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ABSTRACT. In the ionosphere , the EUV solar flux ionizes the neutral gas, producing a primary distribution of 
electrons. These primary electrons may have sufficient energy to produce new secondary electrons, by inelastic 
collisions with neutrals. We define the efficiency of this production by the ratio between the secondary and the 
primary production. Computation of this efficiency for different solar conditions shows that it is approximately 
constant above 200 km, varying from 12 % with a quiet sun to 22 % with a disturbed sun at 500 km. It increases 
drastically in the E-region reaching a peak value of 2 to 3, (between 120 and 150 km, depending on the intensity of 
the solar flux , and the solar zenith angle). Influences of solar zenith angle, altitude and latitude on the ionization 
efficiency are studied . A simple model is described that allows easy computation of the secondary production. 

Annales Geophysicae, 1989, 7, (1), 83-90. 

INTRODUCTION 

Using the detailed spectral information on the extreme 
ultraviolet solar flux at wavelengths capable of ioniz
ing the major thermospheric constituents 
« 102.7 nm) that is available, (Hinteregger et al., 
1973; Torr and Torr, 1979), the rate of primary 
electrons produced by ionization due to this flux has 
been computed (Torr et al. , 1979; Torr and Torr , 
1985). Secondary ionization occurs by collisions be
tween the energetic primary electrons and the neutral 
particles. The electrons are then transported in the 
ionosphere , and degraded by ionization, excitation, 
and energy losses to heat the ionosphere. 
This secondary production has been computed by a 
number of different approaches (Nagy and Banks, 
1970 ; Mantas , 1975 ; Strickland et at., 1976 ; Schunk 
and Nagy, 1978 ; Stamnes , 1980), all of which solve a 
complicated transport equation. However, in many 
ionospheric modelling efforts , no such detailed photo
electron transport equations are solved and the secon
dary ionization is then often assumed to be 30 % of 
the primary (Roble et al., 1987). This approximation 
is very rough , and more accurate estimates are 
required. 
We describe in this paper a calculation of the ioni
zation efficiency as a function of the solar EUV flux, 
the solar zenith angle, latitude and altitude. First , the 
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equations for primary and secondary production are 
presented , and the photoelectron efficiency is theor
~tically introduced. Then, we study variations in this 
efficiency and propose a simple way to model it. 

THEORETICAL BACKGROUND 

In the terrestrial ionosphere, the EUV solar flux 
« 102.7 nm) produces electrons by ionization of 
neutral particles. These «primary » electrons move 
along the magnetic field, producing heating, excitation 
and ionization (<< secondary» electrons). The trans
port equation that describes the production of elec
trons governs the evolution of a steady-state electron 
flux from the top of the ionosphere to the low E
region. Under certain approximations, this equation 
can be written in a relatively simple form : First , we 
assume that photoelectrons are transported predomi
nantly along magnetic field lines, and that the atmos
phere is perpendiculary stratified along these field 
lines. This approximation is good at middle and high 
latitudes. Second, motions perpendicular to the mag
netic field are neglected. Third, we assume no electric 
fields are present. Under these assumptions, the 
transport equation can be written (Oran and Strick
land, 1978) as : 
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cJJ(T , }-t , E) 
E,E' 
}-t,}-t' 
T(Z, E) 

Photoelectron stationary flux (cm- 2 S- 1 eV- 1 sr- I). 

Energies (eV) of scattered and incident electrons. 
Cosines of scattered and incident electron pitch-angle. 
Electron scattering depth, defined by : 

dT(z, E) = L. a-[(E) nk(z) dz. 
k 

Re Redistribution function describing the degradation from a state (E', }-t') to a state (E, }-t) for the 
neutral species f (0, °2, N2). 

a-[(E) Total elastic and inelastic collision cross section for the neutral species k , for one electron at 
energy E. 

nk(Z) Density of the neutral species k (0, °2 , N 2 ) determined from a neutral atmosphere model. The 
MSIS model was used. 

ne(Z) Electron density. 

. acJJ(T }-t E) 
• The left-hand part of the equatIOn }-t (" . 

aT z, 
is the steady-state flux cJJ ( T , }-t, E) variation with tQe 
scattering depth. 

• The second term on the right-hand side of the 
equation is the primary photo-electron production 
rate (in units of cm- 2 s- I eV- 1 sc I) caused by solar 
EUV: 

1 
si( T, }-t, E) = qk ;(z, W) (2) 

T ' 
47T L. nk(z), a-dE) 

k 

qk,i(Z, W) = nk(z), a-k~7(E) cJJoo(E) x 

qk,i 

W 

ion 
a- k, i 

cJJ oo 
a-m(E) 

x expl- ~ a-m(E). {+ oo nm(s) dsl (3) 

Primary electron production (cm- 3 
-I V-I) s e . 

E - 1 k , i' where 1 k, i is the ionization 
threshold for species k, at the i-th state. 
Ionization cross section for species k, at 
the i-th state . 
Solar flux on the ,top of the ionosphere. 
Absorption cross section of the neutral 
species m for one photon at energy E. 

The integration is done along s, the line of sight to the 
sun. To obtain the primary production along a vertical 
column, a Chapman function was used, which is a 
function of the solar zenith angle X. 

The third term on the right side, 
a 

ne(z)- (L(E). cJJ(T,}-t, E», represents the losses 
aE 

due to frictional processes (collisions between photo
electrons and thermal-electrons), equal to 
_ ne(z) L(E) ( <P(T,;, E) _ a<p(T;;, E) ). The 
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stopping cross section L (E) is described in Oran and 
Strickland (1978). Frictional processes become im
portant at low energies (less than the ionization 
threshold), and do not influence the secondary elec
tron production . 

The last term represents the electron production due 
to degradation of higher-energy fluxes (collisions 
between photoelectrons and neutral particles) (Man
tas, 1973; Oran and Strickland, 1978; Stamnes, 
1981). 

The primary electron production can be found by 
integrating qki in 

Pp(Z) = f qki(z,E-fk,JdE. (4) 

The secondary electron production is deduced from 
(1) as : 

Ps(z) = ~nm(Z)2 7T Fl d}-t x 

x fmaxdEa-~n(E).cJJ(Z ' E,}-t) (5) 
emin 

which lead us to define the primary electron ionization 
efficiency as : 

RESULTS 

Ps(Z) 
KL(z) = Pp(z)' 

Electron production 

(6) 

The programs solving (1) and (3) are described in 
Strickland et al. (1976), and Oran and Strickland 



(1978). These programs work on three different 
grids: One is for altitude , the second for energy and 
the third is an angular grid , that is used to determine 
the angular distribution of scattered electrons. As 
long as we are not interested in the angular distri
bution function , we may consider only two streams. 
The neutral atmosphere model MSIS 83 was im
plemented (Hedin et al., 1977), in place of the Jacchia 
77 model used by Oran and Strickland. 
In the present version, we implemented the solar 
EUV flux measurements obtained from the Atmos
phere Explorer satellites during solar minimum and 
maximum conditions (Hinteregger, 1981 ; Hinteregger 
and Katsura, 1981). The values used are those para
meterized and modified by Torr and Torr (1985), into 
37 energy values from 248 to 12.02 eV (17 discrete 
solar EUV Jines and 20 energy intervals , with aver
aged fluxes) . Photoionization, dissociative photoioni
zation and photoabsorption cross sections , are taken 
from Kirby et al. (1979). 
Photoelectron collision cross sections are taken from 
Blaha and Davis (1975) for O. The values of Shyn 
et al. (1972) have been used for N2. The O2 values 
have been obtain from Tramjar et al. (1972), Watson 

Figure 1 
Three solar fluxes used in this paper. 
F79050N and SC # 21REFW are the fluxes 
for strong and quiet solar conditions respect
ive/y, as referenced by Hinteregger, and 
modified by Torr and Torr (see text). 
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et al. (1967), and Dehmel et al. (1976). This set has 
been discussed in Oran and Strickland (1978) , and is 
very close from Green and Stolarski values (1972). 
Stamnes and Rees (1983) studied the effects that some 
composite sets of inelastic cross section would,have on 
electron energy deposition, and electron heating rate. 
They compared Green and Stolarski's data, Victor's 
data and Pitchford and Phelps' data , concluding that 
«the choice of cross section sets does not seem 
important » in resolving the electron transport 
equation. 
We considered the variation of the efficiency with 
different parameters: Altitude , solar zenith angle and 
latitude. The solar zenith angle is a function of hour, 
declination and latitude. Thus , the latitude influences 
the results through changes in the solar zenith angle. 

But the neutral atmosphere is also influenced by the 
latitude . Then, we considered latitude as an indepen
dent parameter. We computed the efficiency for 9 
latitudes (from 45 to 84 degrees) , 13 solar zenith 
angles at each latitude, and on an altitude grid of 41 
values between 100 and 500 km. The photoelectron 
calculation was truncated at 3 eV. Our computations 
were done for 3 solar fluxes : The two cited above 
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which are a quiet solar flux (f1O.7 = 68), referenced as 
SC#,21 REFW, and a strong solar flux (f1O.7 = 
243), referenced as F79050N by Hinteregger (1981). 
A third flux was created, which is simply the arithme
tic average of the quiet and the strong one, to obtain 
results concerning mean conditions (f1O.7 = 155) 
(fig. 1). 
Calculated primary electron production (eq. (4)) for 
minimum and maximum zalar zenith angle, is shown 
in figure 2, and compared to those obtained by 
Mantas (1973) for the same exospheric temperature. 
The differences are due to the different solar fluxes, 
and to the model of atmosphere used. Compared to 
the MSIS model used in this study, the lacchia model 
used by Mantas underestimates the atomic oxygen 
density at high altitude. This leads to a decrease in the 
altitude of maximum of production. The peak around 

fe
max fl 

dE· E· d/-L . L ne(z), (TTcE). s/(z, /-L, E) = 
emin - 1 f 

110 km is due to the high-energy spectral radiation 
interval at 186 eV and to intense low energy lines, as 
12.11 or 12.69 e V, whose energies are less than the 
ionization threshold for 0 (13.62 eV) and Nz 
(15.62 eV). These spectral lines have an effect at low 
altitudes, were O2 is abundant. The effect of different 
discrete wavelengths is shown figure 3. 
The secondary production (eq. (5)) is shown figure 4 
(thin lines), and compared to primary production 
(heavy lines). A local maximum occurs for the secon
dary production at altitudes less than 200 km where 
the production is local and the primary production is 
large. The maximum secondary electron production 
occurs at lower altitudes (around 105 km). 
To judge and control the accuracy of the solutions of 
transport equation, we computed the energy conser
vation by calculating the elements of the equation 
(Swart.z, 1985) : 

fm"XdE.ne(Z).L(E) f d/-L <P(z,E,/-L)+ fmaxdE'Lne(Z),(T/(E)'[j' f d/-L <P(z,E,/-L). (7) 
e min - 1 emm f - 1 
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Figure 3 
The altitude production due to selected dis
crete solar EUV lines (6.67 , 30.38,60.0 and 
97.70 nm), shown for mean conditions, at 
two different solar zenith angles. Intense 
low-energy lines and high-energy lines create 
the local maximum of primary production at 
110 km. 

Figure 4 
Primary and secondary electron production 
for the three solar conditions, at a latitude 
50', and solar zenith angle 26.5'. 
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This is equivalent to saying that the first energy 
moment of the primary production rate equals the 
rate of energy deposition in all excitation and heating 
processes. For the 3 fluxes (quiet , mean, strong) , the 
relative difference between the left and the right side 
of the equation are 2.53 %, 1.50 %, 1.8 % respect
ively. 

Efficiency KL 

We studied the efficiency variation as a function of the 
solar flux, latitude , solar zenith angle and altitude. In 
the neutral atmosphere model, the af. geomagnetic 
index used is 21 and the longitude is tixed at 0°. To 
study the efficiency at different solar zenith angles, it 
was necessary to run the programs for different dates 
at high latitudes. For example, at a latitude of 85", the 
minimum solar zenith angle (61.5") is reached at the 
173rd day. But at this date, the highest solar zenith 
angle is 71.S', far from our maximum (84°, reached 
before the lloth day). The effect of changing the date 
is essentially to change the 0 density. This is unimpor
tant at low altitudes , were the efficiency is high, and 
does not affect the values at high altitudes , where the 
efficiency is approximately constant. Therefore , the 
date was not considered as a meaning parameter. The 
exospheric temperature computed by the model is 
1162 K. 

Figure S shows the effect of different parameters on 
the efficiency for quiet conditions. The variation of 
KL with altitude is shown (fig. 5a) for several values of 
the solar zenith angle. One can see that above the E
region , the efficiency is approximately constant, vary
ing from 15 % to 40 % between 200 and SOO km for 
quiet , mean and strong solar conditions, and is 
independent of latitude or solar zenith angle (see also 
figs. 7a and 7b). 

In the E-region, KL increases drastically to reach a 
value greater than 2 in quiet conditions, and greater 
than 3 for strong solar flux. KL increases further with 
the solar zenith angle. Increasing the solar zenith 
angle from 26.S' to 72.2° increases the maximum 
efficiency by a factor 1.10, 1.16 and 1.27 for quiet, 
mean and strong conditions, respectively. This also 

Fig . 5a 
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affects the height of the maximum of efficiency, which 
increases from 118 km to 140 km approximately 
(fig.5c) , and on the amplitude of the maximum of 
efficiency (fig. 5d). The increase in altitude of maxi
mum efficiency can be attributed to the fact that the 
atmosphere at low altitudes is first in dusk when X 
increases. The enhancement of the efficiency can be 
explained by the fact that the photo-absorption cross 
section is high between 30 and 80 nm for atomic 
oxygen, which is abundant at high altitudes. When the 
sun is low (large zenith angles), photons are crossing a 
larger part of ionosphere than for small zenith angle 
conditions. There is more EUV absorption in this case 
(between 30 and 80 nm) than at the extreme energies 
of the spectrum. There are fewer primary electrons 
created, but high-energy primary electrons are less 
affected. The result is that P s does not decrease as 
much as P P' and the efficiency is higher. 

The variation of the efficiency with respect to the 
solar zenith angle, at a given altitude of 106 km, is 
shown (fig. 5b) for 4 different latitudes. At this low 
altitude and at a given solar zenith angle, an increase 
of the latitude makes the efficiency increase. For 
example, at a solar zenith angle of 70', KL is approxi
mately 0.5 for a latitude of 45°, and 0.85 at 7So. The 
reason is the same than above , since at low altitudes , 
the atomic oxygen becomes higher at low latitude 
than at high latitude for the same solar zenith angle. 
This effect tends to disappear when altitude becomes 
higher. One can see (figs. 5c and Sd) that there is a 
small effect of the latitude on the variation of the 
altitude or amplitude of the maximum efficiency. 

MODEL FOR THE SECONDARY ELECTRON 
PRODUCTION 

A general model for computing the secondary electron 
production, available for all solar copditions, requires 
an accurate model for representing the EUV varia
bility in terms other than those based on EUV 
parameters , such as the solar radio emission at 2800 
MHz (f1O.7 ) (Hintereger, 1981). Here , we propose a 
model with three sets of coefficients for the three solar 
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Figure 5 
Variation of the efficiency in quiet solar 
conditions at four latitudes with (a) altitude, 
(b) solar zenith angle. Figures 5c and 5d 
show the variation of the altitude and ampli· 
tude of the maximum efficiency, 9 latitudes. 
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conditions. The process consists of determining the 
altitude Zm of the maximum efficiency, the correspond
ing amplitude A, and fitting the efficiency to : 

Kfst = A (X ) exp (_ ( Z - Z; (X) raJ) 
if Z-:S=Zm (8) 

K est 
L = (A (X ) - C ) exp (_ ( Z - ~ (X) r a z

) + 

+ C if Z > Z m' (9) 

where K2t is the estimated efficiency, C is a constant 
(threshold efficiency for high altitudes, depending 
only on the solar activity), A and zm are function of 
the solar zenith angle, and latitude: 

A = a ~ \ + a 4 + a 5 sin (latitude) 
cos X 

Zm = a; \ + a7 + a8 sin (latitude) . 
cos X 

Coefficients to compute A, zm and Kfst are summarized 
in table 1, and their use is shown (fig. 6) for quiet 
conditions. The coefficients were adjusted by minimiz
ing the sum of squares of the function (KL - Kfst). 

Table 1 

Coefficients for computing the secondary electron production (eq. 
(8) and (9». 

Flux Quiet Mean Strong 
a l 0.721 0.680 0.665 
a z 2.30 1.53 1.36 
a 3 0.088 . 0.156 0.209 
a 4 2.05 2.79 3.52 
as - 0.43 - 0.59 - 0.86 
a 6 4.61 5.73 6.28 
a 7 118 116 120 
a s -4.54 - 2.71 - 4.31 
(J" 21.1 21.6 22.1 
C 0.223 0.303 0.364 

The mean error between the full calculation and the 
model is about 5 %. 

To show the results of the model for strong and mean 
solar conditions, comparisons between computed and 
modelled efficiencies are shown (fig. 7) at a latitude 
50°. As in figures Sa and 6a, we show the efficiency as 
a function of altitude , for the same three solar zenith 
angles. 
The threshold efficiency at high altitudes has been 
determined by minimizing the sum of squares. For 
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Figure 6 
Modelled efficiency in quiet solar conditions 
corresponding to the same conditions as 
figure 5. 

Figure 7 
Variation of the efficiency with altitude for 
strong and mean conditions (figs. 7a and 
7b) . The results of the simplified model are 
shown in figures 7c and 7d. The three lines 
correspond to the same solar zenith angle as 
on figures 5a and 6a . 



quiet, mean and strong conditions, it is 21.5 %, 
30.3 % and 36.4 % respectively. Therefore , the value 
used by Roble et al. (1987) (30 %) was a good 
estimate of the threshold. 

The model does not very accurately fit the computed 
value of the efficiency at 100 km. This height is the 
limiting value at low altitudes for this study. To 
calculate the secondary production, the program 
computes at each altitude an upward and a downward 
stationary flux. At this 100 km limit, the downward 
secondary production is lost and the efficiency is not 
very realistic. Therefore, it is unimportant to match 
the shape of the curve. 

The influence of the solar zenith angle is very well 
reproduced when considering an approximatiop. 
(l/cos (X» of the Chapman function. This is not 
surprising, since the Chapman function is used directly 
in the primary production equation in the main 
calculation. 

CONCLUSION 

Models to compute parameters on the global structure 
of the ionosphere need an accurate estimation of the 
electron production (Ta'ieb and Poinsard, 1984). Cur
rently , the primary production is computed directly, 
and then, the total electron production is deduced 
from the primary by simply using a growth factor (1.3 
in Roble , 1987). According to this study, in the F-
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region , this fudge factor is a good average value, for 
the efficiency Ku defined as the ratio between 
secondary and primary electron production, for mean 
solar conditions. In the E-region, the secondary 
production can be 2 or 3 times the primary one. We 
have presented a model which allows an estimation of 
the secondary production, as a function of the altitude, 
latitude and solar zenith angle, provided that the 
primary production is known (eq. (3». The average 
error between the efficiency computed by solving the 
transport equation or by the simple model is less than 
5 %. We have determined coefficients of this model 
for three different solar conditions. 

In a recent paper (Richard and Torr, 1988), a parallel 
study was published. The study was done for a single 
solar zenith angle (instead of 117 in this study). The 
bottom altitude was 120 km (100 km in this work), 
and they truncated the photoelectron calculation at 
100 eV (248 in the present work). The secondary 
production was studied for the separate elements of 
the atmosphere. These differences make the compari
son with our study difficult. 

However , the authors founded also a good agreement 
with the value of 1.3 used for previous aeronomic 
calculations, and pointed out that the efficiency 
cannot be represented by constant at low altitude. 
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