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Abstract⎯The spectral curve of the f lux density of the radiation, which is reflected by the full moon towards
the Earth’s ionosphere within a wavelength range of 200–1700 Å, has been presented. This curve is obtained
by the approximation of space experiment data available in the scientific literature on the lunar spectral
albedo and solar spectrum. Estimates of maximum values of spectral densities of f luxes reflected by the full
moon in the neighborhood of wavelengths of ionization of basic ionospheric particles (neutral atoms of H I,
He I, N I, O I, and Ar I and ions of He II, N II, O II, Ar II, N III, O III, and Ar III, as well as molecules of
H2, N2, and O2) are given.
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1. INTRODUCTION

The interaction of the vacuum ultraviolet (VUV)
radiation (wavelength λ = 100–2000 Å) with neutral
atoms, ions, and molecules of the ionosphere have an
influence on their energy states. In the VUV band,
there are wavelengths that correspond to ionization
energies, as well as to energies of highly excited (Ryd-
berg) states of all the main ionospheric particles.

It is well known that part of the solar VUV radiation
is reflected by the Moon to the Earth and, thus, can
influence the ionosphere. To correctly set up and
carry out space experiments aimed at studying weak
artificial glows in the night ionosphere of the Earth
using the onboard scientific instruments of the Rus-
sian segment of the ISS, e.g., in the Relaxation pro-
gram [1], as well as the artificial aurora and substorm
phenomena [2–6], the estimations of the radiant f lux
reflected by the Moon to the Earth within the entire
VUV band are required.

The Moon was (and is) investigated thoroughly
within a wide spectral range of wavelengths λ > 2000 Å
in both ground-based observations and space experi-
ments (see, e.g., [7–15]).

With regard to VUV radiation, it is completely
absorbed by the surface layer of the atmosphere up to
the altitude of the upper boundary of the ozone layer
(~50 km). Therefore, the ground-based VUV-obser-
vations are impossible.

The modern data on the Moon characteristics in
the VUV band are obtained as a result of unique mea-
surements in individual narrow ranges of λ using the
research apparatus of onboard complexes of space sat-
ellites and suborbital rockets. An explicit representa-
tion of the spectral irradiance curve of the radiation
reflected by the Moon to the Earth in the entire VUV
band is absent in the scientific literature.

A goal of our work is to approximate the radiation
reflected by the Moon (in the phase of full moon) to
the Earth’s ionosphere in the range of 200–1700 Å
using the he spectral irradiance curve based on the
space experiment data available in the scientific litera-
ture on the spectral albedo of the Moon and on the
solar spectrum, as well as to estimate the maximum
values of radiant f lux densities for wavelengths of the
ionization of main ionospheric particles.

2. GEOMETRIC ALBEDO
OF THE FULL MOON IN THE VUV BAND
The experiments carried out on the Apollo 17

spacecraft [16] made it possible to measure the
Moon’s geometric albedo for the first time and to cre-
ate a map of the lunar surface within a confined range
of the far ultraviolet (FUV) band (λ = 1220–2000 Å).

In [17], a brief preliminary review of research
results in the X-ray (λ < 100 Å), extreme-ultraviolet
(EUV, λ = 100–1210 Å), and FUV bands is given, as
well as the results of the exploration of the moon by
scientific instruments of the Extreme Ultraviolet† Deceased.
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Explorer (EUVE) satellite are presented, namely, EUV
images and EUV albedo of the Moon.

A main task of the EUVE satellite was the all-sky
survey in the largest part of the wavelength range λ <
911 Å. The scientific hardware comprised three scan-
ning telescopes with photometers and a spectrometric
telescope. The telescope photometers were equipped
with filters that have a 10% passband in the ranges of
50–180, 160–240, 345–605, and 500–740 Å.

The sky investigations were performed over July 22,
1992 to January 22, 1993. The satellite observed the
Moon several times in the first and last quarters and
one day (December 10, 1992) under full-moon condi-
tions following the lunar eclipse on December 9, 1992.

The satellite revolved along the orbit with a 96-min
period, and three scanning telescopes covered great
circles over the sky perpendicular to the Earth–Sun
axis. The telescopes could observe the Moon in the
first and last quarters of each month. The fields of view
of two short-wave scanners were 5° in diameter, while
the long-wave scanner had a field of 4°. The Moon was
visible from the satellite orbit only for 20–25 s.

During the observation of several first and last quar-
ters of the Moon, the satellite was positioned unfavor-
ably according to a criterion of signal-to-noise ratio
(S/N). Therefore, out of all the results obtained for pre-
sentation in [17], the authors have chosen the advents of
two first quarters (August 5, 1992 and October 3, 1992)
and two last quarters (September 19, 1992 and Novem-
ber 17, 1992), which had the best S/N ratio.

Upon correcting the results of observations of the
first and last lunar quarters to the zeroth lunar phase
(new moon) using the data of photometers, the lunar
photometric function for the FUV band wavelengths
[16], and the EUV91 solar spectrum model [18] with
parameters specified for each particular observation
period, the authors obtained average values of the geo-
metric albedo of the full moon. They amounted to
0.15% (±0.03%), 3.1% (±0.3%), and 3.5% (±0.3%)
for wavelength ranges of 150–240, 400–580, and 550–
650 Å, respectively. The upper limit of the geometric
albedo for a range of 75–180 Å was estimated to be
0.13%. The indicated standard deviations character-
ized only statistics of photon counting and did not take
into account the additional errors introduced by the
use of the EUV91 solar-flux model and procedure for
correcting the phase angle correction.

In [17], it is stressed that, due to the absence of the
EUV photometric function that is required for cor-
recting the data obtained at phase angles of 90° to the
data obtained at 0°, the FUV photometric function
[16] was used based on the assumption that the correc-
tion factor in both bands is approximately the same
and equal to 24.9.

The quantities F10.7 and 〈F10.7〉 in the EUV91 model
[18], which characterize the solar activity, were equal
to 131 and 127 as of Aug. 5, 1992, 113 and 121 as of

Sept. 19, 1992, 119 and 124 as of Oct. 3, 1992, and 152
and 129 as of the date Nov. 17, 1992.

A total error of the results obtained is estimated as
30–50%. It is noted that the detected signals proved to
be insufficient for the spatial analysis of the Moon
image. The authors of [17] have shown that the EUV
albedos of the Moon obtained and the previously pub-
lished FUV-albedos correspond well to the reflection
coefficients of SiO2 and Al2O3 oxides.

Work [19], which presents the results of the full-
moon observations by the onboard instruments of the
EUVE satellite with significantly improved (in com-
parison to [17]) photometric characteristics, was pub-
lished in 1998. Then, new spectroscopic results of
observation and the novel images of the full moon
were obtained, the first EUV maps of the lunar surface
were constructed, and the lunar spectral reflectance
was measured in the larger part of the EUV band. A
detailed description of specific features of experi-
ments, instruments, and methods for signal process-
ing can be found in [19] and the references cited in it.

In work [19], the data on values of the geometric
albedo of the full moon are given (Fig. 3), which were
obtained in space experiments of Apollo 17 [16], Mar-
iner 10 [20], ROSAT/PSPC [21], EUVE Survey [17],
Astro-2/HUT [22], ORFEUS-II/UCB [23], and EUVE
[19]. In total, the results of 30 measurements have
been presented. According to the assessment of the
authors of [19], the absolute error of the values
obtained amounts to 30%.

The authors of [19] approximated the aggregate of
the values of the geometric albedo of the full moon in
the wavelength range of 140–1700 Å with a continuous
curve that corresponds to the reflectance of the combi-
nation of oxides, i.e., 17% Al2O3 and 83% SiO2 [24, 25].
This combination agrees well with the lunar volumetric
composition of the oxides [26]. Any other oxides were
not taken into account during the approximation
because of absence of data for them on the reflectance
in the EUV band.

Below, we analyze the spectral characteristics of the
quantities under study, which belong to definite ranges
of λ; i.e., they are quasi-monochromatic, rather than
integral in λ. To reduce the text, we use the subscript λ
to designate quantities, while the word spectral is omit-
ted whenever possible. In the second letter in the sub-
script, the following notations are used: S is the Sun,
M is the Moon, and I is the ionosphere.

We digitized the continuous curve from [19] that
approximates the lunar albedo with the discreteness of
5 Å and an error of digitization on the order of 10% and
constructed a graph of the spectrum of the geometric
albedo of the full moon pλM. This is presented in Fig. 1
for the range λ = 200–1700 Å.

Dashed curves in Fig. 1 indicate the boundaries of
the domain of errors of our estimates of pλM. The error
of the pλM values is ~35% with allowance for errors of
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the approximation [19] and our digitization. Devia-
tions in Fig. 1 from the monotonicity of the pλM curve
within the range of λ = 700–1300 Å correspond to spe-
cific features of the approximation of the geometric
albedo of the full moon in original work [19], which
are related to a choice of the oxide combination, i.e.,
17% Al2O3 and 83% SiO2.

We note that, in [16, 17, 19–23], no explicit formu-
lation of the notion of geometric albedo as it is
employed by the authors is given, while in the scien-
tific literature, e.g., [8, 11, 27], terms that differ from
the viewpoint of physical optics are used to define this
notion. Let us dwell upon the consideration of this
issue a little bit more.

A geometric albedo by definition [11, 27] is a ratio of
the real brightness, i.e., irradiance, of the Moon to the
brightness of the absolutely white screen of the same
radius located perpendicular to incident solar rays with
the phase angle of the Moon α = 0 and at the same dis-
tances from the Sun and from the observer. In [8], it is
stressed that an ideally reflecting Lambertian surface
that uniformly scatters in all directions inside the hemi-
sphere, i.e., a solid angle of 2π, is such a screen.

In astrophysics, the term brightness is often used
instead of the physical term irradiance, while the value
of the planet’s brightness is measured [11, 27] accord-
ing to the logarithmic scale in star magnitude. In [8],
the term brightness is used. In [28], when processing
the results, the spectral pλM was calculated by the for-
mula pλM = 4.88 × 104 HλM/HλS, where HλM and HλS
are the spectral irradiances of the full moon and the
Sun, respectively. In [17, 19], it is indicated that the
method for processing the measurement results is
based on simulating the rate of photon counting.

Regardless of the difference in the used terms, in all
of the mentioned cases, the value of the geometric
albedo pλM (which shows what portion of the incident
solar radiation is reflected by the Moon towards the
observer compared with that reflected by an ideal f lat
reflector) is eventually associated with a ratio of f luxes
or the f lux densities of photons.

The radiation reflected by the Moon is estimated by
the irradiance ЕλM, which the Moon creates at the
observation point [11], i.e., near the Earth’s surface.
This value is proportional to the area of the visible lunar
disk (projections of a sphere onto the conventional
plane) and to the solar irradiance EλS, and is inversely
proportional to squares of distances from the Sun and
from the observer [11]. The irradiance is measured in
the energetic units (erg cm–2 s–1 or photon cm–2 s–1). In
practice, the value of the solar irradiance EλS at the
standard distance equal to one astronomical unit (AU)
is used for calculations, since the measurements of the
solar radiation flux are conducted near the Earth. 

For definiteness, we stress that, in our work, we esti-
mate the spectral irradiance of photon fluxes Fλ of the
quantities under study.

3. SOLAR SPECTRAL FLUX IN THE VUV BAND
Spectra of the Sun are presented in numerous

monographs and papers (e.g., [29–33]) and by the
EUV91 solar spectrum model [18]. 

A typical spectral irradiance curve of the solar flux
FλS (most appropriate to the purpose of our work) for a
fairly wide VUV band is given, in particular in [32]
(Fig. 1). This is also valuable because it was utilized in
the real preflight calibration of the onboard scientific

Fig. 1.
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instruments in the TIMED (thermosphere, iono-
sphere, mesosphere energetics and dynamics) mission.

This curve was obtained as a result of complex
measurements on October 27, 1992, in the context of
the SOLSTICE (solar stellar irradiance comparison
experiment) program in the range of 300–1100 Å in
rocket experiments and in the range of 1150–1900 Å
during the upper atmosphere exploration by UARS
(upper-atmosphere research satellite). Spectral reso-
lution of recording these data was better than 4 Å.

The radiation spectrum in the range of λ < 350 Å
was simulated by the radiation of the SURF-III syn-
chrotron of the National Institute of Standards and
Technology, United States. This radiation was
employed in the preflight ground-based calibration of
the unit of silicon photodiodes of the onboard scien-
tific apparatus developed within the TIMED mission.

A photodiode unit with thin-film filters was
applied as a set of broadband photometers operating at
fixed λ with individual passbands of ~50 Å.

We digitized the spectral curve [32] (Fig. 1) with an
error on the order of 10–20% and with a discreteness of
around 5 Å and constructed a graph of FλS, which is pre-

sented in Fig. 2. 

With knowledge of the pλM and FλS values, a set of FλI

values can be obtained and the spectral irradiance curve
of photon flux FλI of the sunlight reflected by the Moon

to the ionosphere can be constructed.

4. APPROXIMATION OF THE FLUX DENSITY 
OF THE VUV RADIATION REFLECTED 

BY THE FULL MOON 
ONTO THE EARTH’S IONOSPHERE

An area of the visible disk of the full moon is SM =

πr2, where r = 1737 km is the radius of the Moon. The

solar radiation f lux, ФλM = SMFλS = πr2FλS, is incident

on this area. During the determination of the geomet-
ric albedo pλM, the visible disk of the Moon is approx-

imated (see above) as the Lambertian surface scatter-
ing the incident solar f lux uniformly in all directions of
the hemisphere.

The angular size at which the Moon’s radius can be
seen from the Earth is r/L ≈ 0.0045 rad. Taking into
account that this angle is small, to simplify calculations,
the Moon can be assumed to be a point source. With
this assumption, an error of estimates of the Earth’s
illumination by the full moon amounts to roughly
0.002% (in accordance with the inverse-square law
[35]), i.e., the ample value for our calculations.

We are interested in the spectral irradiance of the
flux FλI reflected by the full moon to the Earth’s ion-

osphere, i.e., at the distance from the Moon L =
384 400 km. At this distance, the area of the hemi-

sphere surface with the Moon’s center is SL = 2πL2.

Consequently,

FλI = pλM ФλM/SL = 0.5(r/L)2pλMFλS

= 1.021 × 10–5 pλM FλS.

Substituting to this formula the digitized values of
pλM and FλS for particular λi (i = 1, 2, 3, …), we con-

structed a graph of the spectral irradiance of the pho-
ton flux FλI presented in Fig. 3.

Below, in Table 1, the values of ionization energies
(potentials) Ei for main ionospheric particles, as well

as the relevant wavelengths are listed. For the N2 mol-

ecule, a value of dissociation energy additionally is
given. The values in Table 1 are rounded to third dec-
imal. In Fig. 3, the ionization wavelengths for main
ionospheric atoms and ions are indicated by vertical

Fig. 2.
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solid lines, while the dashed vertical lines show the

wavelengths of ionization for molecules.

It follows from Fig. 3 that, in the VUV radiation

reflected by the Moon, there are not only photons, the

energies of which are sufficient for ionization of iono-

spheric particles; in this radiation, there are also pho-

tons with energies for exciting the ionospheric parti-

cles to the Rydberg states, i.e., to states with high ener-

gies that are very close to the ionization energies (this
is a subject for our future studies).

Values of spectral irradiance of the f lux FλI

reflected by the full moon to the Earth’s ionosphere in
the neighborhoods of ionization energies of main ion-
ospheric particles are given in Table 2.

We note that an error of our estimates of the f lux FλI

(~35%) depends on the error of initial values of the

Fig. 3. Vertical solid lines indicate wavelengths of ionization of main ionospheric atoms and ions, while the ionization wavelengths
for molecules are shown by dashed lines.
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Table 1

Particle 

[Reference]

Ionization energy Ei Wavelength 

λ, ÅeV сm–1

O III [36] 54.936 443085.000 225.690

He II [36] 54.418 438908.879 227.838

N III [36] 47.445 382672.000 261.320

Ar III [36] 40.735 328550.000 304.368

O II [36] 35.121 283270.900 353.019

N II [36] 29.601 238750.200 418.848

Ar II [36] 27.630 222848.300 448.736

He I [36] 24.587 198310.666 504.259

Ar I [36] 15.760 127109.842 786.721

N2 [37] 15.581 125669.246 795.740

H2 [37] 15.426 124 418.280 803.787

N I [36] 14.534 117225.700 853.055

O I [36] 13.618 109837.020 910.440

H I [36] 13.598 109678.772 911.753

O2 [37] 12.071 78687.450 1027.124

N2 dis [38] 9.756 78687.450 1270.851

Table 2

Particle Wavelength λ, Å
Flux FIM (λ),

photon cm–2 s–1 Å–1

O III 225.690 0.3

He II 227.838 0.3

N III 261.320 2

Ar III 304.368 40

O II 353.019 6

N II 418.848 2.5

Ar II 448.736 2

He I 504.259 15

Ar I 786.721 50

N2 795.740 20

H2 803.787 20

N I 853.055 60

O I 910.440 90

H I 911.753 90

O2 1027.124 400

N2 dis 1270.851 105
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lunar geometric albedo, which, as was indicated by the
authors of [19], did not exceed 30%.

Additionally, the value of the spectral f lux density
FλI depends on the solar activity and, therefore, the

estimates can differ from the values listed in Table 2.

CONCLUSIONS

The approximate spectral curve of FλI presented in

Fig. 3, and estimates of maximum values of the f lux
density FλI, given in Table 2, can be used to plan and

carry out space experiments.

The data obtained provide an opportunity to esti-
mate of the number of particles in the night iono-
sphere, i.e., the H I, He I, N I, O I, and Ar I atoms; the
He II, N II, O II, Ar II, N III, O III, and Ar III ions;
and the H2, N2, and O2 molecules, which are ionized

or excited by a part of the Sun’s VUV radiation
reflected by the full moon towards the Earth’s iono-
sphere.

Spectral resolutions of the initial digitized solar
spectrum FλS (see Fig. 2) and, accordingly, spectral

f lux FλI are not great. By our estimate, they are on the

order of 5 Å for λ > 350 Å. Therefore, when analyzing
the excitation and ionization of particles in the night
ionosphere, it is necessary to thoroughly select the real
(narrower) solar spectral lines for the relevant wave-
lengths and to take into account their characteristics,
such as intensity and half-width. In this case, the solar
radiation model for the VUV band can be used [18].

We approximated the spectral irradiance of the
f lux FλI from the full moon, i.e., the maximum value.

Naturally, a decrease in the f lux from the Moon
depending on its phase should be taken into account,
e.g., based on the data presented in [39–41].

In conclusion, we note that studies of the Moon’s
characteristics in the VUV band continue and remain
to be urgent as before [42, 43].
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