since the process can either 

decrease the amount of energy absorbed or decrease 

the implosion symmetry [3,4] ･ The frequency up-shifts, 

because of their potentiality to develop high power 

radiation sources, have been studied extensively in laser 

plasma interaction [5,6,7] . For example, plasma simula-

tion studies [5] indicate that frequency up-shifts may be 

resulted when a laser pulse interacts with a plasma-

wave wake field which has a phase velocity near the 

speed of light. Theoretical analysis [6,7] also shows that 

when a laser pulse propagates in the region of an ioni-

zation front in which the local density gradient is nega-

tive, it will be continuously up-shifted in frequency. 

This mechanism has first been observed as a frequellcy 

self-up-shifted of an ionizing laser pulse [8], and the 

use of laser-produced ionization fronts [9,10] have up-

shifted a microwave radiation from 30GHZ to over 

150GHz successfully [ 1 1,12] . In these experiments, the 

ionization fronts play a very important role in fre-

quency up-shifts. It is also found that large frequency 

up-shifts can be obtained even by underdense relativis-

tic ionization fronts [10,12], where the incident radia-

tion is transmitted into the plasma. 

In this paper, we present experimental results 

where high power pulsed microwaves are launched into 

an unmagnetized underdense argon plasma. The 

frequency spectra of the microwaves have been 
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investigated, the frequency up-shifts around 2MHZ and 

some other higher frequency components from 3MHZ 

to 23MHz have been observed. Because no ionization 

front is found in the present experiments, this new phe-

nomenon is thought to be related to a rapidly expan-

ding plasma which is created by the ponderomotive 

force arising from a standing wave. When the incident 

microwave interacts with a plasma moving at a very 

high speed, the frequency is then up-shifted due to 

Doppler effect. 

The organization of the present paper is as follows. 

In Section 2 we describe the experimental apparatus 

and measurement methods. The experimental results 

are given in Sec. 3. Theoretical model is presented in 

Sec. 4. Finally, Sec. 5 contains a summary of the prin-

ciple conclusions of this work. 

2. Experimental Set-Up and Methods 
The apparatus used in the present experiments is 

shown schematically in Fig. 1(a). A cylindrical, azimu-

thally symmetric, unmagnetized argon plasma column is 

created in a vacuum chamber (32cm in diameter, 60cm 

in length). The outside surface of the vacuum chamber 

is covered with a large number of multidipole perma-

nent magnets (cusp spacing = 4cm) for the confinement 

of the primary ionizing electron. The plasma is pro-

duced by a pulsed DC discharge between two directly 

heated LaB6 cathodes and the chamber wall 
(grounded). The spiral shaped LaB6 cathodes used in 

the present experiments are 10mm in diameter and 

25mm in length. The work function is ip ~ 2.7eV and 

the operating temperature is about 1670 - 1920K'. 

Argon gas is introduced into the chamber by a needle 
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Fig. I (a) Experimental setup. Typical parameters are: f0=9GHz, Pj~250kW, T= I -3ps, 80E~/4n*KT*~0.1. Assume 

aperture of the horn antenna z=0 and at the end wall of the chamber z*=0. (b) Experimental pulse sequences. 

at the 
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valve. The base pressure Po of the chamber is P0=2 x 

10-6 Torr and neutral fill pressure PA* is typically 

PA*=2 x 10-3 Torr. A typical plasma discharge pulse 

duration is ~ * 2ms and a usual discharge voltage is 

150V, with a repetition rate of 10Hz. The plasma den-

sity is measured by both cylindrical and plane Langmuir 

probes. A pulsed microwave radiation (f0=9GHz) with 

a maximum rise-time 7:* - 100ns and a pulsewidth of 

T = I - 3/Is is generated by a magnetron with a repeti-

tion rate of 10Hz. The microwave is injected into the 

plasma synchronously with the discharge pulse through 

a rectangular horn antenna (aperture area=13.5 X 

10.5cm2) from the lower density side of the plasma 

along the chamber axis (z direction) . The experimental 

pulse sequences are shown in Fig. 1(b). A moveable re-

flecting plate (30cm in diameter) is put at the end of 

the chamber (at the end wall of the chamber, 4=0) for 

changing the reflection position of the microwave. The 

microwave signal is picked up by a moveable cylindrical 

probe. A spatial scan of the pulsed electric field of the 

incident microwave and the plasma density are taken 

along the center axis of the chamber. The axial profiles 

of the electric field intensity I E 1 2 and the plasma density 

are shown in Fig. 2. It is obvious that there is an inho-

mogeneous standing wave set up in the chamber be-

cause of the multi-reflection from the plasma and 

chamber wall. Especially, there are two very high peaks 

at z=11 and 2lcm. Within the experimental region of 

concern, there is a parabolic density profile along the 
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Fig. 2 An example of the axial profiles of the rf electric 

field intensity and unperturbed plasma density. 
f0=9GHz, Pj=250kW, T=1ps, PA*=2 x 10-3 Torr and 
z*=0. 

chamber axis (z direction), n0=nmax[1-(zTzb)2/Lz2] , 

where Lz is the half-width of the density profile along 

the chamber axis, nmax is the maximum plasma density 

and zb is the position of the maximum density layer. In 

the present experiments, the Lz is around 25cm, while 

Lr ' the scale length of the density gradient in radial di-

rection, is around 300cm. 

The typical plasma parameters during the dis-

charge are: maximum electron density nb ~ 1.0 X 
1012cm~3, electron temperature Te = 3 ~ 5eV. The esti-

mated electron-ion collision frequency is vei = 4'5 X 

106sec~1, and ion neutral collision frequency is 

ve' 10 sec~1. The ratio of the electric field energy to 

the plasma energy is 80E02/4ncKTe=0.1, where Eo is 

the amplitude of the electric field of the incident micro-

wave, nc=1.0 X 1012cm~3 is the critical plasma density 

and K is Boltzmann's constant. Because the pulsewidth 

of the microwave is shorter than the ionization or 

plasma heating times, and the increment of the plasma 

density has not been observed when the incident micro-

wave pulse is interacting with the plasma, the effects of 

the ionization can be safely neglected. The experiments 

are carried out when there is no critical layer in the 

chamber, or in the other words, the incident microwave 

interacts with an underdense plasma. The microwave 

signals are picked up by the moveable cylindrical probe 

in the chamber and the frequency spectrum of the 

microwave is observed by a spectrum analyzer. The ob-

served frequency spectrum of the microwave is re-

corded by a X-Y recorder connected to a Boxcar am-

plifier. The plasma density perturbation is detected by a 

moveable plane Langmuir probe and observed by a 
digital storage oscilloscope. 

3. Experimental Results 
3.1 . Typical frequency spectra in the plasma 

The spectra of rf signals with pulsewidth of lr=1 

and 3//s are observed along the center axis of the cham-

ber, respectively, in the present experiments. The ob-

vious frequency shifts are observed around the two very 

high peaks of the standing wave (see Fig. 2) at z=11, 

2 1 cm, respectively. The typical frequency spectra of the 

microwave pulse~ with and without plasma in the cham-

ber at z=2lcm (a distance between the aperture of the 

horn antenna and the location of the moveable cylindri-

cal probe, see Fig. 1(a).) are shown in Fig. 3(a) and 

Fig. 3(b). The dashed and solid lines represent the 

spectra of rf signals in vacuum and in plasma, respec-

tively. The incident power is 250kW, and plasma den-

sity is no ~ 0.6n. . In the vacuum, the high peak of the 

center frequency (f0=9GHz) with FWHM (full width at 
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ground in upper frequency range have been also 

observed. Such as +4, +6, +10, +15, +18, and 
+21MHz for T=3/Is can been seen from Fig. 3(b). 

In order to investigate the spatial character of the 

frequency shifts, the cylindrical probe is moved along 

the center axis of the chamber step by step to detect the 

frequency spectrum at different positions. As an 

example, the frequency spectra observed at three differ-

ent positions, z=7, 9, 1 Icm, are given in Fig. 4, while 

the plasma density is no ~ 0.5n* at z=1lcm and the 

pulsewidth of the incident microwave T is 1~=1/Is. We 

find that the frequency spectrum of the microwave in 

the vacuum does not change with the spatial position, 

but the up-shifted frequency and higher frequency 

components observed in the plasma are very sensitive 

to the position where they are observed. The data in 

Fig. 4 show that the frequency spectra in the plasma 

have a clear spatial dependence. The frequency up-

shift, higher frequency components and their ampli-

tudes are different at each observation position. 

As mentioned above, besides the higher frequency 

components, the lower frequency components can be 

also seen from the frequency spectra observed in the 

plasma. But it should note that even in the vacuum, 

there are Stoke lines in lower frequency range. Further-

more, comparing with amplitudes of the Stokes lines 

observed in the vacuum, we find that the increment of 

the amplitudes of the Stoke lines in the lower frequency 

range which are observed in the plasma is not very ob-

vious. Consequently, we can not confirm that the 

Fig. 3 
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Frequency spectra of rf signals observed inside the 

chamber. Dashed line represents the spectrum ob-

served without plasma and solid line shows the 
case with p[asma. Pulse width T=1ps for (a), T=3ps 

for (b). no~0.6n., n*=1 x 1012cm~3, Pj=250kW, and 

PA* 2 x 10 Torr z 2lcmand z=0 Here f f f and 
, . 1, 2, 3 

f4 are denoted for convenience. 

half maximum) * 2MHZ can be seen from Fig. 3. And, 

it is also noted that several frequency components due 

to the magnetron appear in the lower frequency range 

but not in the upper frequency range. In the plasma, 

the frequency up-shifts (the main peak of the spectra 

which are denoted by fl) from the center frequency 

around 1.0MHz for T=1//s and 2MHZ for 1~=3//s are 

demonstrated clearly. As shown in Fig. 3, besides the 

frequency up-shifts, some new frequency components 
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observed lower frequency components in the present 

exptriments are from the interaction of the microwave 

with the plasma or just due to the harmonics created by 

the magnetron. A theoretical estimation about the am-

plitudes of the up and down shifted signals are given in 

Section 4.2. It is also noted that a spectral broadening 

(continuous background of the spectrum) can be seen 

from Fig. 3 and Fig. 4. Because a rectangular micro-

wave pulse used in the present experiments and each 

pulse segment experiences a slightly different frequency 

shift. And, the scan time of the spectrum analyzer is 50 

seconds, so that each recorded spectrum represents an 

average sampling spectrum of about 500 pulses. This is 

one of the reasons that continuous spectral broadening 

can be observed in the present experiments. 

3.2. Relationship of frequency spectra and 
plasma density 
For investigating the relation of the frequency up-

shifts with the plasma density, we put the plane Lang-

muir probe and the cylindrical probe at a fixed position, 

then observe the frequency spectrum while increasing 

the plasma density gradually. For example, Fig. 5(a) 

and Fig. 5(b) show the dependence of the frequency 

spectra on plasma density at a fixed position z=2lcm, 

when incident power Pi=250kW for T=1, 3l/s, respec-

tively. It can be seen that when the plasma density no is 

increased from O to 0.8n. (n.=1 x 1012cm~3) the fre-

quency up-shifts increase slightly around I .OMHZ for 

T=114s, and around 2.0MHz for T=3l/s, while the 

higher frequency components increase proportionally to 

the plasma density. The error bar shows the FWHM of 

every peak of the frequency component. As shown in 

Fig. 5(a), the frequency of f2 shifts from 1.3MHZ to 

4.5MHz, and the frequency of f3 shifts from 4.0MHz to 

6.5MHz. In the case of T=3/Is which is shown in Fig. 

5(b), f2 increases from 2 to 7MHZ and f3 around 9MHZ 

appears when no ;~ 0.6n. . 
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3.3. Relationship between frequency spectra 
of the incident power 
The relationship between the frequency up-shifts 

and the incident power of the microwave has also been 

investigated. The spectrum is observed at a fixed point 

with the plasma density keeping unchanged. The two 

typical frequency spectra observed at z=2lcm for 

Pi =37 and 250kW are shown in Fig. 6(a) and Fig. 

6(b), when the pulsewidth of the microwave pulse are 1 

and 3l/s. The solid line represents the spectrum for inci-

dent power Pi =250kW and the dashed line represents 

the one for 37kW. It can be seen from Fig. 6 that 

the higher the incident power the larger the frequency 

up-shifts and the frequency components in the upper 

frequency range. Such as in Fig. 6(a), when 
Pi=250kW, the up-shifted frequency of about 1.5MHZ 

and the higher frequency components of 4.2, 5 and 

7.5MHZ have been observed, but when Pi=37kW, the 

frequency up-shift is around 0.5MHZ and only one ob-

vious peak of the higher frequency component around 

3.5MHZ has been observed. The fact that the frequency 

shifts depend on the incident power directly is clear. 

The relationship of the frequency shifts and the incident 

is plotted in Fig. 7. From Figs. 7(a) and (b), we found 
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age of the up-shifted frequency and the higher fre-

quency components of 500 microwave pulses. In order 

to investigate the time evolution of the frequency up-

shift and higher frequency components within a pulse-

width, the probes are fixed at one point inside the 

plasma. The incident microwave signal from a direc-

tional coupler which is installed in front of the horn an-

tenna and the up-shifted microwave signal picked by 

the cylindrical probe in the plasma are fed into a mixer. 

The rf signal observed through the mixer is recorded by 
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Typical frequency spectra vs, incident power. (a) 

Pulse=width T=1ps, and (b) T=3ps. Dashed line rep-

resents the spectrum observed with P,.=37kW, and 

solid line represents the case with P=250kW. 
no ~ 0.6n*, PA*=2 x 10-3 Torr, z=2lcm and z*=0. 

that as the incident power of the microwave Pi is in* 

creased from O to 250kW, the frequency up-shifts (fl) 

and the higher frequency components increase almost 

linearly. Another important thing is that the frequency 

component which is higher than the center frequency 

(9GHZ) can only be observed when Pi is higher than 

7.9kW, i. e. the threshold power for the present phe-

nomenon is around 7.9kW. 
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3.4. Time evolution of the frequency up-shift 

As mentioned above, the each frequency spectrum 

shown in Sections 3.1., 3.2., and 3.3. reflects the aver-

Fig. 7 
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Frequency up-shift and new higher components vs. 
incident power P. (a) Pu]se-width T=1ps, and (b) 

T=3ps. Pj=7.9kW - 250kW, no*0.6n., PA*=2 x 10-3 
Torr, z=21 cm and z,=0. 
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the digital storage oscilloscope. At the same time, the 

microwave pulse and its frequency spectrum are ob-

served by a X'tal and the spectrum analyzer, respec-

tively, so that we can analyze the signal from the mixer 

and compare the results with the spectrum obtained by 

the spectrum analyzer. 

As an example, the results observed at z=2lcm 

are shown in Fig. 8 when plasma density is n0=0.6n* at 

this point, incident power is Pi =250kW and the pulse-

width of the incident microwave is T=3l/s. Fig. 8(a) 

shows the spectrum observed by the spectrum analyzer. 

Same as before, Fig. 8(a) shows a frequency up-shift 

(fl) and higher frequency components from 4 to 
25MHz with a continuous background. The peaks, fl f2, 

f3, f4, in this spectrum are around +2, +5, +14, 

+21MHZ, respectively. By applying a Fast Fourier 

Transform (sampled at 250MHz with 8-bit resolution) 

to the signal from the mixer, we obtain the frequency 

spectrum of one microwave pulse, as shown in Fig. 

8(b). For the peaks (fl=1.5MHz, f2=5MHz, 
f3=14MHz, f4=23MHz) shown in Fig. 8(b), the corre-

sponding Stokes frequencies can almost be found in 

Fig. 8(a). It is obvious that all the frequency compo-

nents shown by the peaks in Fig. 8 (b) are contained in 

Fig. 8(a). This means that the spectrum shown in Fig. 

8(b) is one of the representative ones for a microwave 

pulse experienced frequency up-shift. So that the fre-

quency shift of one incident microwave pulse can be 

obtained from Fig. 8(b). 

In order to investigate the time evolution of the 

up-shifted frequencies within one microwave pulse, the 

Fast Fourier Transform is applied again to the rf signal 

observed by the mixer by subdividing the signal into 16 

section of 256ns each on the time window of 4/Is. The 

result is given in Fig. 8(c). It reflects the time evolution 

of the frequency up-shift and the higher frequency 

components shown in Fig. 8(b). In this graph, the 

brighter the color the higher the amplitude of the corre-

sponding component. It is clear that the frequency and 

the amplitude of every frequency component increase 

in time from 0.2/Is (the beginning of the microwave 

pulse) to 2.5/Is. But after t=2.5/Is, the higher frequen-

cies decrease to almost zero. This phenomenon can be 

explained according to the pulse shape of the micro-

wave signal detected experimentally at z=2lcm, as 

shown in Fig. 8(d). Although the pulsewidth of the in-

cident microwave is 3l/s, the pulsewidth of the signal 

shown in Fig. 8(d) is 2.5l/s. This is because the incident 

microwave almost could not be fed into the chamber 

after t=2.5//s due to the reflected microwave from the 

chamber wall and the plasma. We also noted that the 

l E12 shown in Fig. 8(d) changes in time which may be 

resulted from the fluctuation of the plasma density or 

the reflected wave, and around t=1//s the amplitude of 

I E12 is quite low. From Fig. 8(c), we can also see that 

the frequency shifts and their amplitudes become small 

near t=1//s and the higher frequency shifts are 

corresponding to the two high peaks in Fig. 8(c). Con-

sequently, the results obtained above are reasonable 

and we can conclude that the frequency shifts, higher 

frequency components and the amplitudes of those fre-

quencies are an obvious function of time. 

3.5. Velocity of the plasma flow 

Whether the up-shifts of the frequency are related 

to a moving plasma or not is suspected. Therefore, the 

velocity of plasma flow has also been measured during 

the experiment. The density perturbation is observed by 

the plane probe which is moved step by step along the 

center axis of the chamber. The density perturbation 

observed from z=2lcm to 22cm are shown in Fig. 9(a) 

as an example. The phase delay vs. probe separation 

from z=20 to 2lcm and z=21 to 22cm are plotted in 

Fig. 9(b) separately. The numbers I and 2 represent the 

first and second peaks of the density perturbation after 

turn-off of the microwave pulse, as shown partly in Fig. 

9(a). It can be seen from Fig. 9(b) that the plasma 

expands towards two directions from z* 2lcm with a 

velocity of v * 1.0 X 106cm/s, in this example. This 

velocity is almost 4 times of c* ~ 2.5 x 105cm/s, the 

velocity of ion acoustic wave in our case. As mentioned 

above, in the present experiments, we found that the 

electric field intensity I E 1 2 has a standing wave structure 

in space because of the reflection from the plasma and 

the end wall of the chamber (see Fig. 1(a)). And, there 

is a very high peak of the electric field intensity at 

z- 2lcm as shown again by the dotted line in Fig. 9(b). 

Because of this strong electric field the plasma is 

pushed away from this point towards two directions by 

a ponderomotive force. Then, the moving plasma is 

created by the ponderomotive force of the standing 

wave. 

3.6. Relationship of frequency spectra and 
the reflecting posltion of the microwave 

According to the results given in Section 3.5., the 

plasma flows with a quite high speed are created at the 

place where the peak of the standing wave is very high. 

In the present experiments, the obvious frequency shifts 

and the higher frequency components are observed 

around z=11 and 2lcm. It seems that the frequency 

up-shift is related to the value of the electric field 
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intensity directly. In order to investigate the depend-

ence of frequency spectra on the intensity of the electric 

field, a moveable reflecting plate is put near the end 

wall of the chamber (z.=0cm). By changing the position 

of this reflecting plate, the electric intensity measured at 

a fixed point should be changed. 

The electric field intensity of the incident wave 

l E]2 and frequency spectra are observed at the same 

time at the point z=2lcm while the reflecting plate is 

moved from 4=0 to 9cm with a step Az~=0.4cm. The 

electric field intensity, the frequency up-shift and higher 

frequency components at z=2lcm as the function of 

the position of the reflecting plate are shown in Fig. 

10(a) and (b), respectively. Comparing these results, we 

note that at the positions the high peaks of the electric 

field intensity are observed, the frequency up-shifts and 

the higher frequency components are detected. So that 

we can conclude that the stronger the intensity of the 

electric field, the higher the frequency up-shifts and 

higher frequency components. 

4. Theoretical Model 
In the previous experiments of laser (or micro-

wave)-plasma interaction, frequency shifts, especially 

the down-shifts (red-shifts), have been observed, such 

as in the experiments of stimulated Brillouin scattering 

(SBS) [1,2] and stimulated Raman scattering (SRS) 

[13]. In laser produced plasma, the up-shifted scattered 
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(a) Electric field intensity at z=2lcm vs. the posi-

tion of the reflecting plate z.. (b) Higher frequen-

cies fl, f2, f3 and f4 vs. the position of the reflecting 

plate z.. no~0.6n. at z=2lcm P 250kW T 3ps 
and PA.=2 x 10-3 Torr. 

light can result from the hydrodynamic expansion of 

the plasma due to the ablation of the target [14]. 

Nevertheless, the ablation of the target is impossible in 

our case. Of course, when the oscillating two-stream in-

stability occurs, the up-shifted frequency components 

which are dominant in the spectra have been observed 

[ 15]. However, the up-shifted components are around 

3co0/2. A frequency up-shift about 1.5MHZ had been 

observed in Ref. [16] when a microwave pulse inter-

acted with a rapidly growing plasma in which there was 

a temporal growing ionization front. But in the present 

experiments there is no ionization front or temporal 

plasma density growing during the interaction of the 

microwave and plasma. So, neither the theories in Refs. 

[5-10], nor the two-stream instability can explain the 

phenomena in our experiments. 

As mentioned above, it is obvious that the up-

shifted frequency and higher frequency components ob-

served in the present experiments depend not only on 

the incident microwave power and plasma density but 

also on where the signal is detected. Another thing 

which should be also noted is that the plasma flow pro-

pagates at very high speed and the frequency spectrum 

depends on the strength of the electric field intensity di-

rectly. In our case, because an inhomogeneous standing 

wave with two very high peaks is built in the chamber 
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along the center axis, there is a ponderomotive force 

which reverses sign in each striation. The plasma can be 

expanded at a very high speed by the ponderomotive 

force, then a moving plasma can be resulted. Conse-

quently, during the incident wave interacts with the 

moving plasma, the frequency is up-shifted due to Dop-

pler effect. 

4.1. Moving plasma 
A typical spatial pattern of an electric field intens-

ity I E 1 2 along chamber axis and the resulted moving 

plasma are shown in Fig. 1 1. For simplicity, we only 

consider the moving plasmas at the two sides of one 

very high peak of the electric field intensity I Ell2. As 

shown in Fig. 1 1 , because of the electric field intensity 

I Ell2>> I E212, I E312, then the velocities of the moving 

plasmas with the relationship vl >> v2, v3 can be as-

sumed. Therefore, the main effect of the frequency up-

shift come from the moving plasmas with the velocity 

vl' . In order to estimate the up-shifted frequency due 

to the Doppler effect theoretically, first we should cal-

culate the speed of the moving plasma. The pondero-

motive force acting on the plasma can be written as 

[17] 

*~~.72~j~~~ 1 ~= 1995L1~ I ~ 

<E > _ co~ e0<E2> FNL=-eococo~V 22 - (1) 
co2 21 ' 

where (op=(noe2/eome)1/2 is the plasma frequency and l 

is the gradient scale length of <E2>･ The pressure-

gradient force in the plasma is 

F = - (2) Vp = -K( Tl + Te)Vno ' 
pressu** 

where, T* and T* are ion temperature and electron tem-

perature, respectively. Using Eqs. (1), (2) and the equ-

ation of motion for the plasma, we find the speed of the 

expanding plasma is 

[4Pi co2 l v ~ - K(T., + Te)VnoJT/(m,no) , (3) 
clA co 

where A is the irradiation area of the microwave. c is 

the speed of light in vacuum and mi is ion mass. If we 

take Pi=250kW, f0=9GHz, T.=3eV>> T, -- 0.3eV, 
A=6 X 10-4m2, T=1/Is, l=8 x 10-3m, the speed of the 

expanding plasma is v=1.1 x 106cm/s. When the 

pulsewidth of the incident microwave is lr=3l/s, v ~ 3.3 

X 106cm/s. 

E 12 

0~~ 

IE212 

FNL 
<..... 

VIEj2 
--> 

IE112 

F_~{; 

VIE12 Standing Wave 

IE312 

Fig. 1 1 

I <- FNL -> 

R "" R ._.._ T 

A T -> <-= > <-V2 V2 V1 V1 

Moving Plasma Moving Plasma 

Z 

I: Incident Wave 

R: Refiected Wave 

T: Transmitted Wave 

Spatial pattern of an electric field intensity along the chamber axis, and the moving plasmas arising from the pon-

deromotive force of an electric field. IE~12 (m=1,2,...) is corresponding to the peak of the standing wave, v~ (m=1,2...) 

is the velocity of the moving p]asma. R is refiection coefficient and T=1 -R is transmission coefficient. 
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4.2. Frequency up-shift by a moving plasma 
As discussed above, a moving plasma is created by 

the strong standing wave in the chamber. When the in-

cident wave encounters such a moving plasma, a part of 

it is reflected by the plasma and the rest is transmitted 

through the moving plasma. When the moving plasma 

is traveling at speed v, then by applying a Lorentz 

transforming to laboratory frame the incident wave fre-

quency and wave number in the frame of the moving 

plasma (the primed frame) are obtained as follows [ 1 8] 

b = y(1 + p)coo , 

co (4) kb = y(1 + p)ko ' (5) 
where y=(1-p2)-1/2, p=v/c. In this frame the wave is 

reflected at a stationary boundary, thus 

co' (6) 
= co~ , 

k, = -kb - (7) 

Performing an inverse Lorentz transformation to get 

back to the laboratory frame, the wave frequency and 

wave number for the reflected wave are 

co. = y2(1 + p)2coo ' (8) 

kr = ~y2(1 + p)2ko ' (9) 

While for the transmitted Wave, it iS found that [ 19] 

r ! 2 _ p )~] co 

a't=y2(1+fi)L1-fitl 2 coo ' (10) co~ y2(1+ p) 

k y (1+p) -p]k (11) t= 2 [( ~ 2 ~ ~ ) o co 

1 co~y2(1+p) 

For the incident microwave with pulsewidth lr=1l/s, by 

substituting v=1.1 X 106cm/s into Eq. (8) the fre-

quency up-shift of the reflected wave due to the Dop-

pler effect is obtained as 

2 pfo 

Af. = I - p = 0.7(MHz) (12) 

and for the transmitted wave, from Eq. (10) the fre-

quency up-shifted is 

pfo 

Aft = I - fi = 0.4(MHz) (13) 

because of p << I in the present experiments. For 

T=3l/s, the Af*=2.1MHz and Af=1.2MHz, respec-
tively. These results are in good agreement with the ex-

perimental results. As shown in Fig. 10, the speed of 

the plasma flow is around I x 106cm/s. According to 

this value, the Af* and Af are 0.5MHZ and 0.3MHz, 

respectively. But this velocity of the plasma flow is ob-

served after the rf pulse. During the rf pulse, the speed 

of the moving plasma may be higher. 

Since the up-shifted frequency signals would inter-

act with the moving plasma several times within one 

pulsewidth of the incident microwave, it is a possible 

reason that why the higher frequency components have 

been observed in our experiments. The frequency spec-

trum of the rf signal observed in the present experi-

ments is the sum of the up-shifted reflected and trans-

mitted waves. 

Of course, the frequency down-shifts can also be 

resulted by the reflection of the moving plasma in the 

present experiments. As shown in Fig. 1 1, if a measure-

ment is taken at point A, the amplitude of up-shifted 

frequency signals due to the reflection of the moving 

plasma can be written as 

RIEol(Aco) + R21Eol(2Aco) + IEI ･ = up-shlft 

R31Eol(3Aco) + ... , (14) 

while the down-shifted one is 

IEI ･ = d.**-*h*ft 
R(1 - R)21Eol(-Aco) + ... , (15) 

where R is reflection coefficient and A co is fundamen-

tal frequency up-shift. For example, when R ~ 0.5, the 

amplitudes of the up and down shifts signals are 
l El.p_,hrrt ~ 0.81 Eol and I Eld.~~_,hift * O. Il Eol, respectively, 

according to Eqs. (14) and (15). The amplitude of the 

down-shifted frequency signal is much smaller than that 

of up-shifted one. So in the present experiments, we 

can not distinguish it in the frequency spectra. As 

shown in Eq. (14), the higher frequency components 

such as R21Eol for 2A (o, R31Eol for 3A a, and so forth 

can be expected. Here the fundamental frequency up-

shift is A co, as obtained in Eq. (12) theoretically. These 

results are quite similar to that of in the experiments 

(see Fig. 3(a) or 3(b)). Furthermore, because of the ex-

panding plasma is a shock wave, at a point where the 

electric field is very strong, the local density may be 

much higher than the average plasma density. So, a 

total reflection (R=1) from this point is possible. Then 

at this local point, the up-shift due to the reflection is 

dominant. As mentioned before, the observed higher 

frequency components may result from the multi-

reflection and multi-transmission through the moving 

plasma(s). But about the validity of this interpretation, 

it is not clear until now. Further experimental investiga-

tion and theoretical calculation are necessary. 
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5. Conclusions 
In summary, the frequency up-shift around 1.0 -

2MHZ and some other higher frequency components in 

the range of 3MHZ to 23MHz have been observed in 

our experiments. This is the first time that the fre-

quency up-shift (blue-shift) being demonstrated in the 

experiments of microwave-plasma interaction when 

there is no ionization in the plasma. The frequency up-

shifts and higher frequency components have been 

found to be proportional to the plasma density and in-

cident power. The dependence of the frequency spectra 

on the spatial position, or in the other words, on the in-

tensity of the electric field at that position have also 

been verified clearly. The threshold value of incident 

power around 7.9kW has been found, and the time 

evolution of the frequency spectrum also shows that the 

longer the interaction time, the higher the frequency 

up-shifts. 

In the present experiments, because a very strong 

standing wave is established in the chamber, the plasma 

is expanded rapidly by the collective ponderomotive 

force arising from the electric field gradient of the 

standing wave. The frequency of the incident wave is 

up-shifted due to the Doppler effect resulting from the 

moving plasma. The experimental results are in good 

agreement with the results of the theoretical calcula-

tions. 

Frequency up-shifts and pulse compression which 

are possible for underdense relativistic ionization fronts 

have been predicted [10] and proved successfully 

[ 1 1 , 1 2] . The phenomenon observed in the present ex-

periments shows that not only an ionization front but 

also an underdense moving plasma can be used to up-

shift an electromagnetic radiation. This phenomenon is 

of relevance to the field of laser-plasma interactions be-

cause it may happen in the experiments of laser-plasma 

interaction also. Our results also show that a careful di-

agnosis is necessary when the experiment of laser 

(microwave)-plasma interaction related to a frequency 

shift is carried out, in order to pinpoint the mechanism 

of the frequency shift. 
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