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Abstract. The beam-plasma mechanism, based on the Langl Introduction

muir decay process, has been proposed to explain naturally

enhanced ion-acoustic lines (NEIALS), which are spectral

distortions in incoherent scatter radar (ISR) data frequentlylncoherent scatter radar (ISR) is a technique used to esti-
observed in the vicinity of auroral arcs. In this work the ef- Mate the plasma parameters of the ionospttevarfs 1969.

fect of the Langmuir decay process on the ISR spectruquCUFate estimation of plasma density, drift, and tempera-
is studied and compared with an analytical model for dif- ture, depends on detailed knowledge of the spectral charac-
ferent plasma parameters by using an electrostatic paraf€ristics of the received signal. Under certain circumstances
lel particle-in-cell (EPPIC) code. Simulations show that the @nd in certain locations, the ISR spectrum has strongly en-
code is working in accordance with theory for a wide rangehanced, denoted Natural Enhancement of lon Acoustic Lines
of beam and plasma values and that the features of the spefNEIALS) (Sedgemore-Schulthess and St Maurize01).

trum are sensitive to changes of those values. These reflthough standard ISR fitting techniques are not applica-
sults suggest that the EPPIC code might be used to build Rle for these cases, these spectral anomalies are a valu-
spectrum-plasma parameter model which will allow estima-able remote sensing diagnostic since they provide insight
tion of beam and plasma parameters from observed Spectrgjto kinetic processes relevant to small scale magnetosphere-
Simulations also confirm that background electron densitylonosphere coupling. There are four major explanations of
(ne) plays an important role in determining the maximum NEIALs. Two are based on two-stream instabilities (E@s-
detectable wavenumber of the enhancement. Specifically, rd€r et al, 1988 Rietveld et al. 1991 Wahlund et al. 1999,

sults demonstrate that an increas@dmmakes the enhance- and two are based on wave-wave interactiéorfne 1993
ments of the ion acoustic more likely line at large wavenum-Bahcivan and Cosgroy2008. The latest experiment&(y-

bers, a finding consistent with statistical studies showingd€land et al.2004 Blixt et al., 2005 Stremme et &).2005
more frequent NEIAL occurrence near solar maximum. Fi- Michell et al, 2009 Akbari et al, 2012 Isham et al.2012

nally, the simulations expose some inaccuracies of the curSuggest that the Langmuir wave decay procEssriie 1993

rent theoretical model in quantifying the energy passed from1999 is a plausible explanation to this phenomenon. In this
the beam to the Langmuir waves as well as with the rangeeXPlanation, the free energy is provided by an electron beam
of enhanced wavenumbers. These differences may be aWhich can trigger either weak Langmuir turbulence (WLT)

tributable to the weak Langmuir turbulent regime assumptionOF Strong Langmuir turbulence (SLT), depending on the en-
used in the theory. ergy of the beam. Recent results presented\kiyari et al.

(2012 andlsham et al(2012 show evidence of the first ISR
observations of SLT.

The Langmuir decay process explanation comprises two
steps. First, a down-going beam of electrons destabilizes

Keywords. lonosphere (Auroral ionosphere; Particle pre-
cipitation; Plasma waves and instabilities)
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1170 M. A. Diaz et al.: Plasma parameter analysis of the Langmuir Decay process via PIC simulations

Langmuir waves of the ionosphere through a plasma-bean(2011) showed that the first Langmuir harmonic is present
instability. The beam-plasma instability can favor, depend-and might have enough power to be detected with current
ing upon the parameters of the beam and the plasma, eithéBRs. The work oDiaz et al.(201]) represents the starting
the Langmuir beam instability (LBI), where the Langmuir point for the present paper which presents more systematic
waves are enhancefff < 1), or the beam mode instability treatment of the Langmuir decay process. The purpose of this
(BMI), where the beam mode is enhancéy & 1), where  exercise is to analyze simulation results from the EPPIC code

I'p is defined asGary, 1985 Diaz et al, 2010 for different beam-plasma scenarios, and to synthesize these
3 results in a way that will facilitate future development of an
Iy = [&} [@} ) estimation scheme for distorted spectrum.
Avp | [ nel

wherewp, Avp, np andne are the beam bulk velocity, the 2 simulation description
beam velocity spread, the beam density and the background
electron density, respectively. Second, if the beam/plasma pafhe simulations performed in this work use an electrostatic
rameters produce the LBI, the enhanced Langmuir wavesparallel particle-in-cell (EPPIC) cod®ppenheim and Di-
with wavenumberk.o and frequencyw,o, can potentially  mant 2004. The code and the procedures needed to obtain
decay into up-going Langmuir wavek.f,w»r1) and down-  the simulation parameters for different plasma states are de-
going ion acoustic wavesi,ws1). To produce the decay, the scribed in more detail in previous work®gpenheim and
electric field amplitude of the excited Langmuir wave, given Dimant 2004 Diaz et al, 2008 2011). The 2-D simula-
by Melrose(1986 (assuming a WLT regime anflvp < vp),  tion scenario of this work utilizes three species: electrons
and protons (Ft) which compose the background plasma,
and a weak electron beam. Representative values for these
E% A ﬂ [}(Ug _ Avg’) — ﬂ(vﬁ — Avg)} , species and computational parameters are summarized in Ta-
€o(vp — Avp) |3 2 ble 1. In simulations presented below some of these param-
(2)  eters will be changed while leaving all others constant in an
effort to characterize spectral distortions under various cir-
cumstances.
2nikg T; Ctr In order to simulate the behavior of the plasma when a
, ) beam is injected through it, particles leaving the volume must
be discarded, while new particles with the original statistical
wheren; is the ion densitykg the Boltzmann constanf; characteristics must be continuously injectedc at 0 uni-
the ion temperature antly, is a constant value that accounts formly along y. The beam is set to travel on the positive
for effects that can prevent the cascading, such as Landax-direction (see axes in Fig). Because the injection is in
damping. The valu€'y, is obtained from the expression pre- this direction, an open boundary condition is applied to the
sented byFejer (1979 and Diaz et al.(2010, and is ap-  x-direction only, while a periodic boundary condition is used
proximately 005 for the beam/plasma parameters of the sim-for the y-direction. Since the code is electrostatic the Pois-
ulations presented in this work. If the up going Langmuir son’s equation is used to obtain, through finite difference ap-
waves gain enough energy from this process, they might alsproach, the potential as function efandy for each instant
trigger a second cascading to downgoing Langmuir wavesf time, which is used to obtain the electric field in each point
(kr2,w12) and up-going ion acoustic waveg{,ws2). Since  of the volume. Since the volume has open boundaries along
downward traveling Langmuir waves excite downgoing ion- x, the Poisson’s solver uses a direct method of solution of the
acoustic waves, and upward traveling Langmuir waves excitesystem of equation obtained by the finite difference method
upgoing ion-acoustic waves, ion-acoustic waves traveling infor this dimension, while a Fourier transform approach is
both directions could be destabilized in regions of intenseused alongy taking advantage of the periodicity of this di-
electron precipitation. mension. With the electric field, the particles are advanced
Diaz et al.(2010 summarize the theoretical model of the by using a leap frog method, obtaining a new charge den-
Langmuir decay process, which emphasizes the possibilitysity distribution for the next time. The simulation continues
that the first Langmuir harmonic should be present if Lang-executing these basic steps (update particle positions, then
muir decay is producing NEIALs. Due to the complexity of fields) until a stop condition is reacheBifdsall and Lang-
the beam-plasma instability, numerical simulation is the mostdon, 1985.
important method to study the characteristic of ion acous- No constraints are imposed on the velocity distribution of
tic enhancements due to a beam-plasma instabliiséba  the particles except at the beginning of the simulation and
et al, 2001 Guio and Formg2006 Yi et al., 201Q Ziebell at the boundaries of the volume. The initial velocity distri-
et al, 2011, Diaz et al, 2011). In recent research based on an bution is Maxwellian for all species. Zero drift is used for
electrostatic parallel particle-in-cell (EPPIC) coBéaz etal.  the background plasma while the beam has a bulk velocity

has to overcome the threshold givenHsjer(1979),

2 =
thr o
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Table 1. Summary of the parameters used to simulate the decay of Langmuir waves.

Parameter Symbol Value

Physical parameters of the background plasma

e~ mass me 3.3452x 10~30kg
lon mass mi 1.6726x 1027 kg
e~ temperature Te 2000K

lon temperature T; 1000K

e~ density ne 25x 10t 1 m=3
lon density nj 251x 101 m=3
Uniform magnetic field along By 50000nT

Physical parameters of the beam

Beam velocity b 78x10°ms1
Beam electron density np 1 x 10° m~3 (charge neutralityyj = ne + np)
Beam velocity spread Avp 1.56x 10°ms1

Spectral specifications

Maximum back scatter wavenumber kmax 601
Minimum back scatter wavenumber kmin 20m1
Wavenumber resolution Ak 15n1
Number of lags Niags 24

Simulation parameters

Step inx Ax 0.004 m
Step iny Ay 0.004 m
Number of cells inx Nx 1024
Number of cells iny Ny 128
Time step At 45x109%s
Number of time steps to

get the sampling period Ns 32
Number total of steps Nt 96 000
Number of macroparticles Np 500000
Number of processors Nproc 64

in the x-direction. The current code can perform analysis ofmaximum frequency scattered by the plasma. The eNgry
the velocity distribution evolution, however, this process is is the number of time steps per sample period. The total time
very expensive if high velocity resolution is needed since itof the simulation is related to the resolution in thespace
implies more outputting which is one of the most costly pro- — longer simulations (with more time step4,) yield higher
cesses of the code. Therefore, velocity distribution analysigesolution in the IS spectrum ion line at low wavenumbers.
was not performed in this work. Niagsis related to this spectral resolution, since it is the num-
Table 1 also summarizes the values of the desired specber of points between the shoulders of the ion acoustic line
tral specifications which together with the parameters of theat a low wavenumber. The actual “coherent” behaviour of
plasma and the beam define the inputs with which the simthe particles interacting with the wave modes is leveraged by
ulation is operatediaz et al, 201J). The total size of the grouping the particles into particle clusters, called macropar-
box (NxAx x NyAy) is related to the resolution in the ticles, which reduces the computational time and simulation
space, while spatial stepaAx and Ay are related to the noise. The number of a macropatrticles per processor is de-
maximum detectable wavenumbéd.(When a beam injec- notedN,. The number of particles in each macroparticle can
tion is set (specificallyp), the time stepAr is adjusted to  be obtained using the particle density, the volume of the box
be small enough to guaranty that no particle in the volumeand the number of macroparticles per processor.
crosses more than one cell in each advancement of the time The main physical parameters were selected based on av-
(At < Ax/vp), ensuring the stability of the simulatioDiaz eraged measurements observed at high latitude= (et al,
etal, 2011). In order to save computational time, datais writ- 2011). The beam parameters were, in general, selected to
ten to files only at the sample times which are given by thehave current densities)() between 100 to 300 um, values
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1172 M. A. Diaz et al.: Plasma parameter analysis of the Langmuir Decay process via PIC simulations

consistent with observed current densities over the discretealculated as
aurora Gtasiewicz et a).1997). Since spacecraft potentials Ny Ny
are usually a few volts negative, the electrons with energiegj; — ZZ |Ej mi2Ax Ay,
from ~0.08 to~6 eV are repelled. Because of this, the ther- o
mal electron distribution at those energies has never beeQV

. ) ) . ) ) here Ny
measured effectively in the nighttime mid-altitude auroral

zone. The simulations presented in this work theoretica”ydirections, respectively:andm are indexes for points in the

explore possible signatures of NEIALs produced by thesex_ and y-directions, respectively, ands the time index. Fi-
low-energy types of electron beam distributions. The distri—naIIy the IS spectrl,Jm is defined,as

bution function of the electron beam was selected to satisfy
the current density and the enhanced radar wavenumbers olg- |AN; (K, »)|?

. ](k, w) X\ —————— )
served by experiments. :

Although the physical parameters (e.g. the mass of the . . . _
species) are changed to facilitate simulations, these input pav-‘/her.e A,Nf(ll(("")d is the relat'c\j/(t?hdenSIlty t\)/a”aktl?n of the t
rameters were selected to obtain growth rate curves similar tgPeclesy, INKandw Space, and e angle brackets represen

those computed with realistic values. The background elecgzmaverage over multiple independent samples of the spec-

tron density is selected to be close to the peak of the F—regiorﬁr Th ral o th | f th
since this value set (through the plasma frequency) has th? € spectral convergence 1o the mean value ot the Spec-
rum for a plasma in thermal equilibrium can be facilitated

maximum enhanced wavenumber, given a certain beam ve- . .
9 eby taking advantage of the angular independence of the spec-

locity, that can trigger a decay & wpe/vp). The selection . X ;
of this largene imposes a separation between the ion acous-trum over a two-dimensional plankky) (Diaz et al, 2008.

tic and plasma lines requiring a restrictively short samplingIn the present work, the angular independence is lost due

rate to avoid aliasing between all modes present in the Isto theD|_nJect;ed lelggtlron lr)]eanlhar:dt;he magnet;q f|elg. Hct)w—
spectrum (including the Langmuir harmonics). In order to ever, Diaz et al.(201]) show that the asymmetries due to

bring the ion acoustic and plasma lines closer in frequenq} .
(smaller wye), a smaller ion to electron mass ratio (actu- to O° (or alongx). Hereafter, all spectra obtained throughout

ally mi /me ~ 2000) is used. An analysis performed Diaz this work use the integration of 44 spectra obtained by two

et al. (2011 shows that the optimal mass ratio to avoid ar- S|mtulgt|on r;ms.blfa_ch (;un IS cqmpo;edlof 22 a}n?ulag Inte-
tificial behavior of the decay process and to preserve specgra ed spectra obtained assuming @8gular resolution be-

tral accuracy of the ion acoustic line is 500. Usually, thetvlveen an%'.ﬁs 105tt0 712500andT1hBB to 1?5) 0\/f¢rthe(kx,ky)
theory uses two limits for the temperature ratig/7; = 1 plane (sediaz et al, 8. The spectrum figures are pre-

and T/ T; > 1. However, with the simulation it is possible tshentedhm dBd(lo tlo%[tf]j(k’w)]t) to f?C'“tﬁ:e de_tt?]c;[;]on Oft ¢
to use more realistic ratios. For the present work, the ratiothe en atnce pﬁr otthe sEec rum otg_e erwi t Ae par fo
Te/Ti = 2 is chosen, since lower temperature ratio produces € Spectrum wheré no ennancement IS present. AS a reter-

more “flat” thermal ion acoustic spectra, facilitating iden- encetthevl—gol dFB. repriftehpts th_e :her:nql]c_eqt!lllbrrl]um tpol\)/v er
tification of some enhancement®i&z et al, 2008. Even spectrum level (FigD). IS pointa clarilication has to be

though the geomagnetic field has no effect on the Iongitu-(]lone_fOr the use of the term *IS spectrum” in this work since
he simulated scattered spectrum is not incoherent for the

dinal unstable waves caused by the electron beam, a co X u - .
cases simulated here. The term “IS spectrum” in this work

stant value of 50000 nT is used to be in accordance with the . .
reality. refers to the power spectrum obtained from the relative elec-

The simulation performed with the parameters presenteérc.)n density fluctuations and how an ideal multi-frequency
in Table1 was able to trigger a Langmuir decay evediaz wide-band IS radar spectrum would appear under the simu-

et al, 2011), a result consistent with theoretical calculations. lated scenarios. _ . .

In this paper Langmuir decay events are presented in three Although most O.f the S'm“'a“‘”? parameters remain con-

different manners: (1) as perturbations of the relative ion den—s.tant throughout this work (as OUtl'n?d above), some .S|.mula-

sity variation, (2) as an overcoming of the decay threshold bytlon parqmeters, such as the Samp"f‘g rate, are modified be-
een simulations to take computational advantage offered

the average electric field, and (3) as an enhancement of th v the particular physical parameters under investigation
ion acoustic line (IS spectrum). The relative density variation . . . '
(IS sp ) y Changes from the values presented in Tdbieill be high-

Is defined as lighted where they occur.

and Ny are the total points of the mesh in x-
and y-directions, respectivelysx Ay the step in x- and y-

l’loj

ni(X,t) —nop;
Anj(x’ [) — u7
no; . .
! 3 Parameter analysis of the Langmuir decay
wheren (X, t) is the density at every point of the mesh at
each sample time of specigsandng; the average density This section presents a systematic study of the sensitivity of

of speciesj. The total electric field as a function of time is the Langmuir decay process to the physical parameters of

Ann. Geophys., 30, 1169:183 2012 www.ann-geophys.net/30/1169/2012/
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ny=25x 108m3
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5
T
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01r

K m!

0.05¢ Fig. 2. Growth rate Diaz et al, 201Q Eq. 7) for the four electron

beam densities presented in TaBlESect.3.1).

Vo/ Avp

Table 2. Summary of electron beam densities used in the simu-
Fig. 1. Area over theyp/ Avy-np/ne plane for which both equations  lations of Sect3.1 with vy = 7.8 x 1°ms 1 (~6.4ev), Avp =
(Egs.4 and5) ensure LBl and Langmuir decay. The area of Lang- 1.56 x 10° ms™1 (vp/Avp = 5), ne = 2.5 x 1011 m=3 and Etzhr =

muir decay is increased wheq is increased4 vy, is increased). 39 (V2 m—2).

2_ 2 _
the background plasma and the beam. The conditions given (n:'fs) nb/ne ( A'fﬂ'_z) ‘(E\I/_2 mliti\)r Ip—1
by I'y < 1 andEZ > EZ, can be rearranged as "

. 1x10°  0.004 125 96 -0.5
vp |”np 75%x10° 0.003 94 62 —0.625
—| —=1<0, 4)
Avp | ne 5x10  0.002 63 28 -0.75
25x 108 0.001 31 -5 —0.875
and

A2 1 (1{[ v T } 1{[ Ub T 1})
: D _1\3Ave !l T 2) Aun | T
w Avp 1\3 |LAw 2 |LAvo over wavenumbers estimated from the growth rate equation

@0 (Diaz et al, 201Q Eq. 7) and shown in Fig2. Three of
_ Cinr -0 ) the cases satisfy the theoretical decay condition presented
np/ne ’ in Eg. ®) as shown in Tabl@. Thus, those densities are

expected to produce a decay from excited Langmuir waves
into ion acoustic waves. The last density is selected to have
EZ — E2_less than zero —5V2m~2), therefore no decay

is expected for that density.

All simulated beams enhanced Langmuir waves which can
be observable in the electron density variations. The growth
of all four EE(l) curves from thermal level also confirm this
fact in Fig.4. Figure3 shows that ions are perturbed, as ex-
pected, for the three largest densities and that larger beam
density produces larger and faster perturbations of the ions
(see video 1 in supplementary material). The weakest elec-
tron beam, unexpectedly also generates enhanced ion acous-
tic waves. The simulateEE(t) curves for all beam densities
are able to overcome the decay threshold producing perturba-
tions of the ions. It is important to notice that the inaccuracy
Four different values ofy, are simulated in this subsection. in the prediction is inE? (Eq. 2) and not in the threshold
Besides the different densities, only the paramete@nd Ny value (Eq.3) since the curves foE% (1) show that the lowest
were changed from the original selection. Those parameterbeam density crosses the threshold value@tl2 ms, which
were changed to 16 and 34 000 respectively. The four caseagrees with the time when perturbations start to appear in the
are selected to produce enhancement of the Langmuir wavesn density variation (Fig3).

by using Egs. 1), (2) and @).

From Egs. 4) and 6), it is possible to see that the crit-
ical parameters are the ratiag/ne and vp/Avp as shown
in Fig. 1. All the simulations presented in this section sat-
isfy the condition given by Eq4j, analyzing the validity of
the condition given by Eq.5). In order to keep the factor
ap in Eq. B) constant (at 5.9, with the values presented in
Tablel), Avp will be kept constant through the simulations
presented in this section. The ratig/Avy is varied by al-
teringvp. Therefore, the beam density], velocity (vp) and
background electron (ion) densityd) are chosen to explore
the response of the decay process.

3.1 Density of the electron beamr{y,)

www.ann-geophys.net/30/1169/2012/ Ann. Geophys., 30, 116883 2012
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t=0.039312 ms t=0.13759 ms E2 versus time

— n,=25x10%m>
ny=5x 108m3
n,=2.5x10%m

---np=1x 109m™

x[m] x[m]

t=0.0576 ms ) t=0.1295 ms

Time [ms]

Fig. 4. Magnitude squared electric field versus time for simulations
with parameters presented in Se&:tl for the four beam densities.

x[m]

@

Fig. 3. Snapshots of the ion density variation for simulations with
parameters presented in SetLfor (a) np = 1x10°m=3, (b) npy S  fizes the predicted wavenumbers where the enhancements
75x10°m~3, () np =5x 10°mand(d) np =25x 1P m~>. 5014 pe produced for the plasma line as well as for the
T et e inbmsaions e acoustc ne of a beam wih parameters presenid i
' Table 1. Figure5b shows the incoherent spectrum for this
beam. The prediction of the wavenumber of the excited pos-
itive Langmuir wave ko) is in approximate agreement with
Even though the spectral resolution is not the best (the resthe one obtained by the simulation (Fi&p). The power of
olution can be improved with longer simulations), it is pos- the enhancement of the positive Langmuir mode-&0 dB
sible to see the same basic characteristics in the IS spectrugbove the thermal cas®igz et al, 2011). The calculated
as in the density variation plots. Larger beam densities profange for the excited wavenumbers of the first cascaded
duce stronger wave mode enhancements on the spectrurhangmuir wave k1 € [10.4, 31.4] m~1) also approximately
First Langmuir harmonic (at- +2wpe and k ~ +2wpe/ v, agrees with the range obtained by the simulation. Given the
seeYoon et al.(2003 for more detailed estimations fas  low resolution of the ion acoustic line, it is difficult to say if
andk of the first harmonic) is also clearly produced and its the wavenumber of the first cascaded ion acoustic ways (
enhancement is higher for larger densities (see BigAn which should enhance the shoulder at positive frequencies,
interesting characteristic shown by the simulations is that theexhibits the predicted behavior. The excited wavenumbers of
first Langmuir harmonic is present for negative frequenciesthe ion acoustic line covers most of the wavenumbers from 0
when the Langmuir decay occurs. The possible detection ofo 60 nT! (Fig. 6b). However, the highest wavenumber en-
the first Langmuir harmonic might be useful to constrain thehanced of the positive Langmuir modef§*~38m* in
values of the beam and the electron density. When the decalyig. 2) would produce an enhancementd®™ ~ 68.4 m1
is established, the values of those parameters are restricted (@able3), which seems to agree with the highest wavenumber
a much smaller region over the plang (Avp,np/ne) as it excited in the ion acoustic mode. The first cascaded Lang-
is shown in Fig.1l. The Langmuir harmonic at negative fre- muir wave (L1) seems to trigger a secondary decay. The sec-
quency also serves as evidence that the Langmuir decay prendary decay produces an excitement of the positive Lang-
cess is happening at lower wavenumbers (or radar frequermuir mode £ 2) close to the theoretically calculated values
cies). Figures shows a zoom on the ion acoustic line. Larger of [2.8,22.8]nTL. This decay should also produce an en-
beam densities clearly produce larger amplifications of thehancement on the negative shoulder of ion acoustic mode
ion acoustic waves and over a wider range of wavenumbers(k,») at wavenumbers close fg, € [13.2 ,53.2] n71, which
This may be due to a secondary cascade over a larger rangmn be observed. Figu@b shows a predominant enhance-
of wavenumbers. ment over both shoulders of the ion acoustic line between
A more detailed analysis on the spectral characteristicshe wavenumbers 0 to 60r1, the enhancement of low
will be conducted for one specific case. Similar analysis ap-wavenumber might be an indication of a third decay process
plies to the rest of the cases of Seg8tl. Table3 summa-  of the second enhanced Langmuir waye.
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ISR Spectrum [dB] ISR Spectrum [dB]

Frequency [MHz]

Frequency [MHz]

0 20 40 a0 B0 100 120 ) 2 . 60
k| [m] k| [m™]

(a) (b)

ISR Spectrum [dB]

ISR Spectrum [dB]

Frequency [MHz]
Frequency [MHz]

60 2
k| [m!] k| [m)

60

(c) (d)

Fig. 5. Incoherent scatter spectrum for simulations with parameters presented i8.$émt(a) np = 1 x 10°m=3, (b) npy = 7.5x 18 m—3
(©)np=5x 1B m=3 and(d) np =25 x 1B m~3

)

Table 3. Summary of theoretical wavenumbers of the cascaded waves for the casenyberes x 108 andv, =7.8x 10°ms L.

Wavenumber (withkg ~ 7.6 m~—1 (Diaz et al, 2010) Value Frequency sign
kL0l = wpe/vb ~19m1 +w
KTIN| (Fig. 2) ~18m1 +w
kmax| (Fig. 2) ~38m1 +o
|km'”| (km'” and Eq. (16) irDiaz et al.(2010) ~104m1 —w
kmax| (k7@ and Eq. (16) irDiaz et al.(2010) ~314m1! —w
mln| (km'” and Eq. (17) irDiaz et al.(2010) ~284m1! +w
kmax| (kmaX and Eq. (17) irDiaz et al.(2010) ~684m1 +o
mln| (km'n and Eq. (18) irDiaz et al.(2010) ~28m1 +w
|kmax| (kmaX and Eq. (18) irDiaz et al.(2010) ~228m1 +w
mln| (km'“ and Eq. (19) irDiaz et al.(2010) ~132m! —w
rnax| (kmaX and Eq. (19) irDiaz et al.(2010) ~532m! —w
3.2 \Velocity of the beam ¢p) 34 000 respectively. Tablé presents the electron beam ve-

locities under investigation.
Three beam velocities are simulated leaving the remaining The three speed values are selected to produce enhance-

parameters unchanged. Only, Ns, and Nt are changed ment of the Langmuir waves over wavenumbers estimated
from the original configuration to.Bx 10®m—3, 16 and

www.ann-geophys.net/30/1169/2012/ Ann. Geophys., 30, 116883 2012
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ISR Spectrum [dB] ISR Spectrum [dB]

Frequency [kHz]
Frequency [kHz]

-100

3 -110
0 20 40 60 80 100 120 0 20 40 60 80 100 120

K| [mY] k| [m]

(a) (b)

ISR Spectrum [dB] ISR Spectrum [dB]

Frequency [kHz|
Frequency [kHz]

60
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Fig. 6. lon acoustic line of incoherent scatter spectrum for simulations with parameters presented B11Sect(a) n, = 1 x 10 m=3
(b) np=7.5x 10¥m~3, (¢) np = 5x 1B m~3 and(d) np = 2.5 x 18 m3.

Table 4. Summary of electron beam bulk velocities used in the locity, as expected, does not produce a decay. However, the
simulations of Sect3.2 with np=75x108m=3, ne=25x relation E2 once again appears to be inexact in quantifying

101 m=3 (np/ne = 0.003), Av, = 1.56x 10°ms ™1, and 2 = the amount of energy transferred from the electron beam to
39 (V2m~2). the LWs. On the other hand, the theoretical threshold for the
magnitude squared electric fielﬁtir) once more shows its
b E(eV) wp/Avp N EZ - Eé, p—1 accuracy. Figur&b shows that for the two largest beam ve-
(ms™h (WAm~?) (vZm=?) locities, EZ(¢) cross the threshold at~ 40 us and ~ 90 s,

7.8x 10° 6.4 5 94 uANT2 62 —0.625 respectively, which agrees with the appearance times of the

6.75x10° 4.8 43 81pAnT2 35 -0.76 structures in the ion density variation (Fige. and3b).

49x10° 25 31 59 pA T2 -3 —0.91

Figure 8a shows IS spectrum, for the beam velocity of
vp = 6.75x 10° ms~L. The wave numberk|) where the en-
hancement of the positive Langmuir mode starts to be evi-
dent (k| ~ 18 m~1) approximately agrees with the theoreti-
from the growth rate equatio(az et al, 201Q Eq. 7), sim-  cal calucalationgk| ~ wpe/vp &~ 22 M t). However, because
ilarly to those obtained in Sed.1(Fig. 2). The two highest  the maximum growth rate is reached at larger wavenumbers,
selected velocities should produce Langmuir decay, unlikethe maximum enhancement is reached in the simulations at
the lowest selected electron beam velocity. Figif@sand || ~ 29 mL. The expected result for a slower electron beam
3b present the ion density variation for two of the three sim-yelocity is to shift the enhancement toward larger wavenum-

ulated velocities, showing that for the two largest velocitiespers. Figure8b shows the IS spectrum for the case when
the decay is triggered. The lowest selected electron beam ve-
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Fig. 7. (a) Snapshots of the ion density variation for simulations
with parameters presented in Se&R for vp = 6.75x 10°ms 1,

The ion density variation associated with= 7.8 x 10°ms 1 is
shown in Fig.3b. The beam with velocity, =4.9x 10°ms™1
does not triger the decay; therefore, the ion density variation has i
noise-like appearence being omitted for this reagbnSimulated : \k\6[(1)n'1]
magnitude squared electric fielaft;t’) versus time for simulations

with parameters presented in S&&R (b)

Fig. 8. Incoherent scatter spectrum for simulations with parameters
vp = 4.9 x 10°ms~1, where it is possible to see that the en- presented in Sec8.2for (a) v, = 6.75x 10°ms~1 and(b) v, =
hancement starts arouiid ~ 24 (~ wpe/vp ~ 30T L, 4.9x 10° ms~1. The spectrum associated with= 7.8x10° ms~1
from the model). In addition to the shift, the intensity of IS showninFig5b.
the power is reduced>2 to 3 dB) along the whole range of
wavenumber where the Langmuir waves are excited. .

Characteristics similar to those exhibited for the positive Langmuir wave k7" ~ 22 m1) approximately agrees with
Langmuir mode can be seen in the ion acoustic mode irthe one obtained from the simulation (FBg). The power
Fig. 9. The enhancement covers a large range of wavenumef the enhancement is 40dB higher than that of the ther-
bers for both beam velocities with a lower intensity for the mal case Diaz et al, 2011). The wavenumber range of the
lower beam velocity. Some preference can be noticed for thdirst cascaded Langmuir wave;( € [14.4, 33.4]m™1) also
positive ion acoustic mode (positive shoulder), although theapproximately agrees with those obtained from the simula-
resolution is not good enough for more detailed analysis. tion. Those wavenumbers are associated with the negative

Figure8a together with the theoretical expressions of the Langmuir mode {wpe). The enhancement of the ion acous-
decay made b¥piaz et al.(2010 (similar to those presented tic mode &;1) appears at wavenumbers lower than those cal-
in Table3) can be used to make a more quantitative analy-culated theoreticallyi(; € [36.4, 7441 m~1), developing a
sis of the spectrum of one of the cases simulated in Se&t. maximum at wavenumbers close to 30t(Fig. 9a). This
Figure8a shows the incoherent scatter spectrum for the beameveals a likely problem with the theoretical expressions. The
velocity vp = 6.75x 10°ms~1. As expected, the range of first cascaded Langmuir wavé() does not seem to gener-
the excited wavenumbers for the positive Langmuir mode isate a secondary decay, or if it does, it is too weak to be de-
narrower and shifted toward larger wavenumbers comparedected. If the secondary decay had occurred, an excitation of
with the case where, = 7.5 x 10° ms~1 (Fig. 5b). The pre-  the positive Langmuir mode would be visible at wavenum-
diction for the lowest wavenumber for the excited positive bers close td;» (~6.5nT 1), which is not present. Figu@a

www.ann-geophys.net/30/1169/2012/ Ann. Geophys., 30, 116883 2012



1178 M. A. Diaz et al.: Plasma parameter analysis of the Langmuir Decay process via PIC simulations

ISR Spectrum [dB] Table 5. Summary of parameters changed from those presented in

Tablel.

Parameter Symbol Value
_ Step inx Ax 0.0022m
g Step iny Ay 0.0022m
7 Time Step At 22x109s
g Number of time steps to
& get the sampling period ~ Ns 20

Number total of steps Nt 32000

Langmuir waves ak ~ wpe/vp =19 m~L. If we want the
wavenumber to be higher, in order to detect the enhance-
@) ments with ISRs of higher frequency, the beam velocity
should be decreased. For instance, if the beam velocity is de-
ISR Spectrum [dB] creased tap = 3.9x 10° ms1, the approximated wavenum-
ber of the enhanced Langmuir waves wouldbe wpe/vp =
38m1. This low velocity would not be able to trigger the de-
cay withnp = 7.5x 108 m~3 andne = 2.5x 10"t m=3 (E2 -
EZ = —14<0). However, ifne is increased to & 1012m=3
and used with the original beam (Tallg the LBI is en-
hanced(r—1 = —0.69), the decay is triggeredf — E2, =
181V2m~2 > 0) and the approximate wavenumber of the en-
hanced Langmuir waves would be placedkat wpe/vp =
38m! as desired. Therefore, this section will explore if
increasing the background densitye & 102m—3), which
determines the plasma frequency, will allow higher veloc-
g 2 40 lkf[?u_l] &0 100 129 ities (Tablel) to destabilize ion acoustic waves at larger
wavenumbers. The physical parameters, changed from those
(b) in Table 1, are np=2.5x 10°mM=3, ne=102m=3, v, =
7.8x10Pmst, |J| =312uAm—2, E2 — E2 =181V2m~2

Fig. 9. lon acoustic line of the incoherent scatter spectrum for andlp—1 = —0.7. The new background ahérTSity changes the
simulations with parameters presented in S&8c. for (a) vp = i

6.75x 10°m s and(b) v, = 4.9 x 1° ms-L, The spectrum as- Debye length; therefore, the simulation parameters must be
sociated withup, = 7.8 x 10° m s~ is shown in Fig6b. changed. Those parameters are summarized in Bable
Figure 10a shows the ion density variations for a simu-

lation with a larger background density. This figure shows
shows a close up of the ion acoustic line and presents a terft'uctures, which demonstrate that a beam triggers a bump
dency to enhance the positive ion acoustic mode (positive®" til instability of Langmuir waves and a decay of those
shoulder), as expected. The enhancement of the ion acoudlt0 ion acoustic waves. It is possible to see that struc-
tic line increased the power level over 20 to 30 dB above thelUres start to appear at- 0.014 ms, which agrees with the

k| [m]

Frequency [kHz]

thermal level. time when theEE (1) curve crosses the theoretical threshold
EZ,. =154\V?m~2 (Fig. 10b). Even with the spectral reso-
3.3 Background electron density #¢) lution of this simulation A¢ was reduced by half, making

it more difficult to reach larger times), the spectral analy-
The velocities simulated previously in Sec&1 and 3.2 sis (Fig.11) shows, as expected, that the enhancement over
put most of the distortions in the wavenumber range be-the ion acoustic and positive Langmuir waves were shifted to
tween 8! and 60 nT, a wavenumber range where most higher wavenumbers with respect to the previous simulations
of the IS radars operates. However, the strongest enhancelue to the larger background density used.
ments of the incoherent scatter spectra (the most likely to
be detected) appeared far belghy = 54 m~* which is the
wavenumber of Sondrestrom radar. For the beam presentegl Density variation for a low velocity beam
in Table 1 (first case) andie = 2.5 x 10*m~3, the simu-
lation showed a decay of the Langmuir waves. This caseThis section will explore the preconditior, < 1 (Eq. 1).
would place the approximated wavenumber of the enhanceth Sect.3.2 was shown that lower beam velocities places
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Fig. 10. (a) Snapshots of the ion density variation for simulations
with parameters presented in SE&8 (ne = 102 m—3). (b) Mag- (b)
nitude squared electric fieIEtZ versus time for simulation with pa-
rameters presented in Se8t3, Fig. 11. (a) Incoherent scatter spectrum afig) ion acoustic line

of the incoherent scatter spectrum for simulations with parameters
presented in Sec8.3.

enhancement of the Langmuir waves at higher wavenum-

berS, which eVentUa”y m|ght produce enhancement of th%b, AUb, NS and]\]t are the 0n|y Changed parametersl Changed
ion acoustic waves also at higher wavenumbers (or radar fregp 39 x 10°ms2, 7.8 x 10*ms1, 16 and 22000, respec-
quencies). However, Sec3.2 also showed that for a den- tjyely, for these simulations with respect to the original val-
sity of the electron beam equal to 0.3 % of the backgroundyes, Tables also shows the theoretical? — E2, calculated
density, a beam velocity too low(5 x 10°>ms™) cannot  ith the new beam parameters, Wh|ch reach extremely high
trigger a decay. In this section, and Avp are changed o yalues compared to the threshold needed to trigger the decay
3.9x10°ms ' and 78x 10" ms™1, respectively, leaving the (- 0), but with values of',—1 larger than zero. As expected,
ratiovp/Avp = 5 equal to that used in Se@t1 If the density  npone of the beam densities triggers a decay. For hgthe

of the beam is selected to bg = 7.5 x 10°m~3, this beam  gjectron density variations are perturbed, however no pertur-
would be unable to trigger the deca§{— Ef, = —14<0).  bations are perceived on the ion variation density for both
Increasmgnb tO 116 x 10°m~3, the decay should be pro- cases. Figur&2a shows that the BMI is being enhanced. Fig-
duced EL thr =0.12> 0). Increasingnp increases the ure12b shows no enhancement on the ion acoustic line. The
value ofEL Etzhr ensuring the decay (however it has a limit) curve EE(t) converges to a value 3V2m~2 for both den-
when the preconditiofy — 1 < 0 is violated. This happens sities, below the threshold to trigger the decay and far below
whennp, overcomes the value af; ~ 2 x 1°m=2(0.8% of  the values theoretically obtained, confirming that E2).i$

ne). For values over this beam densitf, no decay should be only valid if I'y < 1 (see video 2 in supplementary material).
produced; therefore, to verify this prediction made by theory, The current densities of the two latest simulations are
two values of the beam density much larger thal®2®m=—23  ~781 pAnt2 and~312 pA 2, respectively, which do not
are selected. Besides the two used beam densities (@gble trigger the decay. On the other hand, current densities as low
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ISR Spectrum [dB] Table 6. Summary of electron beam density used in the simulations.

Con vp=39x10°ms 1 (~1.6eV) y Ay, =78x10*ms1

(vp/Avp =5),ne=25x 101 m=3 andEZ, =39 VZm~2.

np np/ne 1J] E?—EZ  Tp-1

) r
: (m-3) WAm?)  (v2md)
% 5x 10° 0.02 312 130 1.5
B 1.25x lOlO 0.05 781 382 5.25

at different wavenumbers (or radar frequencies). However,
‘kf[?n,l] there have never been simultaneous NEIALs observations re-
ported at EISCAT UHF and VHF radars, which operate at
(a) two different frequencies but observe a common scattering
volume.Cabrit et al.(1996 suggests that this is due to the
difference between the UHF and VHF radar beam widths.
Guio and Formg2006 argue that the enhancement in the IS
spectra can vary by orders of magnitude between two differ-
ent frequencies. This difference of the enhancements can be
increased by the integration process of the radar (seconds)
rendering the enhancement at one of the frequencies unde-
tectable. The simulations performed at this work do not in-
clude the possible diminishing effect that the integration pro-
cess can have over the spectrum, which might be important
given the ephemeral nature of the phenomenon. Therefore,
the simulated enhancements may be larger than those observ-
- able by radar.
| [ Although the integration procedure (temporal and spatial)
might explain some of the lack of detections at the current
(b) ISRs; it is also possible that the simulations of this work are
Fig. 12. (a)lncoherent scatter spectrum affij close up to the ion overest|m_at|ng the electron b.ea”?' thus giving the |mpre55|orj
acoustic line of the IS spectrum for simulations witg= 1.25 x that the S|mu_ltaneous detecnpn is likely. The beam was se
1010 (Sect ). lected to be in agreement with some of the data collected
for beams at the top of the ionosphere. However, low energy
beams at lower altitudes have not yet been measured accu-

as~81pAnT2 (Sect.3.2) and ~31pAnT2 (lowestnp, in rately, which necessarily led us to an arbitrary selection of
Sect.3.1) achieved the decay. Consequently, it is possible tothe beam. Future work will attempt a closer connection of the

conclude that the current density is not a good indicator tomodel to beam measurements at the top of the ionosphere.
evaluate the decay capacity of a beam. Furthermore, measurements in the topside ionosphere might

be extrapolated to altitudes where NEIALSs are being detected

by modeling the beam degradation due to collisions.
5 Discussion Section4 tested the validity of the preconditian, < 1.

If this condition is not satisfied, the decay cannot be trig-
The simulations performed in previous sections show thatgered and the decay conditid?f > Etzhr cannot be used to
for some beams, it is possible to simultaneously observe enpredict the Langmuir decay process. On the other hand, in
hancement of the plasma lines, the ion acoustic line, and th&ect.3.3it was shown that larger background densitieg) (
Langmuir harmonic line (e.g. Figha). Although these re- can help to place the enhancement at higher wavenumbers
sults agree with simultaneous enhancements of plasma ling ~ wpe/vp) and to compensate for the increament of the
and ion acoustic line reported previoustigmme et al.  vp/Auvy ratio of slow-cold beams by the,/ne ratio ensur-
2005 Akbari et al, 2012 Isham et al.2012), those events ing thatl', stays less than one. At high altitudes the beam is
are not common. On the other hand, no Langmuir harmoniexpected to be fast and warm, placing the possible enhance-
has been reported to be produced naturally and simultanement at low wavenumbers. While the beam is penetrating the
ously with enhancements of either plasma or ion acoustiatmosphere, it might become slower and colder. Although
lines. Simulations also show that NEIALs could be observedthis is speculative, the lack of data allows the assumption.

ISR Spectrum [dB]

Frequency [kHz]
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On the other hand, the background density increases urApparently, there is a contradiction of this result, with the
til @ maximum at 300 km of altitude. The combination of beam model explanation of NEIALs, since more solar ac-
these two effects could produce an increase of the enhanceity might produce more energetic beams. These energetic
wavenumbers K~ wpe/vp) With decreasing altitude down beams might generate enhancement of ion acoustic waves at
to 300 km. For altitudes lower than 300 km the backgroundlower wavenumbers (or radar frequencies) making the detec-
density decreases with altitude and the beam velocity willtion of this enhancement unlikely with the same incoherent
keep decreasing. Whichever parameter decreases faster witatter radar. However, an increment in solar activity would
determine the maximum wavenumber. For instancg/rig also produce an increment of the background densifyqo
(wpe o< 4/1e) decreases faster thap, then the wavenumber that the enhancement of those more energetic beams can be
will be lower than that obtained at 300 km (maximug). If detected at the same (or even larger) wavenumbers as was
/e decreases at the same ratevgsthen the wavenumber shown in Sect3.3
will be similar to that reached at300 km. Finally, if /ne Itis also important to notice the behavior exhibited for the
decreases slower tham, the wavenumber will be higher ion acoustic enhancement at high wavenumbers. For most
than that reached at 300 km. Since the beam is becomingf the simulations performed in this work, the enhancement
slower and colder, it is also possible that the paramBger stops quite suddenly at large wavenumbers, before decreas-
overcomes one, passing the energy to the beam mode iring to an unnoticeable level. The enhancements exhibit a
stead of the Langmuir mode, thus inhibiting the decay pro-Gaussian noise-like shape. This kind of enhancement might
cess. Even so, some detailed investigation of the evolutiolead to misestimation of the plasma parameters, especially
of the beam while it penetrates the atmosphere is necessathe electron density, because this kind of enhancement is not
to see if Eqs. ) and @) are satisfied. It seems likely that strong enough to be noticed and it does not produce any sig-
the maximum enhanced wavenumber is obtained at the maxaificant change in the shape of the ISR spectrum.
imum background densitye. Guio and Forme(2006 got results where the upgoing
Statistical studies of radar data (d&echert et al. 1999 plasma line were more enhanced than the downgoing plasma
had shown that it is more likely to observe coherent echoes itine for a downgoing beam for both weak and strong turbu-
incoherent scatter radars of lower frequency or wavenumbelent regimes. However, it is not clear that the simulations per-
than for higher frequency radars. The simulations presentedormed in this work agree with this result. Figut#a shows
in this work agree with this fact. Since Sondrestrom operatesan enhancement on the negative plasma line stronger than
at a high wavenumber, it has never observed a coherent echtbe one produced on the positive plasma linekfer 36 m1.
or NEIAL. The simulations and the previous discussion sug-Nevertheless, this feature can be attributed to the fact that
gest that such a high wavenumber cannot be reached becauager the decay the Langmuir waves traveling in opposition
the maximum values of ionospherig are too low to fa- to the beam are enhanced at lower wavenumbers than the
vor instabilities at such high wavenumbers. For example, thd.angmuir waves traveling in the same direction that the beam
maximum background density @t = 2.5 x 101 m~3 can- (Diaz et al, 201Q Eg. 16). This possible disagreement has to
not favor the decay at high altitudes and high wavenumberse analyzed in more detail in future works.
because low beam velocities would be needed. However, the The model summarized bpiaz et al.(2010 assumes a
simulations show that low velocities cannot trigger the decayweak Langmuir turbulent regime, although simulations can
of Langmuir waves because they are too weak (or warm nobe developing either weak or strong Langmuir regimes. The
satisfing Eq5). Slower and colder beams might be reachedmain goal was to explore the accuracy of the weak Lang-
at lower altitudes where lowe is found making the beam muir model for different plasma and beam parameters. Since
too strong (not satisfying Edgl). It is difficult to estimate  the beam has to be appropriate to trigger the decay (Beam
the precise background density needed to actually place erMode Instability limitation) it was hypothesized that the
hancements of the ion acoustic mode closé te54m 1. weak Langmuir turbulent model was accurate enough to rep-
However, it is possible to argue that the actual value of theresent the phenomenon. However, the inaccuracies in the
background density needed to trigger detectable instabili-quantification of the transferred energy from the beam to the
ties at high wavenumbers may be larger than the value obLangmuir waves for both regimes (weak and strong) imposes
tained in this work, 18 m~3. This is because, although the the need to review the validity of Eq2) Problems with the
plasma frequency would be higher for realistig, allow- accuracy of the enhanced wavenumbers (after decay) are also
ing larger beam velocities for large wavenumbers, the actuatevealed. However, these issues might be due to the lack of
mass of the ions (Oinstead H) would increase the thresh- resolution in the current simulations.
old needed to trigger the decay (B]). Hence, this situation All of the expected characteristics of enhanced ISR spectra
would require even larger beam velocities to produce a destaare present in the simulations. This implies that the simulator
bilization of the ion acoustic waves. might be used in a systematic way to formulate an empirical-
Rietveld et al(1996 showed that an increment of the so- simulated model of the ISR spectrum for different plasma
lar activity increases the number of events of ion acousticand beam parameters which could be used to estimate the pa-
enhancement detected by a given incoherent scatter radailameters with actual distorted ISR data. However, if the code
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wants to be used to obtain a simulation-empirical model ofof the equations used for the different regimes. For instance,
the distorted spectrum, the frequeney) fesolution has to  Eq. (2) uses quasilinear approacVedenoy 1963 Boyd and

be improved on each line of the radar making longer sim-Sanderso2003 assuming WLT regime to calculate the en-
ulations. Although a simulation of millisecond can actually ergy transferred from the beam to the Langmuir waves. How-
take many hours of computation, the computing time can beever, this equation shows some inaccuracies not only for the
significantly reduced by reducing the need of outputting dataSLT regime (as expected) but also for the WLT regime tested
which can be done discarding the initial time and focusing inwith the simulation (e.g. weakest beam in S&ct).

the simulated time where the decay is taking place.

Supplementary material related to this article is

6 Conclusion available online at: http://www.ann-geophys.net/30/1169/
2012/angeo-30-1169-2012-supplement.zip
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