
Ann. Geophys., 28, 2169–2175, 2010
www.ann-geophys.net/28/2169/2010/
doi:10.5194/angeo-28-2169-2010
© Author(s) 2010. CC Attribution 3.0 License.

Annales
Geophysicae

Analysis of beam plasma instability effects on incoherent scatter
spectra

M. A. Diaz1,*, J. L. Semeter2, M. Oppenheim3, and M. Zettergren4,*

1Electrical Engineering Department, University of Chile, Santiago, Chile
2Electrical and Computer Engineering Department and Center for Space Physics, Boston University, Boston, MA, USA
3Astronomy Department, Boston University, Boston, MA, USA
4Physical Sciences Department, Embry-Riddle Aeronautical University, Daytona Beach, FL, USA
* formerly at: Electrical and Computer Engineering Department and Center for Space Physics, Boston University, Boston,
MA, USA

Received: 14 July 2010 – Revised: 29 October 2010 – Accepted: 4 November 2010 – Published: 10 December 2010

Abstract. Naturally Enhanced Ion Acoustic Lines (NEIALs)
detected with Incoherent Scatter Radars (ISRs) can be pro-
duced by a Langmuir decay mechanism, triggered by a bump
on tail instability. A recent model of the beam-plasma in-
stability suggests that weak-warm beams, such those associ-
ated with NEIAL events, might produce Langmuir harmon-
ics which could be detected by a properly configured ISR.
The analysis performed in this work shows that such a beam-
driven wave may be simultaneously detected with NEIALs
within the baseband signal of a single ISR. The analysis
shows that simultaneous detection of NEIALs and the first
Langmuir harmonic is more likely than simultaneous detec-
tion of NEIALs and enhanced plasma line. This detection
not only would help to discriminate between current NEIAL
models, but could also aid in the parameter estimation of soft
precipitating electrons.

Keywords. Ionosphere (Ionospheric irregularities)

1 Introduction

Incoherent Scatter Radar (ISR) is a powerful technique for
probing the Earth’s ionosphere and its interactions with the
space environment. ISRs operate well above the critical fre-
quency of the ionosphere and measure the Thomson Scat-
ter from ionospheric electrons (Evans, 1969). The Doppler
spectrum of the received signal reveals information about
both electron and ion dynamics due to the strong interactions
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between these species. Any wave mode in the plasma that
satisfies the Bragg conditions for the given radar frequency,
wherekBragg= 2kradar for back scattering, will contribute
to the scattered signal. The majority of the back scattered
power is confined within a narrow (typically tens of kHz)
double humped band centered at the transmitted frequency.
This is referred to as the ion line, or ion spectrum, and its
shape is determined by ionospheric parameters such as the
electron to ion temperature ratio, ion drift velocity, and elec-
tron density. The utility of ISR lies in the ability to estimate
these state parameters from measurements of the ion line us-
ing inversion techniques (Lehtinen and Huuskonen, 1996).
A second feature commonly detected by ISR is the Lang-
muir mode, which manifests as narrow bands offset from the
carrier by the mean plasma frequency of the backscatter vol-
ume. Although much weaker in general, this feature has also
been used to derive parameters of the ionospheric plasma,
such as the critical frequency (Showen, 1979), the density of
suprathermal electrons (Nilsson et al., 1997), and the ambi-
ent electron temperature (Nicolls et al., 2006).

Embedded in the standard ISR inversion technique is the
assumption that the plasma is stationary, homogeneous and
Maxwellian within the scattering volume and radar integra-
tion period. At high latitude, in the polar cusp and the au-
roral zone, these assumptions can be violated due to parti-
cle precipitation and the presence of localized parallel elec-
tric fields in the topside ionosphere (Maurice et al., 1996).
One manifestation of these departures from a “well-behaved”
plasma is the so called Naturally Enhanced Ion Acoustic
Line (NEIAL), often observed in high latitudes ISR data.
NEIALs occur during intense red aurora and soft electron
precipitation. Enhancements in the spectrum are generally
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2 to 3 orders of magnitude larger than the spectrum of a
Maxwellian plasma, NEIALs appear between altitude ranges
from 200 km to 1500 km, the upshifted and downshifted
spectral lines can be enhanced simultaneously, NEIALs are
more frequently detected at lower radar frequencies, such as
224 MHz, than at higher frequencies, such as 930 MHz, in
fact, no NEIAL has been detected at 1290 MHz (Sedgemore-
Schulthess and St Maurice, 2001, and references therein).

Several theories have emerged in order to explain the
source of NEIALs. The ion acoustic line can be enhanced
by two stream instabilities such as the ion-ion two stream in-
stability, causing de-stabilization of ion acoustic waves due
to counter-streaming ion populations (e.g.Wahlund et al.,
1992), or the current driven instability, resulting from a
counter-streaming thermal ion and electron population (e.g.
Foster et al., 1988; Rietveld et al., 1991). Another different
mechanism to enhance the ion acoustic line is proposed by
Forme(1993), where through a two step wave-wave inter-
action process a beam driven instability generates growing
Langmuir waves that can decay into ion acoustic waves and
opposite propagating Langmuir waves. A more recent the-
ory proposed byBahcivan and Cosgrove(2008) postulates
that ion acoustic waves can be destabilized through a two-
step process, where Electrostatic Ion Cyclotron (EIC) waves
can produce non-Maxwellian electron distribution function,
which creates inverse Landau damping (assuming the ions
are Maxwellian). Only the Langmuir decay (Forme, 1993)
and the EIC-electron distribution interaction (Bahcivan and
Cosgrove, 2008) models can explain the simultaneous en-
hancement of both shoulders in the ion acoustic line.

Recent developments in observations and theory seem to
discard the two-stream explanations.Grydeland et al.(2003)
presented high time resolution data from the EISCAT Sval-
bar Radar (ESR), from which they conclude that the two
shoulders of the ion line are in fact enhanced simultane-
ously, and not the results of temporal averaging as suggested
by Rietveld et al.(1991), and that a temporal resolution of
∼0.2 s is sufficient to resolve the dynamics of the NEIAL.
Michell et al.(2009) confirm this result with a temporal res-
olution of 19 ms. They found that although enhancement
of both shoulders in the ion acoustic line is less frequent,
it happens within this time resolution. The fast changes in
the enhancement from the up to down shoulder measured
in the ion acoustic line (Michell et al., 2009) also support
the Forme(1993) andBahcivan and Cosgrove(2008) mod-
els.Blixt et al. (2005) collected all the datasets that included
both NEIAL and conjugate high-resolution narrow angle op-
tical images of the aurora. Using these data, they suggested
that dynamic rayed aurora were causally connected with the
formation of the NEIAL. This type of aurora is associated
with Alfv énic acceleration of electrons, which produces large
numbers of low energy (sub-keV) precipitating electrons as
required by the nonlinear decay of Langmuir waves (Forme,
1993, 1999).Michell et al.(2009) also used images of aurora
to conclude that dynamic aurora is related to NEIALs, which

also are connected to Alfvén waves.Strømme et al.(2005)
presented ESR observations of simultaneously enhanced ion
and plasma lines. Of the aforementioned theories, only the
Langmuir turbulence model (Forme, 1993) can account for
the simultaneous enhancement in both shoulders of the ion
line and the simultaneous enhancement of ion and plasma
lines. However, the work byStrømme et al.(2005) is not
conclusive about the correlation between the simultaneous
enhancement of plasma and ion lines, since enhancement of
both lines may still be caused independently.

The purpose of this paper is to provide, based on plasma
physics results, a unified theoretical model of modes ex-
pected in the ISR spectrum in the presence of field-aligned
electron beams, and to specify the constraints under which
these modes may be detected by a single-frequency ISR. The
work is motivated by the phenomenological studies summa-
rized above, in addition to recent theoretical results, in par-
ticular, those ofYoon et al.(2003), and references therein,
which showed that Langmuir harmonics arise as a natural
consequence of low-energy, beam-driven, electron-ion insta-
bilities – the same conditions thought to produce NEIALs.
Although these effects have been treated in considerable de-
tail in the plasma physics literature, their implications for the
field of ionospheric radio science (and ISR in particular) have
not yet been discussed.

2 Plasma in thermal equilibrium

There exists two natural electrostatic longitudinal modes in
an unmagnetized plasma in thermal equilibrium: the ion
acoustic mode, which is the main mode detected by ISRs,
and the Langmuir mode. Solving the linearized Vlasov-
Poisson system of equations the dispersion relation of these
modes is obtained. The real part of the ion acoustic disper-
sion relation is

ω2
s = C2

sk2, (1)
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De � 1 and

Ti/Te� 1) can be written as

ωsi = −

√
π

8

[(
me

mi

) 1
2

+

(
Te

Ti

) 3
2

exp

(
−

Te

2Ti
−

3

2

)]
ωs (2)

where Cs =
√

kB(Te+3Ti)/mi is the ion-acoustic speed
(Boyd and Sanderson, 2003). The dependence of this mode
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The forward model used to estimate ionospheric parameters
in ISR assumes that these are the dominating modes in the
ISR spectrum. However, an injected beam of particles, in
particular electrons, can destabilize the plasma, altering the
dispersion relation and amplitude of these modes.

3 Current model of the Langmuir decay process for
NEIAL formation

The model presented byForme(1993) to explain NEIALs
is a two-step process. First, a beam-plasma instability en-
hances Langmuir Waves (LWs). Second, if the enhance-
ment of LWs is high enough then the enhanced LWs can
decay, enhancing Ion Acoustic Waves (IAWs) and counter-
propagating LWs. The plasma-beam process involves three
species: thermal electrons, thermal ions, and an electron
beam with a bulk velocity. By assuming small perturbations
and small damping/growth (vthe, vthi � ω/k), linearization
of Vlasov-Poisson system can be used to find the dispersion
relation of the modes present in the plasma, namely the ion
acoustic, Langmuir and beam modes (Boyd and Sanderson,
2003). The beam mode has a dispersion relation given by

ωb = vbk, (5)

wherevb is the bulk velocity of the beam. The Langmuir
mode, including the beam effect, has a dispersion relation
for the real part that is approximately equal to that presented
in Eq. (3) and for the imaginary part (Guio and Forme, 2006),

γb = −
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where1vb is the beam thermal speed.
The total positive complex part, or total growth rate, is

obtained by adding Eqs. (6) and (4).

ωbi = ωLi +γb. (7)

The instability arises when the positive value ofγb over-
comes the negative values from Landau damping.

Using quasi-linear theory and the quasi-linear relaxation
approximation, where the variation with time of the electro-
static energyW is assumed to be equal to the negative value
of the total growth rateωbi times the energyW

∂W(v)/∂t = −ωbi(v)W(v), (8)

it is possible to find the time-asymptotic energy in the elec-
tron beam instability (Melrose, 1986),
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where1vb < vb is assumed. When1vb converges to 0,
the energy gained by the LW converges to two-thirds of the

beam energy (1/2menbv
2
b), while the remainder remains in

the beam. Hence, the increment of the LW amplitude (EL)
due to the interaction of the LW with the electron beam is
expressed as

E2
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If the beam velocity,vb, is large enough to make Eq. (5) inter-
sect the Langmuir dispersion equation at a low wavenumber,
making the intersection frequency very close to the plasma
frequencywpe, then the wavenumber of the excited Lang-
muir wave L0 is

kL0 ≈
ωpe

vb
. (11)

The destabilization of L0 does not guarantee decay into
counter-propagating Langmuir (L1) and ion acoustic (s1)
waves. To produce this decay, the electric field amplitude
of L0, given by Eq. (10), has to overcome a thresholdEthr,
which is obtained by equating the power transferred from one
high frequency wave to another (Fejer, 1979),
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whereν represents the ion collision frequency,ω0 = ωpe was
assumed andBmax∼ 0.58 is the maximum value of the func-
tion
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obtained for most ionospheric conditions, where=() repre-
sents the imaginary part andαi = (ω/k)

√
mi/2kBTi . Bmax is

reached whenω/k = Cs.
The connection between the dispersion relation of the dif-

ferent waves produced in this decay process is obtained by
imposing conservation of energy and momentum. Hence,

ωLj = ωLj+1+ω∗

sj+1 (13)

kLj = kLj+1+ksj+1 (14)

wherej = 0,1,2,..., and the superscript∗ stands for the com-
plex conjugate of the complex frequency.

Equations (13) and (14) can be used in combination with
Eqs. (1) and (3) as described in Fig.1 to obtain the enhanced
wavenumberskL1, ks1, kL2 andks2 in terms of the wavenum-
ber kL0 of the originally beam-enhanced LW. Weak turbu-
lence theory assumes the linear modes remain valid at all
times. Thus, the upper solid line in Fig.1 shows the disper-
sion relation of the electron Langmuir oscillations, given by
Eq. (3), and the lower trace in Fig.1 displays the ion-acoustic
mode, with a dispersion relation given by Eq. (1).

Inserting Eqs. (1) and (3) into Eq. (13) for j = 0 yields

k2
L0 −k2

L1 = (kL0 −kL1)(kL0 +kL1) = k0ks1, (15)
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Fig. 1. Simplified schematic of the parametric decay.

Fig. 2. Schematic of the simultaneous detection of enhanced IAW and LW. The wavenumbers in green would

simultaneously detect both enhanced modes.

dispersion relation, Physics of Plasmas, 10, 364–372, doi:10.1063/1.1537238, 2003.
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Fig. 1. Simplified schematic of the parametric decay.

where k0 = 2Cs/3vtheλDe. Combining Eq. (14) for j = 0
with Eq. (15) giveskL1 andks1 in terms ofkL0.

kL1 = k0−kL0 (16)

ks1= 2kL0 −k0. (17)

If the enhancement of the secondary LW L1 is strong
enough, it might decay into another LW L2 and an IAW s2
(L1 → L2+s2) whose wavenumberskL2 andks2 can be cal-
culated in terms ofkL1 using a similar procedure. IfkL0 is
assumed positive, the wavenumber of the source LW is neg-
ative, kL1 < 0, makingks2 and ωs2 (−ks2Cs) also negative
(Fig. 1). Thus,

kL2 = −k0−kL1

ks2= 2kL1 +k0,

which can be written in terms of the wavenumber of the orig-
inal excited Langmuir wavekL0 by using Eq. (16),

kL2 = kL0 −2k0 (18)

ks2= −2kL0 +3k0. (19)

4 Other NEIAL signatures related to large-growth non-
linear beam instability

The beam instability itself might offer new ways to use ISR
to estimate the plasma and beam parameters. Usually in a
beam interaction with a background plasma, especially those
cases where NEIALs might be produced, the slow growth
(vthe, vthi, vb � ω/k) and linearity assumptions can be vio-
lated. The impact of the slow growth assumption on the dis-
persion relation was first treated byBohm and Gross(1949)
andBriggs(1964) who found that the dielectric response of
the beam has two different limiting forms corresponding to
the reactive and kinetic instabilities.O’Neil and Malmberg
(1968) distinguished two versions of the instability corre-
sponding to the dispersive character of the growing waves:

the waves might bebeam modeswith ωr ∼ vbk, or might lie
on a mode withωr ∼ ωpe. Gary (1985) numerically verified
the existence of the connected Langmuir-beam mode, pre-
dicted byO’Neil and Malmberg(1968), and found a criteria
to distinguish both modes. Defining,

0b =

[
vb

1vb

]3[
nb

ne

]
,

theLangmuir beam instabilityis produced if0b < 1. On the
other hand thebeam mode instabilityis produced if0b > 1.
Therefore, Eq. (10) is only valid if the Langmuir beam mode
is enhanced (0b < 1).

The linearity assumption could also be violated in the pro-
duction of NEIALs. The main effect of the nonlinearity is
the appearance of Langmuir harmonics which are not ob-
tained with the previous linear approaches (Apel, 1967; Man-
heimer, 1971; Joyce et al., 1971; O’Neil and Winfrey, 1972;
Kellogg et al., 1986; Schriver et al., 2000). The electro-
static multiple Langmuir Harmonic (LH) waves in the elec-
tron beam instability is a known effect previously observed
in laboratory (Apel, 1967), in spacecraft observation (Cairns,
1986), in spaceborne rockets (Kellogg et al., 1986), and in
various numerical computer simulations (i.e.,Joyce et al.,
1971; Kasaba et al., 2001). According to these publications,
the harmonic waves are excited at multiples of the plasma
frequency,ωHn ∼ nωpe (wheren = 2,3,4,...), and the wave
number of the harmonic with frequency in the vicinity of
nωpe is given by

kHn ∼ nωpe/vb. (20)

The theories developed in the early 1970s conceived LHs
as forced electrostatic perturbations generated by the inter-
action of trapped electrons in coherent phase-space vortices
and large-amplitude coherent Langmuir waves (Drummond
et al., 1970; Joyce et al., 1971; Manheimer, 1971; O’Neil
et al., 1971; O’Neil and Winfrey, 1972). Since such theo-
ries are applicable for a strong-cold beam, and NEIALs are
produced by a weak-warm beam, LHs have not yet been con-
ceived as a possible additional signature in ISR spectra con-
taining NEIALs.

Based on more recent simulations, performed bySchriver
et al. (2000) and Kasaba et al.(2001), Yoon (2000) pro-
posed that the broadband spectrum and the persistence of
the harmonic modes in a fully turbulent stage cannot be dis-
cussed solely on the basis of coherent nonlinear dynamics.
In this model (Yoon, 2000; Yoon et al., 2003), the harmon-
ics are considered as eigenmodes of a nonlinear plasma sys-
tem.Yoon et al.(2003) derived the nonlinear dispersion rela-
tion for the harmonic Langmuir waves based on a theoretical
analysis of the nonlinear plasma spectral balance equation,
obtaining

ωHn = nωpe+
3

2
k2λ2

Deωpe−
3[n−1]k2

L0v2
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2ωpe
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They were also able to find an analytical expression for the
growth rate of LH waves, given by

γHn = −
√
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ωHn

kvthe

]3[
ωHnexp
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b
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.

(22)

The work ofYoon et al.(2003) was supplemented by numer-
ical Vlasov simulations made byUmeda et al.(2003) which
were used to make a concrete comparison with the theoret-
ical dispersion curves.Gaelzer et al.(2003) formulated and
numerically solved the theoretical wave and particle kinetic
equations. It was found that under certain initial conditions,
one of the solutions represented a power-law-type spectrum
for the power intensity of the LH waves.

In light of these results, it is plausible that Langmuir har-
monics may be present in weak-warm beams, such as those
present in NEIALs formation. The detection of these har-
monics, and their inclusion in models of NEIAL formation,
might provide a means of quantifying plasma-beam parame-
ters from distorted IS spectra.

5 Detection of Langmuir harmonic modes with ISR

Since the electron beam contains a distribution of velocities,
the wavenumbers are not discrete values, but rather cover a
range of wavenumbers which could allow the simultaneous
detection of more than one mode within the baseband spec-
trum of a single radar. Defining the ranges

[kmin
L0 ,kmax

L0 ] = kL0 ±1kL0, (23)

[kmin
s1 ,kmax

s1 ] = ks1±1ks1 and (24)

[kmin
LH2,kmax

LH2] = kH2±1kH2, (25)

and combining them with Eqs. (11), (17) and (20) (for n =

2) the wavenumber ranges of the beam excited LW,1kL0,
that ensures the simultaneous detection are found. Figure2
shows that multiple detection of the LW, L0, and IAW, s1, is
possible if

kmin
s1 < kmax

L0 (26)

ks1−1ks1< kL0 +1kL0

Using Eq. (17) is possible to expressks1 in terms ofkL0 as
well as approximate1ks1 to 21kL0, giving

1kL0 > (kL0 −k0)/3. (27)

On the other hand, Fig.3 shows that the first LH, H2, and the
IAW, s1, can be simultaneously detected within the same IS
radar if

kmin
H2 ≤ kmax

s1 , (28)

Fig. 1. Simplified schematic of the parametric decay.

Fig. 2. Schematic of the simultaneous detection of enhanced IAW and LW. The wavenumbers in green would

simultaneously detect both enhanced modes.

dispersion relation, Physics of Plasmas, 10, 364–372, doi:10.1063/1.1537238, 2003.
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Fig. 2. Schematic of the simultaneous detection of enhanced IAW
and LW. The wavenumbers in green would simultaneously detect
both enhanced modes.

kH2−1kH2 ≤ ks1+1ks1,

Using Eqs. (20) and (11) is possible to expresskH2 in terms
of kL0 as well as approximate1kH2 by 21kL0, hence

1kL0 ≥ k0/4. (29)

Sincek0, for ionospheric parameters, is around a few m−1

it is possible to conclude from Eqs. (27) and (29) that si-
multaneous detection of excited IAW-LH requires a narrower
wavenumber range of the beam excited LW (1kL0) than that
for simultaneous detection of IAW-LW.

It is also possible to find ranges for the velocity dispersion
1vb for simultaneous detection of multiple modes by defin-
ing the minimum/maximum wavenumber of the excited LW
and the minimum wavenumber of the second LH as

kmin
L0 =

ωpe

vb+1vb
, kmax

L0 =
ωpe

vb−1vb
and

kmin
H2 =

2ωpe

vb+1vb
, (30)

and combining these definitions again with Eqs. (11), (17)
and (20) (for n = 2). Hence, Eq. (26), yields

2kmin
L0 −k0 < kmax

L0

0< 3ωpe1vb−k0(1vb)
2
−ωpevb+k0v

2
b. (31)

If k0 � 1 is assumed, the following condition for the thermal
speed (or beam width) of the beam is found

1vb > (1/3)vb. (32)

On the other hand, simultaneous detection of IAW and the
second LHW is guaranteed if Eq. (28) is met, then

k0 ≤ 2kmax
L0 −2kmin

L0 ,

0< k0(1vb)
2
+4ωpe1vb−k0v

2
b. (33)

which implies1vb > 0 if k0 � 1 is assumed.
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Fig. 3. Schematic of the simultaneous detection of enhanced IAW, LW and the first Langmuir harmonic.

The maximum (red color) and minimum (blue color) waves follow the definitions presented in Eqs. 30.

The decay process of L0 with kL0 ∈ [kmin
L0 ,kmax

L0 ] (kmin
L0 → kmax

L1 + kmin
s1 and kmax

L0 → kmin
L1 + kmax

s1 ) lo-

cates ks1 ∈ [kmin
s1 ,kmax

s1 ]. The dispersion relation of the beam locates kH2 ∈ [2kmin
L0 ,2kmax

L0 ]. If the con-

dition vb ≥ 1/3∆vb is satisfied, which ensures that kmin
L0 ≤ kmin

s1 ≤ kmin
H2 ≤ kmax

L0 ≤ kmax
s1 , then multi-

ple detection of the enhanced Langmuir, Ion acoustic and first Langmuir harmonic waves is possible for

k = 2kradar ∈ [kmin
H2 ,kmax

L0 ] (wavenumber interval in green).

15

Fig. 3. Schematic of the simultaneous detection of enhanced
IAW, LW and the first Langmuir harmonic. The maximum (red
colour) and minimum (blue colour) waves follow the definitions
presented in Eqs. (30). The decay process of L0 withkL0 ∈

[kmin
L0 ,kmax

L0 ] (kmin
L0 → kmax

L1 + kmin
s1 and kmax

L0 → kmin
L1 + kmax

s1 ) lo-

catesks1∈ [kmin
s1 ,kmax

s1 ]. The dispersion relation of the beam lo-

cateskH2 ∈ [2kmin
L0 ,2kmax

L0 ]. If the conditionvb ≥ 1/31vb is satis-

fied, which ensures thatkmin
L0 ≤ kmin

s1 ≤ kmin
H2 ≤ kmax

L0 ≤ kmax
s1 , then

multiple detection of the enhanced Langmuir, Ion acoustic and first
Langmuir harmonic waves is possible fork = 2kradar∈ [kmin

H2 ,kmax
L0 ]

(wavenumber interval in green).

There is a1vb that would allow the detection of the three
modes. The LW (L0), the IAW (s1) and the second LHW
(LH2) might be simultaneously detected if the condition
kmin

H2 < kmax
L0 (see Fig.3) is met, which yield the condition

1vb > 1/3vb independently ofk0.
The last case of interest is when both IAW (s1 and s2)

are simultaneously enhanced. The condition to satisfy this is∣∣kmin
s1

∣∣< ∣∣kmin
s2

∣∣ (see Fig.2). By using Eqs. (17) and (19) to
expressks1 andks2 in terms ofkL0 in addition to the defini-
tions given by Eq. (30) is possible to obtain

0< k0(1vb)
2
+ωpe1vb−k0v

2
b. (34)

If k0 � 1 is assumed, the trivial condition (1vb ≥ 0) for the
thermal speed of the beam would guarantee the detection of
the enhancement in both shoulders of the IS radar.

The largest beam width found in the previous develop-
ment, 1vb > (1/3)vb is well within those reported from
satellite and rocket measurements, where energy spreads
corresponding to1vb ∈ [0.5vb,1vb] is commonly measured
(Whalen and MacDiarmid, 1972).

6 Conclusions

The current explanation of the NEIAL mechanism based on
plasma-beam instability and Langmuir decay neglects some
important effects. In particular, the condition0b < 1 must
be satisfied as a necessary condition for Eq. (12) to be valid,
even though this condition is known in plasma physics, it
had not been included in the current Langmuir decay-NEIAL
model. The expression forE2

L in terms of the beam parame-
ters (Eq.10) is only valid if 0b < 1 is met. In this case, the
LWs are actually the waves being enhanced. On the other
hand, if0b > 1 is met, the actual mode being enhanced is the
beam mode.

A second effect is the appearance of Langmuir harmonics
which are also known modes in plasma physics. A recent de-
velopment of the plasma-beam instability suggests that these
harmonics could be developed with weak-warm beams like
those present in NEIALs formation, implying that those phe-
nomena might happen simultaneously. The analysis devel-
oped in Sect.5 shows that if both Langmuir harmonics and
the NEIAL happen concurrently, it is very likely that the sec-
ond Langmuir harmonic and IAW enhancement will occur
in an overlapping range of wavenumbers, implying that they
could be simultaneously detected within the same ISR if the
receiver bandwidth of the radar were extended. The con-
straint found in Sect.5 for the thermal speed of the beam
(1vb > 0) in order to guarantee simultaneous detection of
the second Langmuir harmonic and IAW enhancement sug-
gests that this detection is more likely than for simultaneous
detection of IAW and LW (1vb > 1/3). Thus, if the sec-
ond Langmuir harmonic could be detected with high latitude
ISRs, it could help to discriminate between the Langmuir
decay-NEIAL and the EIC-NEIAL models. PIC simulation
of a Maxwellian plasma injected by a soft electron beam
is proposed as future work to evaluate the accuracy of the
Langmuir decay-NEIAL model and to study the necessary
geophysical characteristics of the beam to develop a second
Langmuir harmonic that has similar power than that of the
IA line in order to be detected with current IS radars.
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