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Effect of the mirror force on the collision rate due to energetic electron precipitation: Monte Carlo simulations

Yuto Katoh1  , Paul Simon Rosendahl2, 3  , Yasunobu Ogawa4  , Yasutaka Hiraki5 and Hiroyasu Tadokoro6
(1)Graduate School of Science, Tohoku University, Sendai, Japan

(2)Faculty of Physics and Astronomy, Heidelberg University, Heidelberg, Germany

(3)Faculty of Science, Tohoku University, Sendai, Japan

(4)National Institute of Polar Research, Tachikawa, Japan

(5)Advanced Knowledge Laboratory, Inc., Shinjuku, Japan

(6)Chiba Keizai University, Chiba, Japan

 

 
Yuto Katoh (Corresponding author)
Email: yuto.katoh@tohoku.ac.jp

 
Paul Simon Rosendahl
Email: P.Rosendahl@stud.uni-heidelberg.de

 
Yasunobu Ogawa
Email: yogawa@nipr.ac.jp



Received: 16 June 2022Accepted: 10 July 2023Published online: 2 August 2023
Abstract
We study the effect of the mirror force on the collision rate due to the energetic electron precipitation into the ionosphere. We solve the motion of individual precipitating electrons with the mirror force, where collisions with neutral gas are computed by the Monte Carlo method. By comparing the results with those without the mirror force, we examine the effect of the mirror force on the altitude profile of the ionization rate. First, we carry out simulations of mono-energetic precipitation of 3 keV electrons whose initial pitch angle is 70 degrees at 400 km at L = 6.45. We find that the collision rate peaks at around 120 km altitude and that the duration of the collision is scattered in time with a delay of about 5 ms compared with the result without mirror force. Next, we perform mono-energetic precipitation of the different energy and pitch angle ranges. Simulation results demonstrate that larger kinetic energy lowers the altitude profiles of the collision rate, consistent with previous studies. We also find that the upward motion of electrons bounced back from their mirror points results in the upward broadening of the altitude profile of the collision rate. Simulation results for electrons with kinetic energies above 100 keV show that a secondary peak of the collision rate is formed near the mirror point. The formation of the secondary peak can be explained by the stagnation of electrons around the mirror point at 130 km altitude, because the relatively long duration of staying in neutral gas increases the number of collisions. Simulation results show that under the precipitation of electrons in the kinetic energy range larger than tens of keV with the pitch angle close to the loss cone, the maximum collision rate in the altitude range lower than 100 km becomes one order of the magnitude smaller. The results of the present study suggest the importance of the mirror force for the precise modeling of ionospheric response due to the energetic electron precipitation caused by the pitch angle scattering through wave–particle interactions.
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Introduction
Energetic electrons precipitating into the ionosphere collide with neutral gas and contribute to various ionospheric phenomena, such as auroral emissions, electron density enhancement, and cosmic noise absorption (e.g., Tao et al. 2020; Oigawa et al. 2021; Tsuda et al. 2021). While the temporal and spatial scales of electron precipitation are controlled by processes occurring in the magnetosphere, the roles of wave–particle interactions have been studied for decades to determine where, when, and how electron precipitation occurs. In this current of the study, it has been widely recognized that whistler-mode waves play important roles in scattering energetic electrons into the loss cone in the magnetosphere as well as the acceleration of radiation belt electrons (e.g., Baker 2021; Martinez-Calderon et al. 2021). Recent progress of the theoretical and simulation studies clarified that nonlinear wave–particle interactions between whistler-mode chorus emissions and energetic electrons are essential in the wave generation process as well as the acceleration/scattering of energetic electrons (Omura et al. 2008, 2009; Katoh et al. 2018; Kitahara and Katoh 2019; Omura 2021; Nunn 2021; Foster et al. 2021; Liu et al. 2021). Recent studies suggest that the periodicities of pulsating aurora can be explained by the characteristic time scale of chorus emissions [see Nishimura et al. (2020) and references therein]. The pitch angle scattering of electrons by chorus emissions occurs in the wide energy range from a few keV to higher than hundreds of keV. Electromagnetic ion cyclotron emissions also contribute to the precipitation of relativistic electrons (e.g., Hirai et al. 2018; Grach et al. 2021). Electrons with larger kinetic energy penetrate into lower altitudes (Rees 1963; Miyoshi et al. 2015. Turunen et al. (2009) studied the energetic/relativistic particle precipitation and its effects on the middle/lower atmosphere. A precise understanding of the energetic electron precipitation is crucial to advancing space weather research and operational forecasts (Kusano et al. 2021). The precipitating electrons (> 50 eV) also drive the ion outflow from the ionosphere (Kitamura et al. 2021). While these previous studies revealed the importance of energetic particle precipitation in the ionosphere–magnetosphere coupling system, some of the fundamental processes have not been fully understood and have been treated through a simplifying assumption. One of the processes is the role of the mirror force acting on the precipitating particles. For the quantitative study of the relationship between energetic electron precipitation and ionospheric response, numerical experiments enable us to simulate realistic properties of precipitation and the resultant response occurring in the polar ionosphere.
The collision process between precipitating electrons and neutral gas has been modeled by previous studies (e.g., Lummerzheim et al. 1989). The effect of the mirror force, however, has not been fully included because of the small change in the magnetic field strength in the altitude range of precipitation (Rees 1963). On the other hand, the effect of the mirror force should be significant for electrons having a larger pitch angle close to the loss cone, which should often appear for the electron precipitation caused by the pitch angle scattering through wave–particle interaction in the magnetosphere. Marshall and Bortnik (2018) pointed out the significant effects of the mirror force on the “backscatter” of radiation belt electrons inside the bounce loss cone. The quantitative evaluation of the mirror force on the precipitating electrons is required.
In the present study, we develop a simulation code for the altitude profile of the number of collisions due to the energetic/relativistic electron precipitation. In particular, we focus on the roles of the mirror force acting on precipitating electrons to the altitude profiles of the collision rate. We discuss the energy dependence and the effect of the mirror force on the altitude profile of the collision rate quantitatively.

Model
We compute the motion of energetic particles precipitating along a field line considering the mirror force acting on the particles. We use a cylindrical coordinate system [image: $$\left(r,\upphi ,z\right)$$] aligned with the reference magnetic field, where [image: $$z$$] is defined along the magnetic field line, [image: $$r$$] is the distance from the axis [image: $$z$$], and [image: $$\phi$$] is the azimuthal angle from a chosen reference direction defined on the plane perpendicular to the magnetic field. Although the background magnetic field in the polar ionosphere is expressed by the dipole field, we simplify it by a nonuniform cylindrical magnetic field [image: $$\left({B}_{r},{B}_{\upphi },{B}_{z}\right)$$], while we assume that [image: $${B}_{\upphi }=0$$] and [image: $${B}_{r}$$] is given by[image: $${B}_{r}=-\frac{r}{2}\frac{\partial {B}_{z}}{\partial z}$$]

 (1)



to satisfy [image: $$\nabla \cdot {\varvec{B}}=0$$] (Katoh and Omura 2006). We consider the spatial gradient of the magnetic field intensity along the [image: $$z$$] axis following the dipole magnetic field with the dipole moment [image: $$8.05\times {10}^{22}$$] A m2. The equation of the motion of a charged particle in the background magnetic field [image: $${\varvec{B}}$$] including the relativistic effect is given by[image: $$\frac{\mathrm{d}\left({m}_{0}\gamma {\varvec{v}}\right)}{\mathrm{dt}}=\frac{d{\varvec{p}}}{dt}=q{\varvec{v}}\times {\varvec{B}},$$]

 (2)


where [image: $${\varvec{p}}$$], [image: $$q$$] and [image: $${m}_{0}$$] represent the momentum, charge, and the rest mass of a particle, respectively, and [image: $$\gamma$$] is the Lorentz factor. Here, we ignore the electric field in (2) and discuss the effect of the electric field in the Results and Discussions section. Noting that electrons gyrating around the reference magnetic field at the distance of the Larmor radius [image: $${r}_{L}$$] see [image: $${B}_{r}$$] given by (1), we obtain the parallel component of (2) as[image: $$\frac{d{p}_{\parallel }}{dt}=q{v}_{\perp }{B}_{r}=-\left|q\right|{v}_{\perp }\frac{{r}_{L}}{2}\frac{\partial {B}_{z}}{\partial z},$$]

 (3)


where [image: $${v}_{\perp }$$] is the velocity component perpendicular to the background magnetic field. We also employ the energy conservation law:[image: $${p}_{0}^{2}={p}_{\parallel }^{2}+{p}_{\perp }^{2}$$]

 (4)


where [image: $${p}_{0}$$] is the absolute value of the momentum of a charged particle. The set of Eqs. (3) and (4) enables us to compute the variation of the pitch angle due to the mirror force during the precipitation of a charged particle.
We also employ a module computing the altitude distribution of collisions between neutral gas and precipitating energetic electrons in the polar ionosphere. We use a Monte Carlo method to derive the collision rate by the precipitating electrons, as has been used in previous studies (e.g., Solomon 2001; Hiraki and Tao 2008). Only elastic collision and ionization cross section are considered, because these two processes are dominant in the energy range higher than 100 eV (cf. Hiraki and Tao 2008; Tawara et al. 1990). The probability of a collision between energetic electrons and neutral gas during the time interval [image: $$\Delta t$$] is given by Cashwell and Everett (1959)[image: $${P_i}=1-\mathrm{ exp}\left\{-N\left({z}_{i}\right){\sigma }_{tot}\left({\varepsilon }_{i}\right){v}_{i}\Delta t\right\},$$]

 (5)


where Pi is the probability of a collision between the i-th electron and neutral gas, [image: $$N\left({z}_{i}\right)$$] is the total atmospheric gas density at an altitude [image: $${z}_{i}$$] of i-th electron, [image: $${\sigma }_{tot}\left({\varepsilon }_{i}\right)$$] is the sum of the collision cross sections for the kinetic energy [image: $${\varepsilon }_{i}$$], and [image: $${v}_{i}$$] is the velocity of i-th electron. The MSIS-E-90 model (Hedin 1991) is used for the altitude distribution of neutrals (O, N2, O2, and He) at L = 6.45 (Fig. 1a), corresponding to Tromsø, Norway. We assumed the local time 00:00 of 1 January 2018 with the input parameters of the solar and geomagnetic activities taken from the real database; F10.7 was 66.8 SFU and Ap index was 12 on the assumed date. We refer to ionization cross sections by the Binary Encounter Bethe model (Kim and Rudd 1994) with parameters provided by NIST (https://​www.​nist.​gov/​pml). Elastic scattering cross section and its pitch angle dependence are given by Lummerzheim (1987) and Lummerzheim et al. (1989), respectively. According to Hiraki and Tao (2008), since the Monte Carlo method used in the present study allows only one collision per electron in [image: $$\Delta t$$], we change [image: $$\Delta t$$] if necessary to meet [image: $${\mathrm{P}}_{i}&lt;0.1$$] with the probability of a multiple collision being less than 1% in every time step. The [image: $$\Delta t$$] ranges from 0.5 to 1000 [image: $${\Omega }_{e0}^{-1}$$], where [image: $${\Omega }_{e0}$$] is the gyrofrequency at 400 km, due to the significant difference in the altitude profile of the neutral gas density. The production of secondary electrons is not considered, because we focus on the effect of the mirror force on the collision rate but should be taken into account if we extend our model to the computation of ionization rate profiles.[image: ]
Fig. 1a Altitude profiles of neutral atoms and molecules (O, N2, O2, and He) obtained by the MSISE-90 model at L = 6.45. b Time history of the altitude profile of collision rate per electron obtained by the simulation without mirror force acting on electrons. c Simulation results with mirror force acting on electrons. 3 keV electrons whose initial pitch angle of 70 degrees at 400 km are assumed in both b and c


By combining the developed modules, we study the time scale and intensity of the collision rate due to the energetic electron precipitation. The flow of the simulation is described as follows:	Step 1.
The i-th electron is placed at 400 km with the momentum vector [image: $$\left({p}_{\parallel },{p}_{\perp }\right)$$], corresponding to the assumed initial kinetic energy and pitch angle.

 

	Step 2.
The position [image: $${\mathrm{z}}_{i}$$] of the i-th electron is updated by computing [image: $${\mathrm{z}}_{i}+ {v}_{\parallel }\Delta t$$], where [image: $${v}_{\parallel }$$] is the parallel component of the velocity vector.

 

	Step 3.
Evaluation of the probability of the collision by (5) using the kinetic energy of the i-th electron. We generate a random number between 0 and 1 and determine that a collision occurred for the i-th electron when the obtained number is less than [image: $${P}_{i}$$]. If a collision occurred, we then evaluate the probabilities of elastic collision and ionization; we generate another random number to determine that ionization or elastic collision occurred or not, by referring to the collision cross sections of the assumed neutral species. If ionization occurred, we evaluate the collision pair and subtract the corresponding ionization energy from the i-th electron. If the elastic collision occurred, we compute the scattering angle due to the collision using the screened (Rutherford formula Lummerzheim et al. 1989) and then change the pitch angle of the i-th electron.

 

	Step 4.
We update the momentum vector [image: $$\left({p}_{\parallel },{p}_{\perp }\right)$$] by referring to the background magnetic field vector at the updated position [image: $${\mathrm{z}}_{i}$$]. This step will be skipped if we do not consider the mirror force acting on the i-th electron.

 

	Step 5.
We continue Step 2–4 until the kinetic energy of the i-th electron becomes less than the ionization energy. We also terminate the computation if the i-th electron reached the ground or 400 km altitude during its bounce motion. After finishing the computation of the ith electron, we return to Step 1 for the next (i + 1)-th electron. We compute 10,000 electrons in total.

 




We carry out the simulation for a wide energy and pitch angle ranges, focusing on the effect of the mirror force on the motion of precipitating electrons into the polar ionosphere.


Results and discussion
First, we carry out simulations of mono-energetic precipitation of 3 keV electrons whose initial pitch angle is 70 degrees at 400 km at L = 6.45. In the dipole field, the mirror point is located at 130 km altitude for a particle whose pitch angle is 70 degrees at 400 km. Figure 1b, c shows the time evolution of the altitude profile of the collision rate per electron obtained by the simulations without (Fig. 1b) and with (Fig. 1c) mirror force acting on electrons, where the collision rate per electron is defined as the number of collisions expected to occur in a unit volume per incident unit electron flux cf. Rees 1963; We counted the number of collisions that occurred by incident electrons at each altitude grid and divided it by the grid width and the number of computed electrons to obtain the number of collisions per unit length of altitude by one incident electron. By this definition, we can obtain the number of collisions in a unit volume per unit time [m−3 s−1] by multiplying the computed collision rate [m−1] with an incident electron flux [m−2 s−1]. The black solid line in Fig. 1b, c indicates the trajectory of an electron of the assumed initial kinetic energy and pitch angle without collision. Because of the scattering due to elastic collisions, trajectories of precipitating electrons deviate from the black solid line. The increase in the number density of the neutral gases results in the peak of the collision rate at around 120 km altitude. The effect of the mirror force changes the time evolution of the collision rate, as shown in Fig. 1c; at an altitude of 120 km, the duration of the collision is scattered in time and the peak of the collision rate is delayed about 5 ms compared with the result without mirror force (Fig. 1b).
Next, we carry out simulations of mono-energetic precipitation of the different energy and pitch angle ranges with the mirror force. Figure 2 shows the time histories of the altitude profiles of the collision rate per electron obtained by a series of simulations. The initial kinetic energy of (a, d, g) 1 keV, (b, e, h) 3 keV, and (c, f, i) 10 keV and the initial pitch angle of (a–c) 0 degree, (d–f) 30 degree, and (g–i) 60 degree are assumed at 400 km. Figure 2 clearly demonstrates that larger kinetic energy lowers the altitude profiles of the collision rate. Figure 2 also indicates that a larger pitch angle delays the evolution of the collision rate. The delay can be explained by a smaller initial [image: $${v}_{\parallel }$$] for the larger initial pitch angle and by the increase of the pitch angle during the precipitation due to the mirror force. We note in the time interval after the peak of the collision rate, the V-shaped upward spread of the collision rate appears in all panels, especially in the smaller initial pitch angle (Fig. 2a–f). The upward spread is caused by the “backscattered” electrons moving upward (Marshall and Bortnik 2018); these electrons underwent collisions during the precipitation but survived and bounced back from the mirror point.[image: ]
Fig. 2Time histories of the altitude profiles of the collision rate per electron obtained by a series of simulations with mirror force. The initial kinetic energy of (a, d, g) 1 keV, (b, e, h) 3 keV, and (c, f, i) 10 keV and the initial pitch angle of (a–c) 0 degree, (d–f) 30 degree, and (g–i) 60 degree are assumed at 400 km


By integrating the evolution of the collision rate in time, we obtain the altitude profiles of the collision rate per electron. Figure 3 shows the altitude profiles of the collision rate per electron for the cases of mono-energetic precipitation of 1, 4, 10, and 40 keV electrons, whose initial pitch angle is (a) 0 and (b) 70 degrees, at an altitude of 400 km. We note that the stopping height reproduced in Fig. 3a, b is lower than those reported in Rees (1963), because the number density of neutrals was lower than those used in Rees (1963). Since previous studies also reported penetration of tens of keV electrons below 90 km altitude (Solomon 2001; Turunen et al. 2009), we consider that the ionization profiles obtained by our simulation code are consistent with previously reported results. Solid and dotted lines show the simulation results with and without mirror force, respectively. In Fig. 3a, the solid and dotted lines are almost overlapped, indicating that the effect of the mirror force is negligible for the 0 degrees initial pitch agnel. The deviation of the solid line from the dotted line is evident in Fig. 3b. While the altitude of the peak of the collision rate is almost unchanged for all energy ranges, the maximum collision rate becomes about one-half of those without mirror force. In addition, the upward spread of the altitude profiles is identified in the results of 40 keV electrons; the collision rate per electron obtained with mirror force becomes larger than those obtained without mirror force at an altitude higher than the mirror point. As we found in Fig. 2, backscattered electrons due to the mirror force are responsible for the upward shift of the collision rate.[image: ]
Fig. 3a, b Altitude profiles of the collision rate per electron for the cases of mono-energetic precipitation of 1, 4, 10, and 40 keV electrons, whose initial pitch angle is (a) 0 and (b) 70 degrees, at an altitude of 400 km. Solid and dotted lines show the simulation results with and without mirror force, respectively. c, d Total number of collisions occurred through the mono-energetic precipitation of (c) 1 keV and (d) 40 keV electrons as a function of the initial pitch angle at 400 km. The simulation results with and without mirror force are shown in blue and red solid lines, respectively


Figure 3c, d show the total number of collisions that occurred through the mono-energetic precipitation of 1 keV (Fig. 3c) and 40 keV (Fig. 3d) electrons as a function of the initial pitch angle at 400 km; the total number of collisions is normalized by that of the initial pitch angle of 0 degrees and is shown in percentage. The simulation results with and without mirror force are shown in blue and red solid lines, respectively. The difference between the blue and red lines is not evident in the smaller pitch angle ranges, as shown in Fig. 3a, but becomes gradually significant in the pitch angle range larger than 45 degrees. Noting that the mirror point is located at 100 km for electrons having 69 degrees pitch angle at 400 km, 40 keV electrons having a pitch angle larger than 75 degrees do not collide with neutral gases due to both mirror force and small collision cross sections. For 1 keV electrons, the significance of the mirror force is the same as 40 keV electrons but the relatively large cross section results in a certain number of collisions occurring in the pitch angle range larger than 75 degrees. Figure 3c, d suggest that the energy-dependent collision cross section is responsible for the relatively weak effect of the mirror force in the lower energy range in Fig. 3b; the larger collision cross section of the lower energy range weakens the effect of the mirror force, because most of the electrons are lost before reaching their mirror point.
Finally, we extend the kinetic energy range from 1 to 1000 keV. Figure 4 shows the altitude profiles of the collision rate per electron obtained by the simulation results, assuming the initial pitch angle of 0 degrees (Fig. 4a) and 70 degrees (Fig. 4b) at 400 km. The larger kinetic energy lowers the peak altitude of the collision rate per electron, as expected from the energy-dependent collision cross section (Rees 1963; Turunen et al. 2009). For the case of the initial pitch angle of 0 degrees at 400 km, we confirmed that the altitude profiles of the collision rate per electron were almost unchanged with and without mirror force. On the other hand, the effect of the mirror force is significant in the case of 70 degrees pitch angle, as shown in Fig. 3. We find the decrease in the maximum collision rate and upward spread of the altitude profiles in all energy range assumed, while the difference between Fig. 4a, b becomes significant in the higher energy range. In the energy range larger than 100 keV, we find the formation of the second peak around the mirror point. The amount of the second peak is 2 orders of magnitude smaller than that of the first peak at the lower altitude. Stagnation around the mirror point makes the relatively long duration staying of energetic electrons in neutral gas, and it results in an increase of the collision rate around the mirror point, against the relatively smaller collision cross section in the higher energy range.[image: ]
Fig. 4Altitude profiles of the collision rate per electron for the cases of mono-energetic precipitation of 1, 4, 10, 40, 100, 400, and 1000 keV electrons, whose initial pitch angle is (a) 0 degrees and (b) 70 degrees at an altitude of 400 km, obtained by the simulations with mirror force


Figure 4 reveals that the effect of the mirror force acting on precipitating electrons should be important to the ionization rate in the lower ionosphere caused by electrons in the higher energy range. Conventional models computed the altitude profiles of electron density in the ionosphere using the ionization rate derived without considering the mirror force (e.g., Solomon 2001). However, the pitch angle dependence revealed by the present study (Fig. 4) suggests the importance of the mirror force; the collision rate in the altitude range lower than 100 km becomes one order of magnitude smaller if electrons in the kinetic energy range larger than tens of keV precipitate with the pitch angle close to the loss cone. Electrons near the loss cone should be commonly observed in the cases of energetic electron precipitation due to the pitch angle scattering by plasma waves. The development of a model for the ionization rate considering the mirror force is important for the precise modeling of ionospheric response due to the energetic electron precipitation.
Figure 5 illustrates the role of the mirror force on the motion of precipitating electrons and the scattering by collisions. Figure 5a, b show the cases without and with mirror force, respectively. The horizontal magnitude of each arrow in the figure actually indicates the component of the gyro-motion of electrons. In Fig. 5a, the scattered electrons change their velocity vectors due to the scattering, but the motion after the scattering is straight until the next collision. In Fig. 5b, on the other hand, the velocity vectors of precipitating electrons are forced to be upward due to the presence of the mirror force, resulting in the upward broadening of the collision rate and the formation of the second peak due to the enhanced backscattered electrons.[image: ]
Fig. 5Illustration showing the relation between precipitating electrons, mirror force, and collisions with neutrals. The cases (a) without and (b) with mirror force are shown


In the present study, we ignored the effect of the electric field on the motion of electrons, as given by (2). We ignored the perpendicular electric field corresponding to the convection electric field, because the time scale of the simulation is tens of msec, and therefore, the effect of the convection motion can be negligible in the present results. In addition, since we focus on the electron precipitation due to the pitch angle scattering by magnetospheric plasma waves typically observed in the sub-auroral latitude, we ignored the field-aligned electric field. In the auroral zone related to discrete aurora, on the other hand, we expect significant field-aligned acceleration resulting in the enhancement of the electron flux in the small pitch angle range. Our results showed that the effect of the mirror force is relatively weaker in the smaller pitch angle range (Fig. 3), and therefore, the conventional approach simplifying the pitch angle dependence would be reasonable in the auroral zone.
We used the spatially one-dimensional profiles of the neutral composition based on the MSIS-E-90 atmosphere model, so the horizontally uniform atmosphere was used. Since the time scale of the precipitation is tens of msec, the horizontal motion of energetic electrons can be negligible. Although the altitude profiles of the neutral composition should significantly affect the altitude profiles of the ionization rate, the effect of the mirror force investigated in the present study should work likewise.

Summary
The effect of the mirror force has not been fully included in the previous studies of collision between precipitating electrons and neutral gas because of the small change in the magnetic field strength at the ionospheric altitude and the significant pitch angle scattering through collisions. However, in the present study, we showed that it is not necessarily the case for electrons having a large pitch angle close to the loss cone.
We developed a simulation code for the motion of energetic electrons with the mirror force acting on the precipitating electrons, which enables us to solve the variation of the pitch angle of the electrons during their precipitation. We also employ a module computing the altitude distribution of the collision rate by precipitating energetic electrons in the polar ionosphere. We use the Monte Carlo method to derive the collision rate by the precipitating electrons, as has been used in previous studies (e.g., Hiraki and Tao 2008). By combining the developed modules, we studied the time scale and intensity of the collision rate due to the energetic electron precipitation.
The simulation results showed that the influence of the mirror force on the altitude profile of collision rate is significant for electrons with a high initial pitch angle, corresponding to the pitch angle close to the loss cone. The effect of the mirror force results in the broadening of the altitude profile of the collision rate upward due to the reflection of mirroring electrons. The simulation results with energetic electrons whose kinetic energy is larger than 100 keV showed the formation of the secondary peak around the mirror point in the altitude profile of the collision rate. The formation of the secondary peak can be explained by the stagnation of electrons around the mirror point. The relatively long duration staying in neutral gas results in the increase of the collision rate around the mirror point, against the smaller collision cross section in the higher energy range.
We revealed that the pitch angle dependence of the collision rate due to the mirror force alters the maximum collision rate in the altitude range lower than 100 km one order of magnitude smaller if electrons in the kinetic energy range larger than tens of keV precipitate with the pitch angle close to the loss cone. The results of the present study emphasize the importance of the mirror force for the precise modeling of ionospheric response due to the energetic electron precipitation. The development of a model for the ionization rate considering the mirror force is an important future study.
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