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Abstract. Strong enhancement of the optical emissions with1l Introduction

excitation threshold from 1.96 eV (630.0 nm from*O}) up

to 18.75eV (427.8 nm from J(ING)) have been observed ) o . .
during experiments of the ionosphere modification by highStrong enhancement of the optical emissions with excita-
power HF radio waves. Analysis of the optical emission ra-tion thresholds from 1.96eV (630.0 nm from '00) up to

tios showed clearly that a significant part of the ionospheric18-75 €V (427.8 nm from N(1NG)) have been observed dur-
electrons have to be accelerated to energies above 30 eV arfdd experiments of ionosphere modification by high power
more in the region where the HF radio wave effectively in- HF radio waves since the early 197@idndi et al, 197
teracts with the ionospheric plasma. The Monte-Carlo modefSipler et al, 1974 Adeishvili et al, 1979 Bernhardt et aJ.

of electron transport and the optical emission model werel988 Brandstom et al, 1999 Pedersen and Carlsoz00%,
used to study the dependence of the optical emission inten<0sch et al.2005 Djuth et al, 2005 Gustavsson et a005

sity on the acceleration electron parameters. We obtained the0lma et al, 2008. It has also been well known that power-
following results from analysis of the enhanced intensities offul HF radio wave transmission leads to strong enhancement
the four optical emissions (630.0, 557.7, 844.6 and 427.8 nmpf the temperature of the ionospheric electrdiantas and
observed in the EISCAT heating experiment on 10 MarchCarlson(199 developed a quantitative model relating to the
2002. The 630.0 emission with an excitation threshold ofh€ating enhanced electron temperature to the 630.0nm in-
1.96 eV is formed predominately by the thermal electrons,tensity and argued that the thermal electron excitation of the
where the accelerated electrons play a minor role in the exci©('D) state is enough to explain the emission intensity ob-
tation of this emission. In order to explain the experimentally Served during the ionosphere heating experiments. However,
observed intensity ratios, the accelerated electrons must gaif? @n analysis of simultaneous observations of the electron
energies of more than 60 eV. For accelerated electrons witlflensity, temperature and the red line intensitgrgienko et

a power law energy dependence, the efficiency of the opti-a|- (2000 showed that the model significantly overestimates
cal emission excitation depends on the exponent defining théhe observed emission intensity. In order to explain this dis-
shape of the electron spectra. However, an agreement witRrépancy, the authors proposed that inelastic collisions with
the observed emission intensities is achieved for exponen@tmospheric gases modify the shape of the electron distribu-
values not less than zero. Moreover, increasing the exponerion function. This idea was proved in papersiighin et al.

to higher values does not affect the emission intensity ratios(2000 andGustavsson et a[2004. In those studies it was
shown that for F-region night-time conditions, excitation of

the vibrational states of Ncauses a strong depletion in the
electron distribution in the high® > 2 eV) energy range re-
sulting in a decrease in the production rate of th&l)&tate.
Although such modification of the thermal electron dis-
tribution function partly explains the discrepancies between
modelled and observed intensities of the 630.0 nm emission,
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the observed intensities of the emissions with higher threshwith thermal electronsBerrington and Burkel981):
olds cannot be explained solely via excitation by the ther-
mal electrons. For instance, the observation of the heatin@®(*D) + N, M OCP) + N>
induced emission at 427.8 nm with an excitation threshold of
18.75 eV indicates that electrons are accelerated to energie{s(lD) + 0y Z O(3P) + 0y
higher than 20 eV. The most probable mechanism for such ks
acceleration is resonant interaction with the plasma wave©('D) + O —> OCP) + O(*P)
stimulated by the nonlinear interaction of the powerful HF ra- ks
dio wave with the ionospheric plasma. It is still an open ques—o(lD) +eth = OCP) +etn
tion which wave-plasma instabilities are driving the electron with respective quenching rate coefficients,
energization. It has been debated (&rach 1999 Mishin
etal, 2005 Gurevich 2007 and references therein) whether ;. _ 5 o« 10‘11exp(107'8> cmPs L,
Langmuir turbulence or the upper hybrid plasma turbulence Ti
is the most prominent electron acceleration mechanism. A :
shown byGustavsson and Eliass¢#008, analysis of the ?Strelt etal, 1979
heating induced optical emissions originating from the ex-
cited states with different thresholds and with significantly
different excitation cross-sections provides a potential oppor-
tunity for estimation of the shape of the differential flux of (Streitetal, 1974
the accelerated electrons. Such information will be useful for
the identification of the acceleration mechanism. ks=22x10"", cm’s-1,

In t_his paper, we have applied the Monte Carlo method for(Kangerakis et 2009
the simulation of the transport of the supra thermal electrons
into the upper Earth atmosphere. The calculated electron difk, = 1.6 x 107127291 cm®s 1,
ferential fluxes were used for analysis of the excitation mech-
anisms of the optical emission enhancement stimulated byBerrington and Burke, 1981). Herk, and 7e are neutral
the h|gh power radio wave in the ionospheric F-region_ Two and electron temperature, respectively. FlnaIIy the 630.0 nm
simplified models for the acceleration electron source were/olume emission rate is calculated by the formula:
assumed in order to investigate the dependence of the optical
emission intensity on the acceleration electron parameters. Vgzo0=

n

67.5
ko =2.9x 10‘11exp<T> ,cmes2,

n

O1p - A6300

1
A1p + k1[N2] + k2[O2] 4 k3[O] + ka[ Ne] M)

Here Ag300 and Aip are the Einstein coefficients for the

2 Model description 630.0 nm emission and the sum of the Einstein coefficients
_ o for all emissions from O) state. Values for these coeffi-
2.1 Model of optical emissions cients, as well as for other Einstein coefficients which are

used in this model, are given in Table [M] is the num-
This study compares modelling results with experimentalper density of corresponding atmospheric species or thermal
data obtained during an EISCAT heating experiment con-glectrons. Here, as well as in the following equatiadstep-
ducted on 10 March 2002. The ionospheric parameters (eleGesents the production rate of the excited state due to electron
tron density, and electron and ion temperatures) were megmpact.
sured by the UHF EISCAT radar Simultaneously with the For the 844.6 nm emissiorﬁustavsson and Eliasson
optical observations by ALIS of enhancements in the 427.8,2008 took into account the direct electron excitation of
557.7, 630.0 and 844.6 nm emissions. A detailed descriptioy(3,3 p) state only. Here we also include the excitation of
of this experiment and observations have been provided byhis state due to radiative transfer from the upper excited
Gustavsson et a(2009. A comprehensive analysis of the states of O since this mechanism gives about 30 % of the total
heating induced enhancement of the optical emissions wagy(3,3p) production. Thus, the 844.6 nm volume emission
done byGustavsson and Eliass¢p009. The optical emis-  (ate is calculated using the equation:
sion model developed in that paper is adopted for the present

study with a few minor revisions which will be given in this A7992
.y g V8446: Q3p3P + Q3s’3DO—
section. Agzapo 5
1D state of atomic oxygen has a long radiative lifetime A11278 As953 @
(~1305s) and is quenched in collisions with the neutral atmo- +0Qa2po; + Qgapo—— >
3d3Dp0 353 PO

spheric particles as well as with the thermal electrons. In this
study the quenching rate of EDZ) state is calculated by tak- Here A7990 and A11 278 and Agzgs3 are the Einstein coeffi-
ing into account the following reactions with,NO,, O and  cients for corresponding emissions a#gl,sp, Azg3po and
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Table 1. Einstein coefficients. 10"
Einstein coefficient, 51  Reference
A6300 5.627x 1073 Iltikawa and Ichimurg2090
A1p 7.446% 1073 Iltikawa and Ichimurg2090 o
As577 1.215 Itikawa and Ichimurg2090 e 10 ¢
Ag 1.201 ltikawa and Ichimurg2090) =
A7992 0.562x 10° Ralchenko et al(2011) 8
Agy3 0 0.115x 108 Ralchenko et al(2011) 2
A11278 0.309x 108 Ralchenko et al(2011) @
Azg3p0 0.107x 1¢° Ralchenko et a2013) 5107
A3g53 0.309x 10° Ralchenko et al2011)
Agy3po 0.341x 100 Ralchenko et al(2011)
A7 0.371x 107 Gilmore et al (1992
Apz_ vt 0.161x 108 Gilmore et al (1992 »
10 o ;
10° 10’ 10°
Energy (eV)

Azgspo and Az po are the sums of the Einstein coefficients

for all emissions from corresponding states of atomic oxy-Fig. 1. Excitation cross-sections of optical emissions used in the
gen. For the 427.8 and 557.7 nm emissions, their volumemodel.

emission rates are given by the equations:

As278
Vazre= Qpext -qoﬁoﬁ ©) 2.2 The electron transport model
B<¥
u(v=0)
A For modelling of the transport of the suprathermal %
Ves77= O1g :577 (4)  1leV) ionospheric electrons, we adopted the Monte Carlo

Is model developed for auroral electron transport described in
Here g0 = 0.883 is the Franck-Condon factor for the detail by Sergienko and Ivanoy199]). In this model, the

electronic-vibrational transitions from vibrational levek 0 electron trajectory is treated as a sequence of elastic and in-
of the ground state of lezg) to the vibrational level elastic collisions with the atmospheric atoms and molecules,
v=0 of BZEJ state of N (Gilmore et al, 19929, and  between which the electron moves under the influence of the

As27s, A322+( o Ass77and Asg are the corresponding Ein-  homogeneous magnetic field as well as the drag force due

stein coefficients of molecular nitrogen ion and atomic oxy- g? mteract;}on with fhe amble_lrln (cold)bthermal electrons. The
gen, respectively. The production ragein Eqs. ()—() is istance that an electron will move between two successive

given by the integral collisions, the collision type, the new electron velocity direc-
tion after the collision, and an energy of the secondary elec-

- tron are determined randomly according to the corresponding
0(2) =[M(z)]- /G(E)F(E,Z)dE probabilities defined by the scattering cross-sections and the
Ewn number density of the atmospheric gases, (@, and O).

For the neutral densities we use the MSIS atmosphere model
(Hedin 199J). Integral cross-sections of elastic and inelas-
tic electron collisions with the atomic oxygen are taken from
the review byLaher and Gilmorg1990. Cross-sections of
felectron-molecular nitrogen collisions used in our model are
similar to cross-sections presented Tgbata et al(2006.
Electron cross-sections for molecular oxygen are taken from

wherez is altitude,(E) is electron cross-section for the exci-
tation of corresponding electronic level ofidnd O,F (E, z)

is the omnidirectional differential humber flux of the su-
per thermal electrons at altitudg and Ey, is the excita-
tion threshold. Excitation cross-sections used in the optical
emission model are presented in FigThe differential flux
F(E, 7) is calculated with the Monte Carlo model of electron . :
transport into the upper atmosphere, described in the follow—the review bytikawa (2009. o

ing section. Finally, the column intensities of the emissions To calculate a new velocity direction of an eleciron, af-

can be calculated by integration of the volume emission rate§er an elastic coII|5|qn, we use f[he differential elastic cross-
over the altitude: sections expressed in parametric formAmyrter et al(1987).

Energy of a secondary electron resulting from the ioniz-
I = 10*6/ V(z)dz ing collision is calculated using the analytical representation
(Jackman et al.197%) of the double differential ionization
where [ is the intensity in RayleighsV (z) is the volume  cross-section measured in a laboratory experimer®pal
emission rate in (cm®s™1) and is the altitude in centime- et al.(1971). Continuous energy loss of the streaming elec-
tres. trons, due to the interaction with the cold electron gas, is

www.ann-geophys.net/30/885/2012/ Ann. Geophys., 30, 8885, 2012
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Table 2.lonospheric parameters and optical emission intensities measured during the EISCAT heating experiment on 2 March 2002.

max(e), max(e), h(max@e)), h(max@)), h(fHF), Iez00 Iss77 Isase  la27s

cm 3 K km km km R R R R
Pulse 118:12UT 6 x 108 3330 320 227 230 240 43 35 7
Pulse 2 18:54UT B x 10° 3550 360 260 270 420 47 53 7
0 07 15 23 3.1x10°Te(eV) 0 08 16 25 3.3x10°Te(eV)

0 15 31 47 52x105|\‘1|%(cm.3) a 12 24 36 49x1o‘3r~ﬁ(cm3)

400 2 400 2
18 18
360 16 360 16
117 | 11z
g 14 g 14 o
= 320 g 1 3 = 320 g A
3 2| & E 1112
@ 9= 1 s @ 9= ..
S 280 3 A ‘ 5 3280 H R
= = 08 = = 082
< 3 1 5 << 3.., H
240 s e b 240 ;e B8
0.4 04
200 02 200 0.2
5 0 5 0
1 2 3 4 5 12 3 4 5 1 2 3 4 5 1 2 3 4 5
(@) (b)

Energy (eV) Energy (eV) Energy (eV) Energy (eV)

Fig. 2. (a)Left: Altitude profile of the differential flux of the high energy tail of the ionospheric thermal electrons for ionospheric conditions
corresponding to the heating pulse at 18:12 UT on 10 March 2002. The colour lines, white and magenta, present the altitude profiles of the
ionospheric electron temperature and density, respectively. Right: Altitude energy variation of the ratio of the modelled differential electron
flux to the Maxwellian fluxj(b) same as panéh) for the heating pulse at 18:54 UT.

determined using the loss function derived ®wartz et al.  mately constant, but it increased almost by a factor of two
(1971). for 630.0 nm emission in the transition from the first group of
An electron trajectory (primary and secondary) is tracedpulses to the second group. This intensity increase occurred
until the electron exits the upper boundary of the atmosphereat the same time as the electron density suddenly dropped
or reaches energy of less than 1 eV. The model operates in thend, consequently, the reflection height of the HF pumping
altitude range of 150—700 km with an altitude step of 0.2 km.radio wave increased from 230km to 270km. For further
A differential electron flux is tabulated by counting each al- analysis, we selected one pulse from each group. The selec-
titude level crossing within each energy and pitch angle bin,tion criterion was the smallest variations of the ionospheric
and is normalized to the total particle flux according to a par-parameters and of the emission intensities during the pulse.
ticular form of the initial electron source. The specific form Table2 summarizes important values observed during the se-
of the source for the high energy tail of the thermal electronslected pulses: the maximum value of electron density and
and for the accelerated electrons will be given in the relatedemperature, the altitude of these maxima, the altitude of the
sections. HF radio wave reflection, and the intensities of 630.0, 557.7,
844.6 and 427.8 nm emissions. We must note that the values
of the optical emission intensities listed in Table 2 differ from
3 Results the values given in Fig. 5 in the paper Bustavsson et al.
(2009. These differences are due to an error in the algorithm
On 10 March 2002 the EISCAT Heating Facility was oper- ysed to plot Figs. 2, 3 and 5 fAustavsson et a‘ZOOS_ The
ated in a 4min on and 2min off cycle at 5.423 MHz trans- relative errors of the emission intensities due to uncertainty
mitting 290 MW effective radiated power in ordinary mode in the absolute calibration of ALIS camera and a scattering
to enhance airglow in the nighttime F-region ionosphere. Thepf the experimental data are 25 % for the 630.0, 557.7 and
enhanced optical emissions were observed during 15 conseg44.6 nm emissions and 35 % for the 427.8 nm emission. The
utive heating pulses (see Fig. 2@ustavsson et al2009.  altitude profiles of the electron density and temperature are
These pulses can be divided into two groups according tahown in Fig.2a and b for Pulse 1 and Pulse 2, respectively.
the intensity of 630.0 nm emission, five pulses at the begin-
ning of the experiment and eight pulses at the end. The en-
hanced emission intensity within each group was approxi-
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Fig. 3. (a) The differential flux (left) and ratio of the differential fluxes (right) at different altitudes for the heating pulse at 18:12 UT. The
dashed lines on the left plot show the corresponding Maxwellian fluxes. The dashed lines on the right plot show calculation results obtained
without electron transport effectd)) same as panéa) for the heating pulse at 18:54 UT.

18:12UT 18:54 UT sity, Sergienko et al(2000 showed that this model signifi-
i g e ‘ ] cantly overestimates the observed emission intensity. In or-
320f —Maxwellian 1 320 der to explain this discrepancy, the authors proposed that the
inelastic collisions with atmospheric gases modify the shape
300 300 of the electron distribution. This idea was proved in papers
280 £ 280" by Mishin et al.(2000 andGustavsson et &l2004). In those
fzeo %‘;260 stuc_hes_, it was sh(_)wn t_hat for F-region night-time conditions
3 3 excitation of the vibrational states ohbMauses a strong de-
< 240 < 240+ pletion in the electron distribution in the high & 2 eV) en-
ergy range that resulted a decrease of the production rate of
e s the OED) state. Both of the above mentioned models run in
200 200 the local-loss approximation and transport effects were ig-
nored.
8 20 40 e 18% 50 100 This section presents the results of the modelling study of
Volume emission rate (cm® ™) Volume emission rate (cm™* s™) (1) an effect of the electron transport on the collisional mod-

Fig. 4. The altitude profile of the 630.0 nm volume emission rate. ification of the high energy tail of the thermal electron dis-

The blue line corresponds to the electron flux calculated with thetribution, and (2) a contribution of the thermal electrons to
transport model. The red line shows the calculated result with afotal enhancement of the 630.0 nm intensity. In order to run

Maxwellian flux of the ionospheric electrons. our transport model, it is necessary to determine the source
of the electrons. In the steady state and neglecting the exter-
nal sources that we consider here, the only source of the high

. . energy tail of the thermal electrons is the “thermalization”

3.1 High energy tail of the thermal electrons of the electron gas. For linear approximation in the equilib-

o ~ rium state, the kinetic equation for the high energy thermal

The OED) state emitting at 630.0nm has an excitation electrons can be written as:

threshold of 1.96 eV and it can be effectively excited by the

high energy tail of the ionospheric thermal electrdviantas

and Carlsor(1996 developed a quantitative model relating
to the heating enhanced electron temperature to the 630.0 nm

intensity and showed that the thermal electron excitation ofwhere P (E) is the source function of the high energy elec-

the OED) state is enough to explain the emission intensity trons, L(E) is the loss function representing a continuous

observed during the ionosphere heating experiments. energy loss due to interaction of the streaming electrons with
In the modelMantas and Carlsofi996 assumed that the the cold electron gas as given Byvartz et al(1971):

thermal electrons have a pure Maxwellian distribution func-

tion. However, in an analysis of simultaneous observations 337x10°12/ (E—-Tsy \2°% 2y

of the electron density, temperature and the red line inten- (E) = E094N003 ((E _0~53Te)> L

a
Nez 7 (L(E) - F(E)) = P(E) ®)

www.ann-geophys.net/30/885/2012/ Ann. Geophys., 30, 8885, 2012



890 T. Sergienko et al.: Optical emissions enhanced by the HF pumping
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Fig. 5. (a) The electron differential flux and the volume emission rate for the heating pulse at 18:12 UT. Left: The altitude energy variation
of the electron flux for the mono-energetic accelerated electrons with an initial energy of 20 eV. Centre: The same, but for an initial energy
of 90 eV. Right: Profiles of volume emission rates of the 630.0 nm (red), 557.7 nm (green), 844.6 nm (magenta) and 427.8 nm (blue) optical
emissions. The solid lines correspond to an accelerated electron energy of 20 eV, the dashed lines correspond to an ener@p) sbateV;

as Fig. 7 for the heating pulse at 18:54 UT.

e | T T ey oy
10"} —50eV —— 230 km 102 —50 eV ——270km
70eV 70eV —— 300 km
—90eV —90eV
@ o @ 0
£ 10 \ € 10
: 3
x10° x10°
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Fig. 6. (@) The energy dependence of the electron differential flux for the heating pulse at 18:12 UT. Left: The differential fluxes for various
energies of the accelerated electrons at the electron acceleration altitude (230 km). Right: The electron differential fluxes at various altitudes
calculated for the acceleration energy of 90eV. The dashed lines show the differential flux formed solely by the accelerated electrons;

(b) same as panéh) for the heating pulse at 18:54 UT.

Here E is the electron energy in eW; is the electron den- electrons in the energy range of 1-6 eV in each altitude bin
sity in cm 3 and 7, is the ambient electron temperature in are used for a particular run to obtain reasonable statistics in
eV. F(E) in Eqg. ) is the electron flux with the Maxwellian the modelling electron spectrum.

distribution function: The modelling results for the conditions of Pulse 1 and
Pulse 2 are presented in Figs and3a and Figs2b and3b,
_ 2Ne 2e E 121 respectively. The left panels of Figa and b show the calcu-
F(E)_ﬁ(kTe)% \ me erxp(—k—Te>, eviem“s lated differential fluxes of the thermal electrons as a function

©) of electron energy and altitude. The colour lines, magenta

and white, present experimental electron density and tem-
Here k is Boltzmann’s constant and. is electron mass. perature used for the modelling. The right panels of these
Evaluation of Eqg. %) in each altitude bin gives the proba- figures present the energy-altitude distribution of the ratio of
bility function for determination of the pseudo-random ini- the electron differential flux obtained from our simulation to
tial energy of electrons. The initial altitude of the electron is the Maxwellian flux defined by the formul&)( Figure 3a
uniformly distributed within each altitude bin, and the pitch and b presents the calculated and Maxwellian fluxes and their
angle is assumed to be isotropically distributed. 5000 initialratio at five different altitudes.

Ann. Geophys., 30, 885895, 2012 www.ann-geophys.net/30/885/2012/
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18:12UT the experimental values by 48 R for Pulse 1 and by 54 R for
630.0 nm 844.6 nm 427.8 nm . . . .
400 60 15 Pulse 2. In the next section, we will see whether it is possi-
ble to explain this difference by the presence of accelerated
g 3 o | particles.
%200
g 20 5 3.2 Accelerated electrons
= 100
o o ) In contrast to the 630.0 nm emission, the excitation by ther-
20 40 60 80 0 49 S 80 20 40 60 80 mal electrons cannot explain the observation of enhance-
600 100 15 ments in emissions from states with an excitation thresholds.
55 80 The observation of the heating induced emission at 427.8 nm
< - 10 with the excitation threshold 18.75eV indicates that elec-
G 400 trons are accelerated to energies higher than 20 eV via res-
£ 500 40 5 onance interaction with the plasma waves stimulated by the
20 nonlinear interaction of the powerful HF radio wave with the
20— 2y Yo @ e @ Y 4 50 o ionospheric plasma. The Langmuir turbulence and the upper
Accelerated electron energy (V) hybrid plasma turbulence are debated in literature as the most

Fig. 7. The emission intensity dependence on energy of the accel? :sgsln(esggggﬂliagtge; I\f/l?;f;[irr]fete;elcgggaa(gﬁiizigozg Orr;echa—
erated electrons. The top row corresponds to the heating pulse zﬂ d ref herei ’ !
18:12 UT. The bottom row corresponds to 18:54 UT. The solid lines@Nd references therein).

show the calculated emission intensities. The dashed lines indicate !N the present study, in order to define a source of the ac-
the values of the emission intensities observed in the experimentcelerated electrons for Monte Carlo simulation, we adopt two

1&%%5 12;80 simplified models. The first model assumes the existence of
the field aligned electrostatic structure within a narrow alti-
tude region at an altitude just below the reflection height of

As expected the differential electron flux at enedgy- "€ PUMping HF radio waves (fipump) in Table2. For such
2eV decreases significantly due to excitation of the vibra-@ model, the initial electron energy ass!gned for a partlcylar
tional levels of N. Our new result is clearly seen in the right run of the electron transport code is defined by the following

panels of Fig2a and b, a dramatic enhancement of the elec-SOUrce distribution function:
tron flux at energies higher than 3.5 eV, at altitudes of a few 3 1

tens of kilometres above and below the height of the max-! (E0) = A/S(E — Eo)dE,cm"s @
imum temperature. Since such a flux increase was not ob- E

served in the studies bMishin et al. (2000 andGustavs- 06 1 s the initial energy of accelerated electrons which
son et al(2004, we attribute ',t as an eﬁect of the elg_ctron is equal to the value of the electrostatic potential in the cen-
transport. In order to prove this suggestion, we modified thetre of the acceleration regiod(E — Eo) is the Dirac delta
transport model to run it under a local loss approximation. q,qfion anda is a constant that will be defined later. In the
The ratios of the fluxes calculated with the modified code t0g st model, all electrons are accelerated to the same energy
the Maxwellian flux are showed as the dashed lines on the;n both directions, up and down.

right plot in Fig.3a and verify the electron transport effect. For the second model it is suggested that within the same

Another result of the particle transport is manifested as aititude range there is electrostatic turbulence which results

altitude shift of the largest electron flux relative to the maxi- in the accelerated electron flux with a power-law dependence

mum of the electron temperature. This difference is more No4p, energy. For this acceleration source the energy distribu-

ticeable for Pulse 2 because the higher the altitude, the IongetllrOn function of the accelerated electrons is given by:
the electron free path. '

The 630.0 nm volume emission rates calculated with the Eg
modelled and with Maxwellian fluxes are plotted in Fg.  p(g) = A/EVdE, cm3s1 (8)
The emissions from the modified fluxes are significantly

o . 1
weaker than emission from the Maxwellian flux. Moreover,

the altitude of the peak of the first one is shifted up dueln this model the initial energykg, of the accelerated elec-

to the effect of the electron transport. The intensities of thetrons varies in the energy range of 1-100 eV and the pitch an-
630.0 nm emission from Maxwellian flux are equal to 317 R gle distribution of the electrons is suggested to be isotropic.
for Pulse 1 and to 483 R for Pulse 2. These values are conNeither model is attributed to any real acceleration mecha-
siderably larger than those observed experimentally. On thaisms, but they allow us to investigate the dependence of the
other hand, the emission intensities calculated from the modeptical emission enhancement on the accelerated electron en-
elled electron flux are 192 R and 366 R, that are smaller tharergy and of the shape of their spectra.

www.ann-geophys.net/30/885/2012/ Ann. Geophys., 30, 8885, 2012
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Fig. 8. (a) The electron differential flux and the volume emission rate for the heating pulse at 18:12 UT. Left: Altitude energy variation of
the electron flux for the power-law acceleration electron source with the expe2eritentre: Same as the left panel with the exponent 2.
Right: Volume emission rate profiles of the 630.0 nm (red), 557.7 nm (green), 844.6 nm (magenta) and 427.8 nm (blue) optical emissions.
The solid lines correspond to the electron acceleration source with the expetight dashed lines corresponds to the expongii) Zame

as pane(a) for the heating pulse at 18:54 UT.
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Fig. 9. (a) Energy dependence of the electron differential flux for the heating pulse at 18:12 UT. Left: The differential electron fluxes for
the power-law acceleration source with the different exponents at the electron acceleration altitude (230 km). Right: The electron differential
fluxes at various altitudes calculated for the acceleration source with the exponents 2. The dashed lines show the differential flux formed
solely by the accelerated electrofis) same as panéh) for the heating pulse at 18:54 UT.

For both models, 1initial electrons are used for a run of profiles of the enhanced optical emissions calculated with the
the Monte Carlo code in order to obtain reasonable statisticsdifferential fluxes presented on the left and central panels of
CoefficientsA in Egs. ) and @) are determined so that the the figures. On the plots with the emission altitude profiles,
intensity of the 557.7 nm emission, calculated with the mod-it is clearly seen that they have different dependencies on
elling electron flux, is equal to the intensity observed in thethe energy of acceleration electrons. The profile of 630.0 nm
experiment. emission barely changes when the electron energy increases

The electron differential fluxes and the volume emissionfrom 20 eV to 90 eV. The profiles of other emissions become
rates calculated for the first model of the accelerated elecwider with an increase of the electron energy. Further, for
trons are presented in Fi§a and b for Pulse 1 and Pulse 2, both the 557.7 nm and 844.6 nm emissions the magnitudes
respectively. Left and central panels of these figures preserdf their maxima decrease with the energy growth while the
the electron differential flux (the sum of accelerated and ther-magnitude of the 427.8 nm emission peak decreases.
mal electrons) as a function of energy and altitude. The left Figure6a and b presents the modelled electron fluxes ver-
panel corresponds to an energy of accelerated electrons @fus electron energy. The left panels in these figures show
20eV and the central panel corresponds to an energy ofhe differential fluxes at the altitude of electron acceleration
90eV. The right panels of Figha and b show the altitude (230 km for Pulse 1 and 270 km for Pulse 2). The right panel
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630.0 ;2;12 rl]J; 278 ferential electron fluxes and thg emission altitude profiles for
400 : 60 : 15 : Pulse 1 and Pulse 2, respectively. The left panels of these
figures show the calculation results for the power-law elec-
tron acceleration source with the exponent: —2, and the
central panels correspondjto= 2. Dependencies of the dif-
ferential electron fluxes on the electron energy for Pulse 1
and Pulse 2 are presented in Fdg.and b. The left plots of
these figures give the differential fluxes for the different ex-
ponents at an altitude of 230 km for Pulse 1 and at 270 km for
Pulse 2. The right plots show the electron fluxes calculated
for the electron acceleration source with exponent 2 at
three different altitudes.

Both the shape of the electron flux and the profile of the
optical emissions are influenced by the changing shape of
the acceleration electron source. However, this dependence

2 0 2 2 0 2 2 0 2 becomes insignificant when the exponent is larger than zero.
EXpOnsit Moreover, the differential electron flux for power-law accel-
Fig. 10.. Emission intensity dependence on the exponent of the€ration source with the exponent larger than zero is almost
power-law energy spectrum of the electron acceleration source. Théhe same as the flux of the mono-energetic electron source
top row corresponds to the heating pulse at 18:12 UT. The bottonWith initial energy more than 60 eV. This fact is well man-
row corresponds to the heating pulse at 18:54 UT. The solid linesfested in Fig.10 where the optical emission intensities are
show the calculated emission intensities. The dashed lines indicatplotted versus the exponent. Similar to results for the mono-
the valueesxof the emission intensities observed in the experimentenergetic source of the accelerated electrons, the emission
1&%%5 16380‘ intensity reaches a constant level with increasing exponent.
The values of these constant levels are very close to the ob-
served emission intensity. From this fact, we can conclude
presents the electron differential fluxes at three different alti-that for the conditions of our heating experiment, the expo-
tudes for an accelerated electron energy of 90 eV. The generalent, y, characterising the energy distribution of the accel-
shape of the electron differential flux is similar to the shapeerated electrons, should be higher than 0.5. The slight dif-
calculated byGustavsson and Eliass¢2008. The differen-  ferences between the values of the constant levels for the
tial flux up to an energy of about 4.5eV is formed by the 630.0 nm emission for the two sources of the accelerated
thermal electrons. The accelerated electrons are responsibiectrons are explained by uncertainties in the experimental
for the remaining part of the spectra while their input to the electron density and temperature used for the thermal elec-
lower energy electron flux, indicated by dashed lines in thetron modelling.
right plots of Fig.6 is insignificant. But it is striking that
the shape of the differential flux at energies less thgyi2
does not depend on the initial enerfy of the accelerate

gl(_actrons. It implies that in th_e first instance the elect_ron COI'In this study, we applied the Monte Carlo method for the sim-
lisions and transport determine the flux shape, that is to sa

the elect d £ ber” their oriai Yilation of the transport of lower energy electrons into the up-
?I'Eeegéci)gs?ior?iz?enrs?trygempeer: denilcre%rrllgtlr?é initial energy O'per Earth’s atmosphere. The modelling results were used for
. . - analysis of the optical emissions enhanced during ionosphere
the accelerated electrons is shown in FigThe 557.7 nm in- y P g P

e . . modification by a powerful HF radio wave. For the condi-
tensity is not plotted because it is constant and is equal to thﬁons of the EISCAT heating experiment on 10 March 2002

qbserved intensi_ty of 43R, in accordance with a normaliza—We obtained the following results:
tion of the intensity of the source of the accelerated electrons.
Only 427.8 emission with an excitation threshold of 18.75eV 1. 630.0nm emission with an excitation threshold of
varies noticeably with the initial energy. However, for ener- 1.96 eV is formed predominantly-(70 % of 630.0 in-
gies more than 60 eV the intensity of this emission, similarto  tensity) by thermal electrons, and the accelerated elec-
the others, approaches a constant value. A good agreement, trons play a minor role in the excitation of this emission;
for all emissions, of the levels of the constant intensity with
the observed intensities allows us to conclude that the elec-
trons should be accelerated to energies more than 60 eV.
The calculation results for the second model of the elec-
tron acceleration source are presented in F&g4.0. Fig- 3. For the acceleration electron source with the power-law
ure8a and b presents the energy-altitude distribution of dif- energy dependenc&(E) = AE?), the intensities of
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d 4 Conclusions

2. In order to explain the experimentally observed intensi-
ties for the emissions with a higher excitation threshold,
the electrons must gain an energy of more than 60 eV,
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