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Modulation of Observed Thomson Scattering Spectra in a Plasma
Density Irregularity

Valery A. Puchkov”

Abstract—Thomson scattering of an electromagnetic wave in a plasma density irregularity is
considered. A new effect is found that the scattered waves generation and superposition near the
electron density extremum may result in a substantial modulation of the scattered signal frequency
spectrum. Due to this effect, the observable spectrum shape will be substantially different from that for
the electron density fluctuations. This fact should be taken into account when interpreting Thomson
scattering experiments.

1. INTRODUCTION

Thomson (incoherent) scattering technique is based on the ability of randomly distributed free electrons
to exhibit weak scattering of electromagnetic waves. The scattered spectrum allows for observing plasma
fluctuations of various types and getting a valuable information about the electron density, temperature,
and constituents of the plasma [1-6].

The scattered spectrum consists mainly of 2 parts: the ion line produced by ion-acoustic waves and
the plasma line caused by the Langmuir fluctuations with the frequency close to the electron Langmuir
frequency. These parts of the spectrum are formed by different fluctuation mechanisms. In this paper,
we will consider new peculiarities of the plasma line related to the inhomogeneous structure of the
plasma.

In the homogeneous plasma the scattered spectrum is proportional to the electron density
fluctuation spectrum multiplied by the scattering volume (see e.g., [7]). Thus, the shape of the scattered
spectrum repeats that of the electron density spectrum. If the plasma is inhomogeneous, such a
coincidence does not take place anymore. For example, a gradient of the electron density results in
a broadening of the plasma line obsereved in most of the experiments. In order to eliminate this effect
and recreate real electron density spectrum, chirp sounding pulses can be used [8,9].

The most significant influence of the plasma irregularities on the plasma density fluctuation
spectrum takes place in plasma density cavities where the Langmuir waves can be trapped, enhanced,
and acquire a discrete frequency spectrum [10-12]. These effects depend essentially on the collision
frequency of electrons and the spatial scale of the irregularities. For example, in small-scale ionospheric
irregularities with sizes ~ 10 m or less the collisional damping has little effect on the fluctuation spectra.
This leads to a modulated electron density spectrum in which the modulation characteristics depend
on the geometrical characteristics of the irregularities.

In this letter, we show that peculiarities of plasma density fluctuations generated in the irregularities
might not be the only reason for the modulation of the spectrum which can be observed in experiments
on Thomson scattering. Superposition of the scattered waves excited in different regions of the plasma
irregularity may result in additional modulation of the observed frequency spectrum. In such a case
correct interpretation of the scattering spectra requires to take this effect into consideration.
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2. PROBE WAVE SCATTERING IN A ONE-DIMENSIONAL LAYER

We consider a one-dimensional plasma layer where the electron concentration n. changes in the direction
x. The probe and backscattered waves are supposed to propagate along the z-direction, as well. Such
a geometry corresponds to the situation when the electron density variation has the greatest impact
on the scattered spectrum. Let the ambient electron density ne (x) depend on the coordinate x in the
following way

1
ne(x) = ng + Enob2x2 (1)

where ng is the density at the extremum point. The parameter b determines the size of the irregularity.
The total electron density variation N, (¢,2) consists of the unperturbed density m.(x) and small
amplitude fluctuations dn.(t, x)

Ne (t,x) = ne(x) + one(t,x), [one| < ne. (2)

Assume that the probe wave is incident on the irregularity from the right (i.e., in the negative
direction). The electric field of this wave varies with the coordinate and time as follows

Ey (t,x) = ay sin (w1t — kyx) = % exp {i[wit — k1z]} + C.C. (3)

where k1 = —wy/c < 0 is the wave number of the probe wave; C.C. means complex conjugate and will

be omitted in the next calculations. The wavenumber ki is taken not to depend on density n., as the

frequency wy in the scattering experiments is usually much more than the electron Langmuir frequency

Wp:

w1 > Wp. (4)

The amplitude a; in the approximation of Eq. (4) is a constant because only a small part of incident

power is scattered by the fluctuations. The scattered wave amplitude as can be found from the equation
derived in [13]

2mi €2 .
c—a2(w1 +w,x) = ——a; exp(iAkx)on.(w, x),
Ox w1 Me (5)

Ak:kz—klw%

where Ak is the difference between the wavenumbers of the scattered and probe waves. In contrast to
a1, the scattered amplitude as is a function of z and t. We consider the stationary problem, so that
the average intensity of both the Langmuir fluctuations and the amplitude as does not depend on time.

The functions as(w; + w,x) and dn.(w,z) are the Laplace transforms of the fluctuations as(t, ),
and one(t, )

Li(w) = % /dtexp [—i(w—iA) 1], f(z,w) = Ly(w)f (t ) (6)
0

where f (t,x) can be replaced with dne(t,z), and ay(t,x). This Fourier-Laplace operator was proposed
in [14].

In this equation f is an arbitrary function, A > 0, and the limit A — 0 should be taken in the
final results. Now the scattered electric field Fy can be represented in the form similar to Eq. (3)

Ey(t,z) = 2% /dwgag (x,wa) exp {i [wat — kox]} (7)

where ky = wp/c > 0. The amplitude as is nonzero when |Aws| is of the order or less than w,. This
means that wy ~ wy and we > w;,. The sign of ko means that the wave 2 is scattered in the positive
direction, opposite to the incident wave 1.

If the ambient electron density and the fluctuation amplitude vary only slightly within the plasma
wavelength (which is usual for the majority of the Thomson scattering experiments in a plasma), the
fluctuation dn.(t,x) can be represented by the geometrical optics approximation [15]

on (w0, ) = 7 (0, &) exp [—z’ /O " (w,) dx’} (8)
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where dn is the amplitude of the fluctuation, and 1 is the wavenumber of the plasma wave. The
wavenumber 1 is the solution of the dispersion relation for the Langmuir waves [15]

¢2
w? = wg () <1 + 3U%ew—2> (9)

where wo (z) = [Ame?n.(z)/me] Y2 is the electron Langmuir frequency, and vre = (T /m.) is the electron

thermal velocity; e, m., and T, are the electron charge, mass, and temperature, respectively. wy,q is the

electron Langmuir frequency wy () at the point = 0. The relationship in Eq. (9) assumes that the

collisional and Landau damping rates of the Langmuir waves are negligible in the interval where the

scattered wave is formed. As is shown below, this interval can be even less than the irregularity size.
The solution of Equation (9) takes the form

W (w,x) = (w,0) [1 — 22/ ()] '%,
W (w,0) = [2wpo (w — wpo) /3v2] (10)

2
d () = [(w = wpo) /wpo] "*.
where ¢ (w, 0) is the wavenumber of the plasma wave at the point = 0, and d (w) is the coordinate of
the point where the Langmuir wave propagating outside the irregularity is reflected towards its center.
In fact, the interval of x, where the Langmuir wave is present, has the length 2d (w), and this interval
increases with an increase in the frequency shift w — wpo.
Eq. (5) must be solved with the boundary condition lim as = 0. Then, using Eq. (8) we find

from Eq. (5) )

2mi €2 +oo v

a3 (w) +w) = ——"a3 / dzoén (w,z)exp iT (z)], T (x) = / [Ak — ¢ (w,2)] dz’  (11)
CW1 Me —00 0

where the left-hand side a§ (w1 +w) = a2 (w1 + w, x = +00) represents the amplitude of the scattered

wave as it leaves the plasma layer.

The integrand in the expression for a§ includes the exponential exp [¢T" ()] which is a fast oscillating
function except the interval near the point where the derivative 7" (z) is equal to zero. This condition
is fulfilled if Ak = ¢ (w, ) (i.e., the scattering wavenumber is equal to that of the Langmuir wave). The
point x where Ak = ¢ (w, z) is, in fact, the scattered wave generation point. Obviously, the parabolic
irregularity has 2 generation points. The above-mentioned interval increases when = approaches zero,
as ¢ (w, ) varies the slowest at its maximum point x = 0 (see Eq. (10)). Thus, the vicinity of the
point x = 0 makes the main contribution to the scattered wave amplitude, and we can replace here the
wavenumber difference Ak — ¢ (w,z) in Eq. (11) with the power series expansion

b2w§0
1202 Ak

This relationship is valid when |z| < d (w). In this interval the slowly varying fluctuation amplitude
0n (w, z) can be replaced with its value 07 (w, 0) at the point x = 0. Therefore, the integration in Eq. (11)
reduces to

Ak — 9 (w,z) = x (w) + 822, x = Ak — ¢ (w,0), = (12)

“+oo
/ dx cos <§x3 + X:E> = 73" 1/3A (ﬁ_l/?’x) (13)
0

where Ai is the Airy function [16]. Taking this expression into account, we obtain the following

relationship for the scattering amplitude a3
2

aj (w) +w) = Am?i et

53 (5‘1/3x) 571 (w,0). (14)

CWw1Me
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3. FREQUENCY SPECTRUM OF THE SCATTERED WAVE

In view of the Fourier-Laplace transform in Eq. (6) the frequency spectrum of the scattered wave is
defined as follows

1 [t
2 2 . 2 2
(B = (B = g7 | om0 (B oo, (BR). = (B2 B0 (19)
where 2 = w; + w and the angle brackets denote time average. This relationship corresponds to
the stationary process when the statistical moments depend only on the time difference between the
arguments of the random values entering into the expression for the moments. The use of the transform
in Eq. (6) provides a simple way to find the frequency spectrum if the fluctuation is known [14]

1

: * _ = 2
lim 2A(E5 (2, 2) B3 (7)) = o (B3

Egs. (3), (6), (16) enable us to relate the scattered amplitude a3 (14) and the spectrum <E§>Q =

<E22>Q7:c=+oo

>Q7z ) (16)

lim 7A (a3 (2,2) a3 (2, 2)) = (E3)

A—0 Qz” (17)

The relationship similar to Eq. (16) is valid for the electron density fluctuation amplitude én (w, ).
Using this relationship and taking into account Eq. (17) we find the expression for the scattering
spectrum
(18)

w,z=0

2
<E22>w1+w _ 4w4e§‘cf—;ﬂ_2/3Ai2 (5_1/3X> <5ﬁ2>

where V] = |ee| |a1| / (mew1) is the module of the oscillatory velocity of free electrons in the probe wave
electric field Ey. The factor <5ﬁ2>w »—o 1 Eq. (18) is the frequency spectrum of the electron dencity

fluctuation amplitude dn which is defined similarly to Eq. (15).

4. DISCUSSION OF THE RESULTS

The scattering spectrum in Eq. (18) is proportional to the spectral function <5ﬁ2>w »— for the amplitude

of the electron density fluctuations. In this letter, we will not discuss the explicit form of <5ﬁ2>w 2—0
which is a separate task. An example of calculating the electron density fluctuation amplitude d7n in an
inhomogeneous plasma is given in [13]. It is shown in this paper that the amplitude 67 is determined
by the so-called fluctuation source discussed in [17,18]. This source depends on w only slightly in the
frequency region where the plasma line is present. Thus, the spectral function of the plasma wave

amplitude <5ﬁ2>w »—o Will be a slowly varying function of w provided it is not modulated due to the

effect of the plasnia wave trapping inside the irregularity.

In order to illustrate most clearly the effect of the plasma irregularity on the Thomson scattering
we consider the following realistic situation. The plasma wave damping is taken to be negligible in a
small interval |z| < d where the scattering spectrum (18) is formed. This corresponds to the absence of
a damping term in the argument of the exponential in Eq. (8). At the same time, we suppose that the
plasma wave damping is heavy in a larger interval (0,d). This condition means that the plasma wave
trapping effect [10-12] will be negligible. Therefore, under these conditions the dependence of <5ﬁ2> on

w in Eq. (18) can be neglected, and the frequency dependence of the scattering spectrum <E22>w1 iy will
be determined only by the influence of the irregularity on the scattering process.

Under these assumptions, the spectrum of the plasma line in Eq. (18) is determined by the factor
Ai? (5 —1/3 X) and takes the form shown in Fig. 1. This curve is calculated with the following ionospheric
plasma parameters: wyo/ (2m) = 5MHz, vy =5 x 10% s71, wy/ (27) = 233 MHz, vre/wpo = 1 cm, and
b=4.47 x 1075 cm™! (the electron density changes 10 percent at a distance of 100 m).

It is seen from Fig. 1 that the spectrum is a modulated function. The reason for such a modulation
can be rather simple. In fact, in a parabolic irregularity we have 2 scattered waves generated in the
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Figure 1. Plasma line spectrum versus relative frequency shift dw = (w — wpo) /wpo. The plasma line

intensity is normalized to its maximum value.

points on opposite sides of the irregularity where Ak = 1 (w,x) (see above). When the waves leave
the irregularity, they interfere with each other. The distance between generation points depends on the
frequency w. Thus, for different frequencies w the scattered waves will either amplify or suppress each
other.

The modulation period depends on the relative frequency shift dw. It is the largest near the plasma
line maximum and decreases with an increase in dw. Knowing behavior of the Airy function, we can
obtain the maximum modulation period

4/3
[bw], .. ~ 3 x (“Te> (bAK)*3. (19)
Wpo
If the electron temperature T, and the ambient electron density ng are found from other observations,
all the values in Eq. (19) except b can be calculated. In such a case, measuring the modulation period

[0w] x> ONeE can find experimentally the inhomogeneity parameter b.

Nonstationary processes in the plasma may result in blurring of the plasma line spectrum
(overlapping of the local maxima). In particular, such effect may arise from diffusion spreading of plasma
irregularities. Thus, if the observation period is less than the spreading time, the modulation will be
detected. Otherwise the unmodulated spectrum will be observed. Hence, by varying the observation
period and detecting the period when the modulation appears, it is possible to estimate the lifetime of
the irregularity.

5. CONCLUSIONS

We have shown that the process of the Thomson scattering of electromagnetic wave in a plasma
irregularity may result in a frequency modulation of the observed scattering spectrum. The modulation
period depends on the irregularity size. On the basis of our results, the irregularity size and lifetime can
be found experimentally from the Thomson scattering spectrum. The modulation effect described in this
paper should be taken into account when interpreting the Thomson scattering spectra for inhomogeneous
plasmas.

REFERENCES

1. Gordon, W. E., “Incoherent scattering by free electrons with application to space exploration by
radar,” Proc. IRFE, Vol. 46, No. 1, 1824-1829, 1958.

2. Fejer, J. A., “Radio-wave scattering by an ionized gas in thermal equilibrium,” J. Geophys. Res.,
Vol. 65, No. 9, 2635-2636, 1960.



118

10.

11.

12.

13.

14.

15.

16.

17.

18.

Puchkov

Hagfors, T., “Density fluctuations in a plasma in a magnetic field, with applications to the
ionosphere,” J. Geophys. Res., Vol. 66, No. 6, 1699-1712, 1961.

Evans, J. V., “Theory and practice of ionosphere study by Thomson Scatter radar,” Proc. IEEE,
Vol. 57, No. 4, 496530, 1969.

Farley, D. T., “Incoherent scatter radar probing,” Modern Ionospheric Science, Copernicus Society,
Katlenburg-Lindau, Germany, 1996.

Beynon, W. J. G. and P. J. S. Williams, “Incoherent scatter of radio waves from the ionosphere,”
Rep. Prog. Phys., Vol. 41, No. 6, 909-956, 1978.

Akhiezer, A., I. Akhiezer, R. Polovin, et al., Plasma FElectrodynamics, Pergamon, Oxford-New York,
1975.

Hagfors, T., “Incoherent scattering radar observations of the plasma line with a chirped pulse
system,” Radio Sci., Vol. 17, No. 3, 727734, 1982.

Isham, B. and T. Hagfors, “Observations of the temporal and spatial development of induced
and natural plasma lines during HF modification experiments at Arecibo using chirped ISR,” J.
Geophys. Res., Vol. 98, No. A8, 13605-13625, 1993.

Mishin, E. and T. Hagfors, “On origin of outshifted plasma lines during HF modification
experiments,” J. Geophys. Res., Vol. 102, No. A12, 2726527269, 1997.

Krasnoselskikh, V. V., T. Dudok de Wit, and S. D. Bale, “Determining the wavelength of Langmuir
wave packets at the Earth’s bow shock,” Ann. Geophys., Vol. 29, No. 3, 613-617, 2011.

Isham, B., M. T. Rietveld, P. Guio, et al., “Cavitating langmuir turbulence in the terrestrial
aurora,” Phys. Rev. Lett., Vol. 108, No. 10, 105003, 2012.

Puchkov, V. A., “Longitudinal fluctuations in a nonuniform collisional plasma with nonequilibrium
particle distributions,” Plasma Phys. Rep., Vol. 35, No. 3, 234-243, 2009.

Klimontovich, Yu. L., The Statistical Theory of Non-equilibrium Processes in a Plasma, Pergamon,
Oxford-New York, 1967.

Ginzburg, V. L., The Propagation of Electromagnetic Waves in Plasmas, Pergamon, Oxford-New
York, 1970.

Abramowitz, M. and I. Stegun, Handbook of Mathematical Functions, National Bureau of
Standards, Washington, DC, 1964.

Puchkov, V. A., “Theory of fluctuations in a nonequilibrium plasma with allowance for collisions
between plasma particles,” Plasma Phys. Rep., Vol. 24, No. 5, 436-449, 1998.

Puchkov, V. A., “Electrostatic fluctuations in nonequilibrium plasmas with particle collisions,”
Phys. Lett. A, Vol. 372, No. 42, 6400-6403, 2008.



