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Frequency downshift in rapidly ionizing media
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It is known that an electromagnetic wave propagating in a rapidly ionizing medium undergoes a fre-
quency upshift. Here experimental evidence and theory are presented for the simultaneous creation of a
downshifted wave. There is excellent agreement between experimental results and computer simulation

based on a simple theory.

PACS number(s): 52.40.Db, 52.70.Gw, 84.40.Cb

Recently, theory and computer simulation [1-6] and
experiments [7—-14] have demonstrated that the frequen-
cy of an electromagnetic (EM) wave interacting with a
rapidly created plasma is upshifted. The underlying
physics can be realized by the fact that after the sudden
increase of the plasma density, the wave experiences only
a temporal variation of the plasma, and the wavelength
Ao=2m/k, of the wave does not change. However, the
rapidly created plasma causes a sudden reduction on the
index of refraction V¢, of the background medium and
forces the wave to propagate with a larger phase velocity.
Hence, the new wave has to oscillate with higher angular
frequency w=(w}+o?,)'/* at the subsequent time in or-
der to satisfy the dispersion relation &, =k3c?/w?, where
wo and w, are the initial frequency of the wave and the
plasma frequency, respectively.

The interest in the frequency upshifting phenomenon
can be attributed to its many potential applications, in-
cluding the enhancement of the frequency tuning capabil-
ity of existing sources of EM waves [9] and improvement
of the performance of high-power radar and direct energy
systems by enabling reflectionless propagation of very
powerful microwave pulses through the air [15,16], etc.
Moreover, there are no technical difficulties in producing
dense plasma rapidly.

It was observed that in some experiments [7,12] a fre-
quency downshift also exists. Since the created plasma
decayed much more slowly than it grew and since the fre-
quency downshift lines did not appear in the results of
computer simulations using a lossless unmagnetized plas-
ma model [1], the frequency downshift phenomenon has
not been discussed. On the other hand, when a magnet-
ized plasma is considered, a new branch of EM mode in
the low frequency regime emerges and it has been shown
that part of the wave energy is converted into that of this
low frequency mode after a sudden increase of the plasma
density [17,18]. However, this frequency downshift is
through a mode conversion process which occurs even in
a lossless plasma and is different from the process con-
sidered in the present work. In many practical situations,
the created plasmas are collisional. The collisionality of
the plasma changes the real part of the dispersion rela-
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tion of the wave from co=(w§e +k2%2)2 0
a)z(w;e+k2c2—v2)1/2 ’

where v is the electron collision frequency. Moreover, if
the wave is strong enough to cause ionization, the ioniza-
tion loss of the wave also gives rise to an effective col-
lision frequency modifying the dispersion relation of the
wave. It explains qualitatively why a significant frequen-
cy downshift to the interacting wave can also result.
However, the actual mechanism is much more mathemat-
ically involved, as will be shown later. In the present
work, the role of electron collision frequency in causing
frequency downshift is identified by a systematic study,
including experimental demonstration, theoretical formu-
lation, and computer simulation, of high-power EM pulse
propagation in a self-generated plasma.

The experiment of pulse propagation is conducted in a
vacuum chamber filled with dry air. The chamber is
made of a 2-ft cube of Plexiglas. A microwave pulse is
fed into the cube through an s-band microwave horn
placed at one side of the chamber. A second s-band horn
placed at the opposite side of the chamber is used to re-
ceive the transmitted pulse. The spectra of the incident
pulse and the transmitted pulse are then compared. The
microwave power is generated by a magnetron tube
which is capable to producing 1 MW peak output power
at a central frequency of 3.27 GHz. The tube is driven by
a pulse-forming network (PFN) having a pulse width of 1
ps and a repetition rate of 40 Hz. The experimental set-
up is the same as that used in our previous work [15].

The electron—neutral-gas collision frequency v is given
by C(p)X10°V/T,s ~!, where T, is the electron tempera-
ture measured in eV and C(p)~6p is a function of the
background pressure p measured in torr. The air pres-
sure in the chamber is in the range 0.2 to 1 Torr and the
electron temperature measured by a double probe using
the time sampling method is in the range 1 to 2 eV for the
microwave power employed. In order to avoid the un-
desired boundary effect, i.e., overionization to cause
cutoff reflection of the incident pulse, the power of the in-
cident pulse is limited to no more than 50% above the
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breakdown threshold power level. Consequently, the ion-
ization frequency of the background gas is of the same
order of magnitude as the electron—neutral-gas collision
frequency in the present experiment. Thus, the amount
of frequency upshift and downshift will be of the same or-
der of magnitude and the cause of frequency downshift
can be examined conveniently.

Shown in Figs. 1(a)-1(d) is a sequence of photos which
record the frequency spectra of incident and transmitted
pulses in the same photo for four different incident power
levels: 1.08P., 1.14P., 1.32P,, and 1.37P_, where P, is
the breakdown threshold power. The peaks of the spec-
tra of the transmitted pulses in Figs. 1(a) and 1(b) are
shown to be upshifted from the carrier frequency 3.27
GHz of the incident pulses. The upshifted quantities are
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0.26 and 0.45 MHz, respectively. Moreover, the photo in
Fig. 1(b) shows that the spectrum of the transmitted pulse
starts to break up and a downshifted component emerges.
Figures 1(c) and 1(d) show an even more pronounced
effect. The spectra of the transmitted pulses have two
clear peaks. One is upshifted and the other one down-
shifted from the single peak location of the incident
pulse. The amount of frequency downshift is also compa-
rable to that of upshifted frequency in both cases. In the
following a theoretical model describing the experiment
of pulse propagation in a self-generated plasma is
developed. This model is used first to perform computer
simulation of the experiment for validating the theoreti-
cal model and then to further carry out computer experi-
ments for identifying the role of collisional loss in the fre-
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FIG. 1. Amplitude spectra of the incident and transmitted microwave pulses for four different powers: (a) P=1.08FP, (b)
P=1.14P,, (c) P=1.32P,, and (d) P =1.37P,. The ranges of the vertical axes for the spectra of the incident pulses from (a) to (d) are
3.16, 3.16, 39.8, and 39.8 mV, respectively. On the other hand, the values 28.2, 22.4, 17.8, and 17.8 mV on top of the photos are the
ranges of the vertical axes for the spectra of the transmitted microwave pulses. All the spectra are recorded with the same amount of

attenuation.
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quency downshift phenomenon.

The propagation of an EM pulse that is intense enough
to cause the breakdown of the background gas is con-
sidered. The plasma along the trail of the pulse is gen-
erated by the pulse. The rate equation for electron densi-
ty n, generated by the pulse is given by

== m =k, 1)
where v;, v,, and ¥ are the ionization frequency, attach-
ment frequency, and recombination coefficient, respec-
tively.

The electron momentum equation including the
momentum loss attributed to both elastic and inelastic
collisions is

—é%(neve):—neeE/me—(v-l-va+yne+nv,~)neve , 2
where 7= (¢, /Exg)'’?, the square root of the ratio of the
ionization energy €; ~12 eV of the background gas to the
electron average kinetic energy Exg ~(e+0.03) eV, gives
a measure of effective momentum loss in each ionization
event; € as defined later is the ratio of the field amplitude
of the pulse to the breakdown threshold field of the back-
ground gas.

The governing wave equation derived from Maxwell’s
equations using (1) and (2) is

E(z,t)= —v,0}

e (M, /€)v,(2,1)

(3)

where the relation J=—en,v, has been used, v is the
electron-neutral-gas collision frequency,

a)pe=(47rnee2/m‘_,)1/2 ,
and
vi=vty, tyn, v, .
Using the relation in (1), (2) is reduced to
—a%ve=—eE/me—v2ve ) 4)

where v,=v+(n+1)v,.

Equations (1), (3), and (4) give a self-consistent descrip-
tion of pulse propagation in an ionizing background.
They are coupled together through the ionization fre-
quency v; which is modeled to be [19]

v; =3.83X10%v,[e32+3.94e'?] exp[ —7.546/] , (5

where e=|A/Al; A4 is the real wave field amplitude
and defined through the expression of wave field
E(z,1)= A (z,t)e ##Y4c.c., with c.c. representing the
complex conjugate; and the breakdown threshold field

|

amplitude
Ay ~18p (14+0?/vH)V2 V /cm

for a continuous wave (cw) in which p is the background
pressure measured in Torr and w is the frequency of the
wave. If the pulse is not too short, i.e., containing several
oscillations, the variation of the amplitude function
A (z,t) in space and time is much slower than that of the
phase function ¢(z,¢). It is also true to the counterparts
of the corresponding velocity response, which is ex-
pressed accordingly as

V,=Vl(z,t)e 4@+ c.

Hence, [d0lnA/3t| and |3InV/dt|<<|0¢/dt|, and
|01n A4 /9z| and [31InV /3z| << |34 /0z|. These inequalities
can be employed to simplify the analysis. In addition, the
forward-scattering approximation leading to the
definition of local frequency w=09¢ /3¢ and local wave
number k = — 3¢ /3z will also be used to simplify further
the analysis. This approximation is justified because only
the portion of the pulse propagating in the forward direc-
tion is of interest.

Using these approximations and the approximate re-
sult

V(z,t)~—ieA(z,t)/m(w+iv)

derived from (4), (3) is reduced to

2 2 42
a(“g:’ )+a(kcaz“‘ L= — v /P +d) (6
and
*—kir=wl [1-vv,/(0*+¥3)] . M

Equation (6) is the continuity equation for the energy
density of the pulse, while (7) is the local dispersion rela-
tion. o and k are related by

do , dk
e — . 8
% + 3 0 (8)

It should be noted that (7) has the conventional mean-
ing as the real part of the dispersion relation only if n, o,
and k are constant parameters. In the present case, n, o,
and k are all space-time dependent functions. Hence, the
spectrum and the damping rate of the pulse have to be
determined by the set of equations (1), (5), and (6)—(8). In
other words, (7) alone cannot provide adequate informa-
tion on the space-time evolution of the spectrum of the
pulse.

Taking the partial time derivative of (7) and using the
relation (8) to simplify the result yields

pe >

2
= Ty, = (= vwa/(@ D))/ (1= wp vy /(@ +v3)]] %(oz 9
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where v, =dw /0k is the group velocity of the pulse.

Equations (1), (6), and (9) together with (5) form a com-
plete set of modal equations describing the amplitude and
phase variation of a one-dimensional pulse propagating in
a self-generated plasma. The ionization frequency v; pro-
vides the coupling between Egs. (1) and (6).

A numerical program using the LSODE package [20] is
developed for solving the set of modal equations. The nu-
merical analysis is first performed to simulate the experi-
ment. The value v, =1.2X10* sec™! determined experi-
mentally, and the dependence of v=4X10° sec™! /T,
where T,=(e+0.03) eV, are used in the numerical simu-
lations. The v value suggests that the background pres-
sure is around 0.7 Torr. The frequency spectra of the
transmitted pulses corresponding to the incident pulses of
1.08P,, 1.14P,, 1.32P,, and 1.37P, are evaluated. In nu-
merical simulations, the following initial and boundary
conditions are employed:

n(z,t =0)=n, ,
A(z=0,t)= Ayexp{—0.5[(t —t4)/t5]"}

X exp[0.15sin(z/1,+0.35)],
and

o(z =0,t)=w¢g=w(z,t =0) ,
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where n,=10% cm~? is the background electron density
maintained by the repetitive microwave pulse, t,=0.5 us,
and wy/2m=3.27 GHz. The results are shown in Figs.
2(a)-2(d) for comparison with the corresponding experi-
mental results shown in Figs. 1(a)-1(d).

Figures 2(a) and 2(b) also show that the transmitted
pulses are frequency upshifted. The amounts of frequen-
cy upshifts are 0.23 and 0.47 MHz, which are in good
agreement with the experimental results of 0.26 and 0.45
MHz. The spectral breaking phenomenon shown in Figs.
1(c) and 1(d) also appears in the results of numerical
simulation as shown in Figs. 2(c) and 2(d). This con-
sistency further validates the model.

We now perform a computer experiment to verify the
cause by collision to frequency downshift. This is done
by multiplying a variable parameter £ to the
electron—neutral-gas collision frequency v in Egs. (1), (6),
and (9) and varying £ from 0.5 to 2. In general, v; and v,
are proportional to v; however, their relationships are re-
moved artificially in the computer experiment. In other
words, only the electron—neutral-gas collision frequency
v is varied artificially for a fixed background condition.
In doing so, the role of v in the frequency downshift re-
sult may be identified unambiguously.

Presented in Fig. 3(a) are the dependencies of the
amounts of frequency downshift —Af; on & for five
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FIG. 2. Amplitude spectra of the incident and transmitted microwave pulses calculated from the numerical simulations of the ex-
periments conducted for Fig. 1: (a) P =1.08P,, (b) P =1.14P,, (c) P=1.35P,, and (d) P =1.37P,.
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FIG. 3. The results of the computer experiments: (a) The amount of frequency downshift —Af, vs the parameters £ and P, (b) the
amount of frequency upshift Af, vs the parameters £ and P, and (c) the shift Af,, of the frequency f,, of the spectral minimum be-
tween the two spectral peaks vs the parameters § and P.
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different incident power levels. A monotonic increase of
—Af, with £ is observed for all cases. —Af, also varies
with the power of the incident pulse, P. It increases with
P and then reaches a saturation level, as manifested by
the overlap of the two curves corresponding to
P=1.27P, and 1.38P,. On the other hand, the depen-
dencies of the amounts of frequency upshift Af, on § and
P presented in Fig. 3(b) show that Af, decreases mono-
tonically with &, but increases monotonically with P to a
saturation level. The frequency f,, of the minimum be-
tween the two peaks of the spectrum of the transmitted
pulse also varies with £ and P. The dependencies of
Af,,(=f,.—fo) on & and P are presented in Fig. 3(c).
Similar to Af,, Af,, decreases with £ and increases with
P to a saturation level. These results clearly demonstrate
that £ plays an important role in determining the fre-
quency shift—in particular, in introducing the down-
shifted frequency components in the spectrum of the
transmitted pulse.

In summary, we have demonstrated experimentally
and in computer simulation that the interaction between
an EM wave and a fast growing plasma can also generate
frequency downshifted spectral components if the plasma
is collisional. Physically, this is realized by the fact that
electron collisions reduce the phase velocity of the wave

in the plasma as indicated by the dispersion relation. The
increasing dependence of frequency downshift on the
electron—neutral-gas collision frequency observed in the
computer experiments suggests that the frequency down-
shift phenomenon observed in the laboratory experiments
is indeed caused by the collisionality of the plasma.

The spectral breaking phenomenon shown in Figs. 1(c)
and 1(d) suggests a potential application for devising a
plasma optical switch. By using a receiver with a narrow
band detector centered at the carrier frequency of the in-
cident pulse, the received power can be reduced suddenly
by increasing the incident power to exceed a critical level.
Thus, an on-off switch can be made by changing the
power of the incident pulse. The plasma may also be gen-
erated by external means, so that a low power pulse can
serve for this application.
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FIG. 1. Amplitude spectra of the incident and transmitted microwave pulses for four different powers: (a) P =1.08P,, (b)
P=1.14P_, (c) P=1.32P,, and (d) P =1.37P,. The ranges of the vertical axes for the spectra of the incident pulses from (a) to (d) are
3.16, 3.16, 39.8, and 39.8 mV, respectively. On the other hand, the values 28.2, 22.4, 17.8, and 17.8 mV on top of the photos are the
ranges of the vertical axes for the spectra of the transmitted microwave pulses. All the spectra are recorded with the same amount of
attenuation.



