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In the prese nt paper the attempt is made to summarize the numerous data, experimental and 
theoretical, of the inves tigation of the lunar and planetary surfaces based on their thermal radiation 
and to consider it from a co mmon standpo int fo llowing from the physical principles discussed in thi s 
s tudy. Accordingly, in the firs t part a bri ef theory is se t forth of the methods for inves tigating the 
properti es of planetary materi a l. Secondly the results are given obtained by their application to the 
e mi ss ion of the Moon. 

1. Physical Grounds ot Studying the Material Properties and Thermal Regime of 
Planets' Surfaces by the Thermal Radiation 

1.1. General Statements 

The investigation of solid properties by the thermal radiation is based on the measureme nt 
of the radiation flux emitted by a body, usually from the surface layer of a material. 

As it is known, the spectral density of a flux is equal to 

100 dx 
e(v, 1}= [l-R(v, r)] E(v, 1}I(x)e- T(X)--, ' 

o cos r 
(1) 

where R(v, r) is the reflection coefficient, E(v, 1} is the function of a blackbody emission at the 
frequency v, T = T(x , t) is the temperature at the depth x at the moment of time t, I(x) is the co-

efficient of wave absorption, 7\x) = ( x I(~) ~ is an optical thickness, r' is the angle of incidence Jo cos r 

of emission out of the Moon's interior, and r is the angle of refraction (the angle between the 
normal to the surface and observational direction). At the stationary conditions and thermal 
equilibrium inside the layer, T(x, t) = T= constant and 

e(v, 1} = [1- R(v, r)]E(v, T). (2) 

For radio emission of the bodies of the solar system ordinarily hv « kT and E(v , 1} = kT/'A 2 , 

then e(v, 1} = kTe/'A2 , where 

Te= [1 - R(v, r)]T (3) 

is the effective temp erature of radiation. 
Thus, the measurement of the radiation flux e(v, 1} or the effective te mperature in the case 

of stationary conditions enables one to estimate T, or when T is known, one may find R(v, r). 
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1.2. The Dielectric Constant and Density of Material 

The value R(v, r) is determined by the medium properties and their distribution to the depth 
of penetration of a corresponding wave le = 1/1, as well as by the geometry of the surface (rough
ness). An estimate of R(v, r) allows a determination of the definite properties, but at present this 
method is developed only for the material with a smooth surface, the reflection from which is defined 
by Fresnel's relations. The material of the surface is assumed to have a sufficiently small loss 
angle that there is no influence on R(v, r). It is generally accepted that the permeability is equal 
to unity. Under these assumptions the dielectric constant of the material is evaluated, by which 
one can find the density of the material [froitsky, 1961a, 1961b, 1962a]' 

For this, one may use the relation 

€~'"(l-~J' (4) 
Eo-l 

where p = 1- p/ po is a porosity value; po, E are the known density and dielectric constant of a rock 
in a nonporous state, respectively. 

An empirical formula having an accuracy of 5 to 10 percent is more suitable for practically all 
terrestrial silicate rocks [Krotikov, 1962a] 

Ve-l=gp, (5) 

where g= 0_5 cm 3g - l • 

The spectrum of the reflection coefficient permits a determination of E(V) which may bring out a 
real change of the electric properties of the material with the frequency. However, for silicate 
rocks, E remains unchanged over a wide range of microwave frequencies. Therefore , at the smooth 
surface of a dielectric having small absorption, the spectra R(v) and E(V) indicate the inhomogeneity 
of the material properties in depth, particularly the density p, at least in the layer of the order of 
the depth of penetration of an electromagnetic wave. 

The measurement of the spectrum E(V) (and hence p(x) as well) may be carried out by polariza
tion studies of radiation by the object [Troitsky and Tseytlin , 1962]. 

1.3. The Variable Thermal Regime and Measurement of Thermal Parameters 

In the case of the variable thermal regime of the surface, new possibilities arise for determina
tion of properties. For the bodies of the solar system the value of energy 50f(t) falling on the unit 
of the surface per unit of time is known, where So is the solar constant, and f(t) is the function 
depending on the position of a given point on a body surface. In this case the temperature T(x, t) 
at the moment t at the depth x may be calculated from the equation for a semi-infinite body if the 
medium's properties, their change with depth, and temperature dependence upon the temperature 
and depth (a homogeneous medium) has been considered. Then 

aT =a2 a2T 
at ax2 

(1- Ri)(TT~ - [(1- Rcl50f(t)] = K(a'[\ 
ax} x=o, 

(6a) 

(6b) 

where Ri is a mean reflection coefficient or albedo in the range of reradiated waves (for the bodies 
of the solar system in the range of infrared waves), Rc is the reflection coefficient or albedo of light 
waves, a 2 = K/pc is the diffusivity, K is the thermal conductivity, and c is the specific heat capacity. 
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For a homogeneous model the surface te mperature T.,(t) = T(O, t) is proved to depend more 
considerably on the parameter value y =(Kp C) - 1/2 [Wesselink, 1948; Jaeger and Harper, 1950; 
] aeger 1953]. 

Consequently, if the fun ction of the surface temperature is known experimentally, one can 
find the value y even with rather inaccurate data for Rc and Ri. Generally, Rc is known and the 
value R; (for silicate rocks) is small enough (R i= 0.15 ± 0.15, [Burn s and Lyon, 1964] that inaccu
rate knowledge of it does not add error to th e measure ment of the infrared temperature or to 
the calc ulation [Troitsky, 1964a, b]. 

The insolationf(t) may be periodic or nonperiodic. For the Moon both the regimes take place. 
The fir st has a period of 29.53 days, the second, during the lunar eclipse, las ts only 4 to 5 hr. T he 
layer thic kness at which the temperature variation takes place will be, obviously different for 
different time duration of the insolation changes. Hence, it follows that, with an inhomoge neous 
layer, for short-time regimes we shall obtain information about y of the upper layers, but for s low 
variations we will obtain information about the lower layers. 

For the de termination of y from observations of a periodic regime some times on e may not 
use the function Ts(t) itself but its Fourier's coefficients [Krotikov and Troitsky, 1963aJ. Experi
mentally, the surface te mperature is usually based on infrared waves, since these are e mitted by 
solid surfaces. 

1.4. The Radio Emission of the Surface of a Planet at Nonperiodic Thermal Regime 

The radio e mi ssion out of a layer com parable with the depth of penetration of temperature 
variation enables one to measure the surface parameters. At the present time the radio e mi ssion 
has bee n co nsidered for a homogeneous model [Piddington and Minnett, 1949; Troitsky, 1954J 
and for an inhomogeneous two-layer one when a thin upper layer is consi dered to be absolutely 
transparent for radio waves [Piddington and Minnett , 1949]. These cases correspond to the 
periodic regime of the Moon and describe the dependence of radio emission on its phase. Thi s 
theory is extended to the radio e mission observed of the surfaces of Ve nu s and Mars [Troitsky, 
1964a]. 

Only recently the radio emission of the homogeneous model has been considered in the non
periodic regime of the temperature variation during a lunar eclipse [Troitsky, 1965]. 

All calculations of radio e mi ssion for the bodies of the solar sys tem must begin with the solu· 
tion of the thermal problem (eqs 6) with the corresponding forms of the insolation function f(t), 
depending on coordinates cp and tjJ on the surface of a planet. Then, by using the solution T(x, t , cp , 
tjJ), one may evaluate the intensity of the thermal radiation according to (1). The solution of (1) 
with Plank 's function E(v, T) has not yet been obtained . Si nce hv < < KT, E(v, T) = KT(x, t)1 'A. 2 

and a flux will be proportional to the effective temperature 

100 ~ 
Te =(I-R) T(x , t, cp, tjJ)I(x)e-1(x) --, 

o cos r (7) 

where e(v, n = KTel 'A.2 • 

In a general case, however, an analytical form of the solution (6a) for T(x , t, cp, tjJ) at the bound
ary conditions (6b) has not yet been found. Therefore, one uses the fact that (6) may be solved 
numerically , for example, on a digital computer by which it is possible to estimate the surface tem
perature r /...0, t) [Krotikov and Shchuko, 1963]. Utilizing Tit) as boundary conditions in (6a) the 
analytical solution may be obtained. 

At present the heating and radio emission are considered of an idealized planet represented 
as an ideal smooth sphere rotating near its axis with the angular velocity n * with respec t to the 
stars. The Sun and observer are considered to be in a plane normal to the rotation axis passing 

through a planet. Their visible velocities of rotation around the planet are equal to n = 27T and n " 
to 

respectively, where to is the period of rotation of the planet (the period of insolation variation f(t)). 
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The coordinate system is generally connected with the planet. One introduces the longitude c/> 
read from the ce ntral meridian and the latitude tfJ from the equator. In this system the position of 
the Sun and observer is determined by the longitude of a subsolar point c/>s = Dt (its latitude tfJ = 0) 
and that of the planet under the observer c/>E (the observer is assumed to be on the Earth, though 
it may also be an equatorial satellite of the planet). In a common case the angular velocity of the 
observer is not constant; therefore, c/>E = J wE(t)dt. It takes place, for example, for the earth 
observations of Venus. 

The surface temperature in any point of the planet may be expressed in the form 

(8) 

where c/>sn is the phase lag of the temperature with respect to the insolation phase. 
The solution (6a) with the boundary condition (8) gives 

T(x, t) = Tso + L Tsne- f3"x cos (nnt - (3nx - c/>sn - ncp), (9) 

where (311 =.! r;;;;;. is the coefficient of harmonic attenuation of a temperature wave. If, besides, a'Vt 
the solar heating the heat flux out of the interior takes place, it gives an additional temperature 
increase with the depth. Due to the smallness of this flux the temperature increase on the surface 
itself will approximate zero and we may write T(x)= ax. Adding it together with (9) and substi
tuting into (7) one can obtain the radio temperature distribution over the planet 

Te( c/> , t/J, t) = [1- R(r)] Tso(t/J) + [1- R(r)]a Ie cos r' 

+ [I - R(r)] ~ Tsn cos (nnt -<1>811 - g" - nc/» (10) 
L... Y 1 + 20" cos r' + 20~ cos2 r7 

which periodically changes at each point near some constant component Teo-

" = (3" = v;;;;;. 
Un ,r 

I Ia y t 

cos r' 
gn = arc tg On 1 + " ' 

Un cos r 

Here 

(11) 

(12) 

The value II{3J = IT is the depth of penetration of a temperature wave, therefore, the value 01 =leiLT 
is the electrical and thermal wave-penetration ratio. For a dielectric with the loss tangent tg il < < 1, 
as known, 1= 27T -v;: tg iliA following (11) 

O=J..F= ky F=mA; 
Ia to b VE to 

(13) 

where b = tg illp. 

Thus, with increasing wavelength and hence Ie the constant component of the radio tempera
ture [as it is seen from (10)] may increase due to temperature increase with depth of the body. For 
a two-layer model with the first harmonic only taken into account 

Te=(l - R)T8 o+(I-R)ale,cos r'+(I-R) TSJ cos (nt-c/>sl-~,,-gs-c/», (14) 
. NYI + 201 cos r' + 20i cos r' 

1588 



where N and ~s are an additional attenuation of the temperature wave and the phase lag in the upper 
layer with 

N= VI + 2&+ 20i 
Os 

~s = arc tg 1 + 8s' 

where 8s = Llx~syr~; Lit is the thickness of the upper layer, Yl and Y2 are the values of y= (KpC)- 1/2 

for the upper layer and sublayer, respectively. From the relative measurements of Te(t) during the 
whole period of insolation (e.g., during lunation) one may find odA = m or la. 

When the observer is rotated around the planet it is possible to observe the surface radiation 

only for the longitudes cf> = cf>E ±~, where 0 < ~ ~ ~ are the longitudes read from the poi nt under the 

observer coinciding with a visible disk of the planet. For a uniform motion of the observer, cf>E= D Et. 
By substituting it into (10) we obtain for the argument n(D - Ddt - cf>sn ± n~. Here (D - DE)t = ¢ 

is a phase angle of the planet. But a = a * ± a : and a E = a * ± at, where a: and Dt are the angu

lar veloc ities of the Sun and observer rotation among the stars (as seen from the sphere). The 
minus sign corresponds to a direct rotation of the sphere with respect to the Sun, and the plus sign 
corresponds to a re trograde rotation. Thus, the phase angle cP = cf>s - cf>E = (a - adt =± (a: 
- a t)t. For a nonuniform motion of the observer, (e.g., observation of Ve nus from the Earth), 

cP =± (att - faE(t)dt). In a general case, the expression for radio e mission takes the form of 

Te( cf> , 1./1, t)=(I-R)Tso+(l-R)ale cos r'+(l - R)I Tsn cos (±n¢-,cf>sn-~n-n~) . (14a) 
VI + 20" cos r + 28~ cos2 r 

When observing the Moon from th e Earth, the libration being neglec ted , one may cons ider cf>E = 0 
and cf> = cl> , ¢ = at to have "+" as th e directions of the proper lun ar rotation and around the S un 
coincide. 

1.5. A Temperature Gradient to the Depth and Heat Flux Out of the Interior 

Carryin g out the meas ure ment of the cons tant co mponent of radio te mpe rature for two waves 
Al and A2 when observing normal to the s urface of a body and using (10) and (14) [Troits ky, 1962 
a, b, c] we obtain 

dTe 1 
grad T (x) = al = dA (1 - Rl)mlT (15) 

Multiplying it with the th ermal conductivity we shall have for the heat flux density 

dTe v;. 
qs = - . 

dA (1 - R J myVt;, 
(1Sa) 

1.6. The Temperature of the Surface of a Planet 

In the foregoing, temperature distribution over the planet is determined by a set of independent 
solutions of a plane one-dimensional thermal problem with a semi-infinite layer for the surface 
elements with coordinates cf>, 1./1. The effect of horizontal fluxes which may be important at the 
poles is not taken into consideration. Equation (6) was solved on the digital computer enabling 
one to find the time dependence of the surface te mperature for each point of the surface cf> , 1./1 in the 
form [Krotikov and Shchuko, 1963]: 

T.(cf> , 1./1 , t) = Tso(O) COSO. 2 1./1 + Tsi(O) COSO. 33 1./1 cos (at-cf>-cf>sl) 

+ Ts2(0) COSO. 27 1./1 cos (2at - 2cf> - cf>S2) - TdO) COS°.44 1./1 cos (3at - 3cf> - cf>S3). (16) 

1589 



Here TSII is the amplitude of harmonics for the equator, CPsn is the phase lag between harmonics 
of the temperature and those of a falling flux . The value of the amplitude Tsn and phase lag CPsn 
depending on the value 'Yare cited in table 3. The mean disk surface temperature has the form of 

To = Tso(O) . 0.962 + Ts'(O) . 0.741 cos (Ot - CPs,) + TdO) . 0.315 cos (20t - cpd· (17) 

At present there is a wide use of the distribution adopted earlier [Piddington and Minnett, 1949; 
Troitsky, 1954], 

(18) 

where Tsm and TSll are the temperatures of the sub solar and the antisolar point of a spherical sur
face. It was found [Troitsky, 1956] that y/(Ot - cp) = cos ~(Ot - cp) or y/(tJi= cos ~ tJi. Then (18) is 
represented as a series 

where ao = 0.382, al = 0.56. Here, the first term is the constant component and the second one 
is the first harmonic of the temperature vanatIOns. The mean disk value of the constant com
ponent is equal to [Krotikov and Troitsky, 1962] 

Tso = Tsn + (Tsm - Tsn) (0.92) (0.382). (19) 

Both the distributions give similar results, but for the temperature in a polar zone the first term is 
zero and the second term is equal to Tsn. At the present time more accurate data for temperature 
in the polar zone are needed, which requires the solution of the thermal problem for the whole 
sphere (the horizontal heat fluxes being taken into account). 

1.7. The Integral Radio Emission 

Recently for interpretation of measurements, a theory of an integral radiation was developed 
[Krotikov, 1963a, 1965]. If the properties of the material of the planet's surface is homogeneous, 
the full radiation of the mean disk effective temperature may be expressed by that ofthe disk center 
by introducing averaging coefficients. Therefore, instead of (10) and (14a) we obtain 

Here /30 and /311 are the averaging coefficients being approximately unity with 0.91 ~ /30 ~ 0.96 and 
dependent only on E. In addition, /3n depends on 8, in particular, O. 75 ~ f3, ~ 1, and 0.25 ~ /32 
~ 0.35. As expected, when averaging, the second harmonic is heavily attenuated. In most cases 
it will be valid for the higher harmonics. Consequently, the integral radiation, in practice, is of a 
sinusoidal form. It is interesting that when averaging, an additional phase lag tlgn occurs which 
for the first harmonic does not exceed 5°. For the case of an arbitrary relationship of the pattern 
width angular dimensions of a planet's disk the values of averaging coefficients have been calculated 
as well. It turns out that when the pattern width is equal to the angular dimensions of the planet, 
the mean disk effective temperature is actually determined. 

1.8. The Radio Emission of the Surface of a Planet at the Nonperiodic Thermal Regime 
(the Luna Eclipse) 

Now let us give briefly the results of the theory of the radio emission of the Moon during an 
eclipse [Troitsky, 1965]. In order to calculate the lunar emission during an eclipse it is necessary 
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to know the function of the s urface te mperature variation. As it is known from the measurements 
during the interval t2 - tl corres ponding to the beginning and the e nd of penumbral s tage of eclipse, 
the surface temperature falls almost linearly from the value TI to T2 • Then during the whole um
bral phase up to the time t3, the temperature slowly falls almost linearly up to T3 and finally in the 
las t pe n umbral period it linearly increases to the value T4 = TI at the time of the end of eclipse t4. 
In accordance with thi s a real function of the surface temperature is represe nted as a broken line 
drawn through the points tk, Tk as 

k= 1, 2 . .. 4 . 

The initial te mperature Ts(x, tl) is deduced from the solution (9) at Dt = 0 (the full Moon) for the 
ce ntral part of the lunar disk. First , the thermal problem of T(x , t) es timation was solved, ex
pressed by (6a), with the above boundary and initial conditions. Then the value of the effective 
te mperature was obtained from (7) which in the inte rval of the penumbra is eq ual to 

(21) 

During th e IJe numbra l phase 

(22) 

Du ri ng t he seco nd pe n u mbra l phase 

(23) 

Finally, afte r th e e nd uf ec lipse 

(24) 

-T'I D + 2 + Tsl D [1 rh()] ... 2 V; Y cos YZI 2 - - '¥ ZI ezi S Il1 yZJ, (25) 

Here q" = 1/2avt-t., is analogous to the coefficient of the thermal-wave attenuation during the 
eclipse and z,,= I2q,, = lavt-t,. is the ratio of electrical and thermal-wave attenuations, 

8 8 D =--_. B = I + 28 + 282 . - B B; , 
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As one can see that the temperature variations during the eclipse are determined by the values 
Zn and y, i.e., by the value la. For waves longer than A= 0.1 cm the value la is very small, Zn and 
y being s mall as well. It permits one to use the relations (25) and (26) in a series expansion over 
these parameters. By restricting with the second approximation over I a we obtain for each k 
interval of the eclipse 

Tek'(t) = Tem + (1- R) ~/~ ± n(an - an- I) (t - tn)3/2 
3 V 7T I 

with ao= a!l=O. 

The value of the initial effective temperature is equal to 

( 1 +0) Tell! = Tso+ TSI ~ (1- R) 

k= 1,2 ... 4, (27) 

and coincides with that which follows from (10) for the full Moon. In practice, the maximum radio 
temperature variation appears exactly at the moment t3. According to (27) it is equal to 

From (25) to (28) one can see that the measurements of relative changes of the radio emission in
tensity permit an estimation of the value la both during eclipse and lunation , 

1 bYE 
Ia= - ' --. 

A cy (29) 

For the measurements during eclipse this value characterizes the upper layer of the material and 
for those during lunation it characterizes a layer approximately 10 times deeper. On figure 1 the 
families of curves for the radio eclipse of 30 December 1963 are given calculated in accordance 
with the formulae (21) to (26) at different values of y /b-v;. From (27) and (29) it is obvious that a 
reciprocal value of maximum relative changes of radiation M(A) is almost a linear function versus 
the wavelength. The spectrum incidence is defined by the value cy/b~ Consequently, the 
experimental study of the spectrum of radio·temperature fall during the eclipse as well as for a 
periodic case may give only the relation cy/bv'Z On figure 2 the spectrum M(A) is shown calcu
lated from (21) to (26) for the eclipse of 30 December 1963 and the experimental points are plotted. 

12 15 t. 
' -a 60 120 180 24 0 300 360 t(minutu) 

oj~~~==-~~~ 

10 

~I E ~~ 

I 20 

30 

_ . - y/b" 7XI0 4 

_r/b · gX I04 

FIGURE 1. The families of curves for the radio eclipse 
.~O December 1963 at different values y/b. 
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FIGURE 2 . Th e spectrum M(A)for the eclipse 30 Dec. 1963 
at different y/bW 

The £lui S cor rc !:' pond 10 the expe rimental data. 
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1.9. Investigation of Material Microstructure of a Layer 

L = 7.3 X 10 4 
b.jE 

~=5.7XI0 4 
b.jE 

~ = 4 . IXI04 
b.jE 

2.0 

The conclusions co ncernin g the micros tructure may be derived from the valu e of the volum etri c 
density p , because when po is know n, one can es timate the degree of bod y porosity. Howe ver, 
two bodies, one of powder and the other solid-porous, may have an identical overall a pparent 
porosity. Apparently, these cases may be di stin gui shed when co mpa ring th e value K with p . 
Th e value of thermal co ndu ctivity of one and the same materi al may co nsiderably differ at the 
equal volumetri c density p (and porosi ty), either for a powder or solid-porous sta te of a body in 
vac uum. Otherwise the [unction of K de pe nde nce upon p mu st be differe nt [or these medi a and 
besides may be dependent on a grain size or pores. 

It was shown [Troitsky, 1962a] that , in the air , [or all porou s so lid and powder silicate materi als 
the followi ng rellltion may be used with an accuracy of 10 to 20 percent : 

K = exp = 0.6 X 1O- 3p 0.4 ~ p ~ 1.5. (30) 

This relation of K and p , as was shown be experimental inves tigations, also holds in a high vacuum , 
but for the fin e powder materials with grains of abo ut several microns, the value ex turn s out to 
be 50 times less [Bernett, Wood, Jaffe, and Marte ns, 1963] 

Kc = excP = 10 - 5p 0.2 ~ p ~ 1.5. (31) 

For a so lid -porou s body the accurate measurements have not yet been made. Probably, one may 
expect [Woodside a nd Messmer, 1961] that 

Kr= ex,p = 5 X 1O- 5p' (32) 

There are data of the in flu ence of gas composition filling the pores [Woodside and Messmer, 1961]. 
Therefore, a knowledge of K a nd p and the use of K/ p permits us to draw a conclusion about 

the structure o[ the material and, perhaps, about the nature of gas filling the pores and its press ure . 
The latter is especially valuable for the investigation of Venus and Mars. The de pendence between 
K and p is di scussed in the same way as in Halajian's work [1964]. It should be noted that for 
different di spersity and pore sizes the ques tion of the dependence between K and p has not yet 
been studied , eithe r theoretically or experimentally. 
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1.10. The Nature of Material: Mineralogical Composition 

The investigation of a chemical composition is based on the comparison with the Earth's 
rocks for the definite parameters. Neither density nor thermal conductivity are suitable for this 
purpose. The attempts are made to identify the material by the loss angle at the superhigh 
frequencies, which, as known , is mainly determined by the chemical material composition. How
ever, there is no full identification of the relation between the loss angle and chemical composition. 
One and the same loss angle may corres pond to rather different natural materials. But if we take 
a definite group of materials (e.g., silicate rocks) such a comparison will be not so hopeless. How
ever, the value tg!:l by itself depends not only on a rock type but also on its density p. Therefore, 
for identification a value invariant from the density is suggested for use [Troitsky, 1961a]. Theo
retically such a value is the specific tangent of the loss angle: 

b= tg!:l. 
P 

The independence of thi s value to within ± 15 percent on the density has been shown experimentally 
when 0.1 ~ P ~ 1.5 for different Earth rocks [Krotikov, 1962a]. This justifies the introduction 
of it in the expressions for 0 and I a as a basic electric characteristic of the material. 

1.11. Main Conclusions 

Let us draw some conclusions from which we shall be able to learn about the properties of a 
body by its radiation, assuming that , for simplicity, the layer of material is homogeneous, the 
surface is smooth and the material is a dielectric. As a result of measurements we have three 
known relations, E = E (Eo, p), y = (KpC)- 1/2, and cy/ b VE between six unknowns, Eo , po, K, p, c, and b. 
Three of them are immediately determined in practice if the rocks are considered to belong to a 
silicate group. Then c = 0.2, E = E (p), but K, p, and b remain unknown being connected with three 
known equations. In the case of a density change with depth, for example, one more unknown is 
added that is a characteristic scale of inhomogeneity. Therefore, a measurement of new independ
ent relations of parameters is required. The radar investigations of the spectrum of the reflection 
coefficient may give the important data of the degree of inhomogeneity of properties with depth. 

2. Investigation Results of Properties of the SUlface Cover and Its Temperature 
Regime . 

In this section the experimental data of the lunar investigation on infrared and radiowaves 
are considered. A theoretical interpretation is given of experimental data obtained in accordance 
with the above methods in order to obtain information about the material parameters of the upper 
layer. 

The order of analysis corresponds to the general scheme of investigation mentioned in the 
first section. 

2.1. The Temperature of the Lunar Surface 

The surface temperature of the Moon is ordinarily measured on infrared waves in the atmos
phere window 8 to 12fL. At present, the temperature measurement for different regions and details 
of the Moon have been carried out both during lunations and eclipses. An estimate of the tem
perature of a subsolar point T,'1II by many authors is in rather good agreement, being equal to 
407 OK [Pettit and Nicolson, 1930] or 389 OK [Geoffrion et aI., 1960]. The recent measurements 
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on the wavelength 4fL gave 400 ± 10 oK [Moroz, 1965]. The measurements on this wavelength are 
especially important for hv = 15kT, and an error because of the infrared albedo not taken into 
consideration, even if the latter is equal to 20 to 30 percent, affects the result less than 2 percent. 
The absence of difference in the measurements on 4fL and lOfL suggests a small infrared albedo 
of the Moon's surface which, apparently, is not more than the optical albedo. A theoretical value 
of the temperature of the sub solar point is equaled TS1II = 395 oK, the optical and infrared albedo 
being equal. Thus, one may take 

TS1ll = 400 ± 10 oK. 

The situation is much worse when measuring the temperature at an antisolar point. According 
to P ettit and Nicolson's measurements [1930] and Geoffrion et al. [1960], Tsn= 120 ±2 oK. Re
cently Murrey and Wildey [1964] have obtained Tsn = 106 oK and Saari and Shorthill [1964] have 
obtained TSII = 100 oK. It should be noted that such a low night temperature leads to a value of 
the constant component that appears to be equal to or far less than that of the radio temperature, 
an impossibility. Below we shall take some mean value 

In accordance with the measure ments [Pettit and Nicolson, 1930], [Saari and Shorthill, 1962] 
the te mperature during the eclipses in different parts of the disk with the exce ption of crater 
bottoms has, in the average, a similar relative change. So T2/TI = 0.53 , T3/TI = 0.46 that gives 
TI = 400 OK, T2 = 210 OK, and T3 = 185 OK for the central part of the disk. Recently Saari and 
Shorthill [1965] have di scovered that during the umbra the sea Humorum is warmer than others 
and that over the entire disk the re are about a hundred observable warm points . Some of them 
are identified with small rayed craters . The distribution of the surface te mperature over the 
disk is es timated only for the full Moon along the equator [Pettit and Nicolson, 1930]. Instead of 
the expected law cosI/4 r which is attributed to the distribution (16) as well, one ob tain s T= TSIII 
cosl /6 r. It is explained by the roughness influence not taken into account in the theory. The 
distribution measurements of the surface te mperature on radio waves confirmed the correctness of 
the distribution (l8a) [Kaydanovsky and Salomonovich, 1961; Saari and Shorthill, 1962]. But 
more valuable measureme nts of isotherms for a night Moon have not yet been made. 

2.2. Experimental Data of Radio Emission of the Moon 

At the present time the radio emission of the Moon has been studied in the range of waves 
0.13 cm and 168 cm, both during lunations and eclipses. The dependence of radio emiss ion 
intensity on phase cannot be measured on a wavelength of 20 cm or longer, and the eclipse changes 
are not noticeable even on the waves 2 cm and longer. All the experimental dependences of radio 
temperature upon the lunar phases are approximated rather well by a sum of a constant component 
and a sinusoidal one, thus, Te= Teo + Tel cos (nt-~I). In table 1 the measurement results have 
been cited during a phase cycle of the Moon, and in table 2 during the eclipses. 

In table 1 the values of a constant component Teo, the amplitude of the first harmonic Tel, the 
phase lag ~I, the beam width of the radio telescope and the accuracy of measure me nts are given. 
In table 2 the maximum values are given of the relative temperature variations at the moment of 
the end of the umbral phase of the corresponding eclipse. It is interesting to note that in a se t 
of measurements carried out by the usual methods (table 1) the difference of values given by dif· 
ferent authors exceeds twice the error of the measurement and is equal to 30 percent. In a se t 
of precision measureme nts made by the method of the "artificial Moon" the difference on each 
wavelength is far less than the error of each measurement, i. e., not more than 1 to 2 percent. 
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TABLE 1. The list of experimental results of the radio emission of the Moon during 
lunations 

< Error of Half 
A Teo Te l Degrees measure· beam References 

em ' K ' K menl ± % wid th () 

I 0. 13 219 120 ]6 15 10' Fedoseyev 1963. 
2 .18 2-W 11 5 14 20 6' Naumov 1963. 
3 .-W 230 73 24 10 25' Ki s lyakov 196 1. 
4 .-W 228 85 27 15 1'.6 Ki s lyakov, Salo monovic h 1963. 
5 .-W 204 56 23 4 36' Kis lyakov. Plechkov 1964. 
6 .8 197 32 -W 10 18' Salomonovich 1958. 
7 .8 211 -W 30 15 2' Salomonovich. Losovsky 1962. 
8 .86 180 35 35 15 12' Gibson 1958. 
9 1.25 2 15 36 45 10 45' Piddington . . Minnell 1949. 

to 1.63 224 36 40 HHS 26' Zcli ns kaya c l al. . 1959. 
II 1.63 208 37 30 3 44 ' Kamens kaya et a1.. 1962. 
12 1.63 207 32 to 3 44' Dmilrenko el al.. 1964. 
13 2.0 190 20 40 7.5 4 ' Salomonov ic h, Koshc hcnko 1961. 
14 2.3 35 2 X 40' Kaydanovsky et al. , 1961. 
15 3. 15 195 12 44 15 9' Mayer et al., 1961. 
16 3 .2 223 17 45 15 6' Kos hchcnko el al.. 1961. 
17 3.2 245 16 41 15 40' St rezhn yova. Troit sky 1961. 
18 3.2 210 13.5 55 2.5 1' 12' Krotikov el al.. 1961. 
19 3.2 213 14 26 2 1' 27' Bondar' el al.. 1962. 
20 3.2 2 16 16 15 3 40' Bondar' et al.. 1962. 
21 9.4 220 5.5 5 5 2' 20' Medd, Brote n 1%1. 
22 9.6 230 15 19 ' Koshchenko et a1.. 1961. 
23 9 .6 218 7 40 2.5 ] '40 ' Krotikov 1962b. 
24 10.3 207 15 18.05 ' Sioanaker 1962. 
25 I I 214 12 17' Mezger. Strassl 1960. 
26 14.2 221 3.5 2' Krotikov el al. . 1965. 
27 20.8 205 5 36' Waak 1961. 
28 21 250 5 15 35' Mezger. Strassal ]959. 
29 22 270 20 15' Davies. Je ni sson 1960. 
30 22 270 Weslerhout 1958. 
31 23 254 6.5 15 38' Castelli 1961. 
32 32.3 233 2.5 3' 00' Razin. Fyedorov 1%3. 
33 33 208 Denisse 
34 35 236 4 3°06' LeRnix. 
35 36 237 3 3' 10' Kro likov, Porfiryev 1963. 
36· 50 24 1 .1 4°40' Krotikov 1963b. 
37 70. 16 17 8 1' 30' Krotikov et al.. 1964. 
38 75 185 20 2' 00 ' Seeger et al.. 1957. 
39 168 233 4 13.6 X 4' Baldwin 1961. 

TABLE 2. The list of the experimental m.easurement results of the radio emission of the eclipsed 
m.oon. 

tl.T,% (y/bV€I.IO -' I ~-Il I:L- I 1 

Aelll T,.", f,.", tl. ( Dale uf References 
ecl ipse 

Cen lf'r Disk Cenlf'r Dis k Center Disk 

0.12 17 :l15 7 6.2 6-7/7/63 85 175m'n Kamens kaya el al.. 1965. 
.12 22.S±2 315 7 4.7 :lO/I2/63 60 204 Ou. 
.21 "8 3110 10 10.0 (;-7/7/63 85 175 Do. 
.32 6 ±2 277 2.9 10.s 30/12/63 60 204 Jacous e l al.. 1964. 
.4 8 ±2 270 20 8.:1 9.7 6-7/7/63 85 75 175 255 Kamen skaya el al. . 1965 . 
.4 12 ± 2 270 20 4.5 :JO/ 12/6:1 60 204 D". 
.4 10 ±2 270 20 4.5 19/ 12/64 60 194 Pleehkuv. Purti.rj('v 196.'>. 
.43 4 ± 1 268 12.9 26/8/6 1 6:1 182 TolLer! el al.. 1962. 
.6 8 ± 2 257 35 4.5 30/12/6:1 60 204 Kamenskaya el al.. I 96;i. 
. 75 ;,±2 2.13 36 7.5 8.7 6- 7/7/63 8.1 75 175 Do . 
.86 7 247 3.9 ,,/9 /60 60 211 Cib~(l 1l 1961. 

1.6 3±2 2.>5 44 6.4 7.5 6-7 /7/63 8.1 75 175 KamL'n s kaya 1'1 a!.. 1 96.~. 

1.6 6 ±3 235 44 3.3 2.1/6/64 71 239 Pledl kuv 1965. 
2.2 I 228 . 18 15.6 19/12/64 60 194 Plf'chkuv. PlIrfirjev 1965 . 

~ The valut' uf raliiotemperature drllp in 60 min arkr the beginning of Ihe umural edip~e of lilt:' centt'r (If di~k. 

The important first detailed observations of radio emission of the Moon during lunations and 
eclipses on wavelengths of 0.2 and 0.13 cm, was carried out by Naumov [1963], and Fedoseyev 
[1963]. Since the main results of the lunar properties have been obtained from the precision 
measurements, we shall consider the method in more detail. 

This method is based on the compari son of the radio emission of the Moon or planets with 
etalon radiation of an absolutely black disk placed in the Fraunhoffer zone of an antenna at a suf· 
ficient elevation. This method was called the method of the "artificial Moon," as the disk is 
arranged to have the same angular dimensions as the .Moon viewed from the radiotelescope. 
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FIGURE 3. Artificial Moon installed on the mountain 
Khara· Dag in the Crimea, viewed/rom the antenna. 

FIGURE 4. Closeup oj artificial Moon and m.ounting. 

In order to eliminate the diffraction of the radio e mi ssion of the Earth around the disk, which 
is contributing some powe r to the antenna, a second pattern was used in a shape of an opening 
in the plane that covers the main lobe of the polar diagram of the antenna and is inserted into the 
same place formerly occupied by the disk. The opening repeats strictly the dimensions of the 
disk. In this case, the signal pattern formed with emission of the disk inserted into the opening 
appears to be weakened by the magnitude of power of the earth emission (diffraction powers are 
equal in value) . Consequently, the mean signal value from a free disk and from that in the opening 
will be strictly equal to the known black-disk emission [Krotikov, Porfiryev, and Troitsky, 1961]. 
Later, by applying the second disk , the conditions of the disk model were found under whic h the 
diffraction effect for the given wave and disk diameter could be disregarded_ Finally, the diffrac
tion error was computed theoretically [Tseytlin, 1963]. Figures 3 and 4 show the model of an 
artificial Moon installed on the mountain Khara-Dag in the Crimea. 

As a result of adopting the above method, measurements of the radio temperatures of the 
Moon are possible with an error not exceeding 2 to 3 percent, in a wide range of wavelengths. 

2.3. Investigation of the Distribution of Material Properties With Depth Using the Spectrum of 

Periodic Variations of the Radio-Emission Intensity 

The data obtained for the spectrum of the variable part of the radio emission of the Moon 
enables one to explore the character of the distribution of material properties with depth. At 
present, the experimental results are compared with two extreme idealizations of the distribution 
of properties: a homogeneous model and sharply inhomogeneous one with a nonabsorbing upper 
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FIGURE 5 . The dependence of M on A. 
Curve 2 corresponds 10 a homogeneous model (m = 1.0, 131 = 2,\). C ur ve 
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FIGURE 6. Theoretical dependence of the phase lag of 
the first harmonic of the radio emission of the Moon on 
the ratio of the constant component to the amplitude of 
the first harmonic of the emission/or a cycle: 1. Homo· 
geneous structure 0/ the sur/ace (m = 1.0, f =0, S = 21..), 
2-3. 

Two-layer-dust (m = l.O, {=5°, 8 = 2,\) and m = l.4 , ~ = 1 5°. 5 = 1.5X re o 
spectively). Black dot s arc theo re ti ca l values for wavele ng ths 0.13, 0.4, 
0.8, 1.25, 1.63. 2.0, and 3.2 em. The circles are the e xperimental values 
plotted with indication of errors on ~ a nd M. 

layer [Troitsky, 1961a, 1962a, 1964b]. Figures 5 and 6 present the results of this comparison. On 
figure 5 are plotted the theoretical curves of dependence of the inverse magnitude M(A) = Teo/Tel 
of relative variations of the radio temperature, in the function A, equal, in accordance with (20) 
and (14) to 

(32a) 

curve 2 corresponds to the single-layer model, and curves 1 and 3 to the two-layer model by the 
N = 1.5,01 = 1.511., and N = 1.5, 01 = A. The circles indicate the experimental points which lie on 
a straight line for the homogeneous model (N = 1) plotted for 0/11. = m = 2. The value M and the 
retardation ~ are functions of the model. Figure 6 gives the theoretical dependence between M 
and ~ for the assumed models and presents the experimental points. Curve I corresponds to the 
homogeneous model (N=I,~=O); curve 2 corresponds to the two-layer model with a very thin 
upper dust layer giving N=1.1 and g.,=5°. At the thickening of the layer when N= 1.4 and ~s= 150, 
one obtains curve 3. Experimental points for the wavelengths 0.13, 0.2, 0.4, 0.8, 1.25, 1.6, and 
3.2 em are marked by circles with indication of the limits of the possible error in ~ and M. As 
is seen from figure 6, the experimental points correspond to the single-layer model, and all of them 
cannot be made to agree simultaneously with the two-layer model having even a very thin layer of 
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dust. By rectangles are marked the values M and t when M is derived from the experiment, and 
t is computed from the value 01 (found by value M) by the formula for the homogeneous model. 
If the model were inhomogeneous, these values would not fall on the c urve which corresponds 
to the homogeneous model. Thus, in the limits of the investigated spectrum of the value M, the 
uppe r layer behaves as a homogeneous medium in radio e mission. This e nables one to draw a 
conclu sion of a quasi-homogeneity of layer properti es with depth. The result ob tained does not 
co ntradi ct the ass umption of a smooth, slight inhomogeneity which does not become apparent 
either due to inaccuracy of meas urements, or due to insuffi cient coverage of the spec trum . 

Investigation of the model of the superficial cover struc ture by the spectrum of a variable part 
of the radio emission of the Moon is, for the prese nt , unique. Often, in the works on the measure
men ts at one wavelength the conclusions are drawn about the model, but , as shown by analysis, 
the data at one wavelength may be interpreted loosely enough. This is not s urprising, as only 
the spectrum of radio emission values satisfies the exploration of different de pths. In mos t works 
the state me nts about the model are simply drawn without any analysis [Garatang, 1958; Giraud, 
19621· 

It should be noted that the generally adopted two-layer model is self-contradictory [Troitsky, 
1964b]. Generally the layer in thi s model has YI = 1000, and the lower Y2 = 100, the density 
being ad mitted an eq ual to PI = P2. Therefore it turns out that thermal conductivities differ from 
each other by K2/KI = Y~/Y~= 100 times ! Taking into consideration K=ap, we find that the model 
with given values YI , Y2 cannot have the arbitrary relationships of thermal conductivity and density ; 
it mu st have the following correct relations of para meters: 

In the case of the ide ntical structure type (a l = (2), the relation of thermal conductivites and de n
s itites in the adopted model ought to be identical and eq ual to 10. By different s tructures of the 
s ublayer and of the upper layer, as for example when the sublayer is solid , somewhat porous, and 
the upper layer , thin dust, 

2.4. Spectrum of Reflection Coefficient. Dielectric Constant and Density of Material of the 
Upper Layer. Model of Layer 

Four methods are offered for measuring the relection coeffi cient and dielectric cons tant of 
the planet material. (1) Measurements of the constant component of radio te mperature [Krotikov 
and Troitsky, 1962]; (2) measure ment of the polarization of radio emission [Troitsky , 1954; Troi tsky 
and Tseytlin , 1960]; (3) measurements of distribution of radio brightness at the dis k [Salomonovich , 
1962a]; (4) measure ments of the amplitude distribution and phase lag of variations of radio te mpera
ture on the equator of the Moon [Troitsky, 1961a]. 

The precision measure ments of radio emission enable one to determine the constant com
ponent of the mean e ffec tive temperature on the di sk. Measurements at a number of centime ter 
wavelengths, whic h will be described below , with gradient correction , give the following valu e 
for the cons tant compone nt: 

Simultaneously, the mean value of the temperature on the surface is equal to TeO = (1- N}'tso , for 
the above adopted values of the subsolar and antisolar temperatures. In accordance with (19), 
we obtain 1'80 = T81/ + (TslII - T81/)ao/3 = 216 OK, hence the mean he misphere reflection coefficient 
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R = 0.04 ± ± 0.02. This gives [Krotikov and Troitsky, 1962] 

Rl. = 1 percent E=1.5±0.3. 

Polarization measurements carried out at the wavelengths 3.2 cm and 2.05 cm [Soboleva, 1962; 
Baars, Mezger et aI., 1963] give the value for dielectric constant 

E= 1.5. 

In both works the roughness of the surface was taken into account , in the second case the value 
± 15° was taken for the slopes as the closest to that derived from the radar. For distribution of 
radio brightness, one value only is obtained: 1 ~ E ~ 2 [Salomonovich, 1962]. Thus, by means of 
radio astronomic methods, E = 1.5 ± 0.3 and R = 1 percent were obtained for the centimeter wave
lengths. Knowing the dielectric constant and assuming the silicate structure of rocks, the density 
of the material on the Moon surface layer, in accordance with (5), is equal to p = 0.5 ± 0.3. Mean
while, the radar investigations give, at the same wavelengths, the average from all the existing 
measurements , RI = 4 percent and E = 2.25. The difference is probably associated with roughness 
leading to the formation of sufficiently plane reflection surfaces creating a similarity to a polyhedron 
inscribed into the sphere of the Moon. On radio emission where the phase relationships play 
no part, such a form of the surface will have no influence. It is interesting that the same radar 
measurements give for the 1..=30-75 cm the average reflection coefficient value, for all the data, 
twice as much, i.e., Rl = 8 percent and E = 3.2. Of course, the spectrum of the reflection coeffi
cient is not associated with a real changing of E with the frequency, and appears as a result of 
inhomogeneity of the properties with depth. This problem was considered in one of the works 
[Matvejev, Suchkin, and Troitsky, 1965], the results of which are reduced to the following: As 
for initial data, one may safely adopt the values Rand E at the centimeter waves, measured radio
astronomically, and at the decimeter waves, the value 2.5, i.e., 

R I = 1. 7 percent EI = 1.7 pI=0.6 0.8 ~ A ~ 12 cm 
(33) 

R2 = 4 percent E2= 2.25 33 ~ A ~ 784 cm 

(values Rl and R2 correspond to the normal incidence of waves). 
The range, where the transition from one series of values to another one is being achieved, 

makes up about 15 to 50 cm. The medium-frequency wave in this range, Am = 30-35 cm, is not 
determined with certainty. 

The most probable explanation of the dependence R(A) consists in assumption of the changing 
of density and E with depth. Here two cases may be noted: the change occurs at the depth of the 
order of wave penetration [Gold, 1963], or the density is changing on the surface itselt. In both 
cases one should assume that the properties of the layer are varying for the length which presents 
portions of the length of the wave Am. The first version should be excepted as it does not explain 
the difference between the eclipse and lunation values of y (see below). The second case is prob
able. Therefore, if the properties vary smoothly from the surface to the depth I, then for A > > 1 
the lower dense layer of the material will mainly reflect, and for A < < I the boundary of the upper 
layer for this wave will become deeper as A increases. 

The following law of density variation with depth was adopted: 

(34) 

where PI and P2 are the density values of lunar material at surface and at the depth x, respectively. 
At the depth 1 = 2.5xo, later called the thickness of an inhomogeneous layer, the density attains 

its limiting value, P2. 
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In the case of one-dime nsional inhomogeneity, the coefficient of reflection is determined, as 
is known by the Ricatti equation_ Its solution under conditions (33), (34) was carried out on a 
digital computer. As a result, it turned out that the ex perimentally known medium-frequency 
wave of the transition ran ge de pe nds on the thickness of inhomogeneity, in the following way: 

[ = 'A/II_ 
8 

Taking into account th e experimental value of 'A/II = 30 cm, we find that the ubserved s pectrum 
of the re fl ec tion coe ffi c ie nt will take place if the thickness of the inhomoge neous layer is 

[=4 cm xo= L5 c m. 

Thus, the radio-as tronomic and radar investigations of the reflection coefficient lead to th e co n
clusion abo ut density changing of the material to the de pth by L5-2 as much for the distance of 
3 to 4 cm. The thermal conductivity probably varies in the same proportion , as well (if a(x)= a 
= Cons1.). 

A final judgement still necessitates the accurate meas ure ment of the spectrum of re fl ection 
in the range of 10 to 50 cm , both by radar and radio-astronomic methods. 

2 .5 . Therma l Properties of the Surface Cover 

Le t us apply the above-considered methods of de termining the value y. Let us first consider 
the eclipse regime. To determine y, the different c urves of temperature falls obtained at the time 
of the eclipses in 1927 and 1939 were used [Pettit and Nicolso n, 1930; P ettit , 1940]. Comparison 
with the computation for the homogeneous model [Wesselink , 1948; J aeger and Harper, 1950] leads 
us to the value 

YI = 1000. 

However , the optimum coincide nce of the theoretical c urve in the zone of shade is obtained, for the 
two-layer-dust model [Jaeger , Harper , 1950] considered above. Recently, for the eclipse on 5 Sep
te mber 1960, the meas ure ments of cooling curves and of the y of five radiant craters, with their 
e nvironment , were carried out [Saari and Shorthill, 1962]. On the average, with the exception of 
the bottoms of craters, y = 1000. However, the extreme need of more precise and reliable measure
ments of te mperature slope at the time of the eclipses for different formation s should be noted . 
The case is somewhat worse with the measurement of the Y2 in the lunation regime. Here the 
complete cycle does not yet exist- Theoretical curves for the homogeneous model are presented 
on figure 7 [Krotikov and Shchuko, 1963]. As can be seen from this figure , the mos t effec tive meas
urements to de termine the Y2 are measurements by the transition from day to night- Recently 
such measure ments were carried out [Murray and Wildey, 1964], giving the value Y2 = 700. The 
periodic regime I?ermits another method of de terminating Y2 - not by the curve of the surface tem
perature, but by its Fourier components. This method has the advantage that we can use the data 
on radio measure ments which do not give the absolute values of the surface te mperatures, but 
allow its Fourier components to be found out without requiring a knowledge of electri cal prope rties 
of the model. For such a determination , the related values Tsn, TsciO) , Tso(0)/T1(0) in the func tion 
Y2 are given in table 3 for the homogeneous model [Krotikov and Shchuko, 1963]. Disposing of 
experimentally known values Tso, Tso/Tsl, and TSII , one find s the value of Y2 [Krotikov and Troitsky, 
1963a]. Here we present the value y corrected according to more precise initial data. Plo tting 
curve M('A), according t? the measurements of radio emission, one can find that by le tting 'A ~ 0, 
then Tso/Ts! = L35 ± O.L This gives, in accordance with the table 3, 400 ~ Yz ~ 800. The value 
of the night temperature T", = 115 ± 5° leads to the same value. For the constant component of 
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FIGURE 7. The surface temperature measurement in the 
center of the lunar disk in the dependence of the given 
lunation period for different values of the parameter y. 
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the center at the disk, according to the measurements of mean radio temperature for the disk and 
after a corresponding recomputation, one obtains Tso(O) = 226° ± 5°, which gives Y2 = 600-800. 
Thus, the present data lead to the value 

Y2 = 600 ± 200. 

TABLE 3. Numerical values of the terms of Fourier-expansion of 
the surface temperature in the center of the lunar disk and ~ as 
a function of y. 

y To., T,,, T .. T" T" r;, r;, TIOIT~ l T",IT" 

125 390 158 247 132 34 5 -7 1.86 7.27 
250 391 136 237 146 35 4 -7 1.62 6.77 
400 392 123 230 156 36 3 -7 1.48 6.40 
500 392 lJ7 227 159 36 3 - 7 1.42 6.30 
700 393 109 223 165 36 3 -6 1. 35 6.20 

1000 393 100 219 170 36 2 - 6 1. 29 6.10 
1200 393 96 217 173 36 2 - 6 1.26 6.03 

This difference between the eclipse and lunation values is naturally explained by inhomogeneity 
of the density of the material in the superficial layer. Realizable dependency of the material 
properties on temperature [Buettner, 1963], as computations show [Aljeshina and Krotikov, 1965], 
cannot explain the observed difference. The assumption of a linear dependence of K and c on 
the temperature, made by Munsey [1958] seems to us to be very unlikely. It should be noted that , 
in the case of an existing inhomogeneity and with the adoption for the determination of y the theory 
of a homogeneous model, we can obtain an overestimation of Y2 lying between that at the surface 
and the true value at a depth. Using the values for defined parameters at the surface Yl = 1000 and 
PI = 0.5, we obtain for the thermal conductivity 

Kl = (l ± 0.5) X 10-5 cal/cm degree sec. 
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The structural parameter is equal 

al = Ki /pi = (2± 1) X 10- 5 cal cm2/sec degree. 

At the de pth of 3- 4 cm or more, Yz = 600 and pz = 1; hence Kz = (1. 7 ± 1) X 10- 5 for the same struc
tural parameters. It remains to evaluate the depth of the penetration of a temperature wave. 

As for both media K=ap , the value IT=~ K .!!! should be identical for both media too. But in the 
cp 7r 

case of the inhomogeneous layer composed of those media, this expression is now unjust for the LT. 
However, a small inhomogeneity will not change substantially the value LT , and it will be 

~ LT = V=-=(1O ±5) cm. 
C7T 

For the eclipse, a similar value at the moment of the end of the umbral phase is equal to 
. _ ff 

lee = Y - (t3 - tl), where t3 - tl is a time-irtterval from the beginning of the eclipse up to the umbral 
c 

phase; thi s time interval is equal to about 3 hr. Hence, 

2.6. Absorption Spectrum of Electromagnetic Waves in the Material of the Moon 

In order to determine the absorption spectrum, it is necessary to de termine al from the 
experimental data. The best way is to compare the experimental value M with the theoretical 
one (32a) for the homogeneous model. It is apparently safe to use the theory of the homogeneous 
model in spite of the existence of some inhomogeneity; as we have seen, the experiment satisfies 
thi s model to within the measurement accuracy. Determination of a at the wavelengths of 0.13 
to 3.2 cm has shown that it is changing in proportion to the wavelength A [Troitsky and Zelinskaja, 
1955; Zelinskaja, Troitsky, and Fedosejev, 1959; Krotikov and Troitsky, 1963b] 

a=mA 0.1 ::0.;;; A ::0.;;; 3.2 cm. 

The value of the coefficient of proportionality is found to be equal to m= 2. Figure 8 shows the 
spectrum a/A = m including all available data. Some deviation from a linear dependence takes 
place in the vicinity of A = 1.6 cm, which can be interpreted as absorption in the lunar material 
near that wavelength. Taking the value of LT = 10 cm, we obtain depth of the penetration of electro
magnetic wave of 

le = (20 ± lO)A. 
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This dependence between le and 'A confirms the dielectric nature of the Moon material. The 
unknown relationship of the heat and electric parameters is equal to 

where the points indicate parameters most likely to concern the layers deeper than 3 to 4 cm 
(3';;; le .;;; 60 cm). Contrary to this, the eclipse measurements give the value for the parameters 
of the upper layer and are marked by the x's. All present data on the magnitude of a relative of a 
relative drop in radiation temperature at the time of the eclipse are given in the table 2. 

In the same table are presented the values b :1/ computed in accordance with the above 
1 VEl 

theory [Troitsky, 1965]. 
Figure 5 gives the theoretical curves M('A) for the eclipse of December 30, 1963, with different 

values for ylb VE, computed by exact formulas, together with the experimental points . Accord
ing to the data presented in the table 2 (except the data on the partial eclipse of February 7, 1963), 
one may take 

This value concerns the layer less than lee = 2 - 3 cm. In accordance with this it is necessary 
to adopt the values E and y for the corresponding depths, for the determination of bl and b2 ; i.e., 
(:1 = 1.5, YI = 1000; and E2 = 2.25, Y2 = 600. As a result we obtain 

b2 = (7.5 ± 1.5) X 10- 3 bl =(14±4) X 10- 3 • 

A comparison of these data suggests that, together with a certain inhomogeneity as to the density 
of the material, apparently there takes place an inhomogeneity with depth of the electrical prop
erties, i.e., of the nature of the material. The increase in a specific loss angle to the surface may 
be associated with saturation of the surface layer by meteoric material having the b = 2 X 10- 2 • 

2.7. Spectrum of the Constant Component and Heat Flux From the Depths of the Moon 

As shown above, the constant component of radio emission is determined by a constant por
tion of the layer temperature at the depth of the penetration of the wave. The repeated attern pts 
to discover the anticipated systematic rise of the constant component with the wavelength turned 
out to be unsuccessful due to poor precision of usual radio measurements. In order to di scover 
the effect, the special measurements of radio emission were carried out at the 168-cm wavelength 
[Baldwin, 1961]. However , neither precision of measurements, nor assumptions made by working 
out the results (linear rise in temperature up to the wavelength 168 cm) allowed the gradient and 
flux to be determined with sufficient safety. One has estimated the flux , qs = 0.25 X 10-6 cal/cm2 

sec, that coincides with the theoretical values [Jaeger, 1959; McDonald , 1959; Levin and Majeva, 
1960; Majeva, 1964]. As a result of using the precision method of measurements , the growth of 
the constant component of radio temperature of the Moon was soundly es tablished [Krotikov and 
Troitsky, 1963c]. Figure 9 presents the spectrum Teo('A) , obtained by the above measurements 
of the wavelen gth s 0.4 cm, 1.6 cm, 9.6 em, 14 em, 32.5 cm, 35 cm, 50 cm, carried out in the Research 
Institute of Radio Physics in 1961-1964. The observed effect cannot be explained by any over
looked errors of measureme nts or such causes as roughness or reflection by the Moon of galactic 
and solar radiation. Reflected by the Moon, the galaxy radiation appears at those wavelengths 
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FIG URE 9. The dependence oj the mean disk constant 
component oj the effective temperature on wavelength, 
from the data of precision measurements oj lunar radio 
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so small that it may be disregarded [Starodubtsev, 1964]. The only way to explain the observed 

effec t is to admit '1 real ri se in the deep te mperature du e to flux of internal heat. However, the 
ques tion of the origi n of suc h a flux re mains. In principle, two possibilities exis t. Either th e 
flu x is of a so la r ori gin , or, just as th e Earth , it is cau sed by di ssociation of radioactive eleme nt s, 
contain ed in all of it s roc ks. The firs t assumption requires very unnatural s uppositions about 
light pe ne tra tin g to depth s of up to 10 m, a nd so on. The leas t co ntrad ic tory expla nation is th a t 
th e flux of heat co mes from great dep th s. Figure 9 s hows th e a lmos t lin ear ri se in radio te mpera
ture of th e Moo n with wavelength up to iI. = 30 c m, whic h s ugges ts a n app roxim a tely cons tant th er
mal conduc tivit y to the depth of penetra tion of each wavele ngth. There are far more dense layers 
at grea ter depth with the rm al conductivit y c lose to th e terres tri al value (100 times greater th an th e 
lunar), giving, therefo re, a temperature ri se with depth hundreds of tim es s maller. Thu s, th e thic k 
porous laye r of the mate ri al lies, appare ntl y, on a den se roc k base. The thi ckn ess of thi s laye r 
may be evalu ated . As th e the rm a l condu ctivit y in th e laye r is equal throughout , th e de ns it y is 
eq ua l as well. If th e parameter b is not cha nged, the valu e of elec tromagnet ic wave att e nu a tion 
is eq ual in the total layer , as well as in its upper part Le = 20il.. Co nseque ntl y, the thi c kn ess of 
th e porou s layer, co rres pondin g to de pth of pene tra ti on of waves of iI. =30 c m, is equal approxi
mately to 

LPO r = (3 to 10) m. 

As seen from figure 9, dTeo/dil. = 1 deg/m. Hence, from the above theoretical co mputations, where 
LT = (10 ± 5), we obtain for the gradient of te mperature in the 6-m layer , 

grad T(x) = (4 to 2) deg/m. 

Accepting Y2 = 600 , the density of the flux, according to (15), turns out to be equal to 

qs = (1 ± 0.3) X 10- 6 cal/cm2 sec. 

As we have seen, the theoretical values for the flux density give a value 4 to 5 times less. 
The total heat flux from the depths of the Moon is 

Q = (1 ± 0. 3) X 1019 cal/deg. 

If a heat equilibrium is se t up, then it follows from the value Q that per 1 g of the lunar material 
there is educed per year 

qv = 1. 7 X 10- 7 call g year 

of radiogenic heat. 
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This value is 4 to 5 times greater than that for the Earth, and suggests that the mean concen
tration of radioactive elements in the Moon material is much higher than their mean concentration 
for the Earth. This fact will require the radical revision of existing ideas about the heat history 
of the Moon, based on low content of radioactive elements. 

2.8. Microstructure: Nature of the Material 

The microstructure of the obtained porous layer is still very obscure. In the main, one has 
to choose between a fine dispersed dry (dust) and a solid porous structure. However, the param
eter (XL appears for the Moon not so well determined for this purpose. Its value, as we have seen, 
for both parts of the layer is approximately (XL = 2.10-5 • This value lies between the values (X 

for the dust and the solid porous medium in vacuum, which are composed of terrestrial rocks. 
Unreliability of the latter numbers, and of the value (XL, too, for the Moon makes the conclusion 
about the microstructure very tentative. It is possible that the vicinity of (XL to the value for the 
dust points to the character of origin of the upper porous layer by means of cohesion and adhesion 
of dust particles arising by meteoric bombardment of loose enough structures. This gives an inter
mediate structure between a solid-porous and a dry-dust structures, when the heat contacts are 
weaker than in the first one, and stronger than in the second, as the pores are opened. A similar 
structure was investigated at optical wavelengths, and was found to be corresponding as to the 
scattering, to the superficial layer of the Moon [Hapke and Van Horn, 1963]. 

To draw some conclusions about the nature of the material, according to the above method, 
on figure 10 gives values of tg flip for various rocks. In the diagram are plotted two shaded bands 
corresponding to likely lunar values of parameters. The upper band corresponds to the measure
ments to the time of the eclipse b1 that give a value for the layer at adepth of the order of 1 to 2 
cm. The lower band corresponds to the values b2 derived from the lunar measurements for lunar 
lying depths. As seen from figure 10 and table 4, the upper layer of the material may be a volcanic 
slag, meteoric material and tuff, the lower layers, tuff, pumice, ashes, etc. 

2.9. Distribution of Properties on the Surface of the Moon 

A number of investigators repeatedly affirm a considerable difference in properties of the 
material over the lunar surface. Thus, for example, the maria have been claimed to be formed 
of basalt, and the continents of granite. 

Quantitative investigation of different characteristics of reflected light (polarization, index of 
reflection, albedo, color) lead, as is known, to the conclusion of a high photometric homogeneity 

Si O. (percent) 
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of the Moon surface [Barabashov et aI., 1959]. However, this does not give sufficient arguments 
in favor of the homoge neity of such properties as densi ty , thermal conductivity, and chemical 
and mineral composition. 

The author [Troitsky, 1964c] considered in hi s work the methods to de termine the variations 
of values y , p , and b on the disk of the Moon. Brie fly the results are reduced to the following: 

One can determine variations of the value y on the di sk of the Moon by spatial di s tribution of 
the temperature of the night Moon or at the time of an eclipse. Fluctuations of te mperature can be 
determined by deviation of observed isotherms from the ideal ones. Approximately , the relation
ship connec ting the variations y with those of the night temperature, has a form 

6.Tsn 1 6.y 1 M?; 
--= - - + - -:-=---:::--:-

T sn 16 y2 16 (1- R;)2 

Spatial di s tributions of infrared temperature in the sunlit zone , when the incidence angle of Sun's 
rays is i ~ 70- 80°, are equal to 

The fluctuations of temperature in the subsolar zone (i = 0), as one can see from the expression, 
allow a de termination of the sum of mean squares of relative fluctuations of an optical and infra
red albedo . Measurements at low angles of the Sun de termines the fluctuations of surface slopes. 
The investigation of infrared isotherms for the sunlit zone using a r esolution of about 20 km [Saari 
and Shorthill , 1962] have .sh?wn that for the s ubso~~r poi~ariatio.n s of ~=± (1- 1.5). This 
corres ponds to albedo vanatlOn of the order of V 6.R6 = V 6.R; = 10- 2 • VanatlOns of the value y at 

present can be evaluated only rou ghly , as a map of the night iso therms of the Moon does not ye t 
exis t. Individual measure ments of the night temperature all along the traj ec tory [Murray and 
Wildey, 1964; Saari and Shorthill, 1964] prove that its variations do not exceed , apparently, ± 15°, 
i. e., about 1/20 of the average value. He nce we obtain 

6.Ys -=±0.25 ; 
Ys 

750 ~ y, ~ 1250. 

The direc t measure me nts of y, for diffe re nt points on the Moon 's di sk (w ith th e excep tion of 
the bottom of radiatin g c rat ers) show the same sca tt e rin g [Saari and Shorth ill , 1962]. Thus , we 
co me to th e conc lusion that thermal conductivity and de nsit y of the lunar mate ri a l, when a veraging 
over a region of about 20 km, are varying on the surface (exce pt bottoms of crat ers) hardl y more 
than by 1.5 to 2 times. Notice that the de pth of the pene tration of heat wave will be ide ntica l, 
inde pendent of the value of p. By meas uring the radio emission with a s harp beam , the possi
bility arises of evaluating the distribution of values of y/b V"i on the disk. The measure ments 
carried out at 0.4 c m [Kisljakov and Salomonovich, 1963] testify to a considerable cons tancy of 
that value in the equatorial zone when averaging over a region having a linear dimension of the 
order of 150 km . No differe nce was observed in this value for maria and continents. Thi s indi
cates the unc hanging nature of the material that form s the lunar supe rfi c ial layer. At least, the 
data de finite ly de ny the hypothesis of basalt rock for th e mate ri al of maria and th at of granite for 
continents. The measureme nts of radio e miss ion at th e .\ =3.2 mm at the time of the eclipse 
were recently carried out for differe nt points, including the bottoms of c raters, as well [Jacobs 
et aI., 1964]. The analysis carried out by us s hows th at the value y/c VE turns out to be in the 
limits of precision of measurements (± 20 perce nt) ide ntical for all of those formations. Thu s, 
besides the photome tri c homogeneity , there exists the radiometri c homogeneit y of the mate rial 
of the firs t decimeter of the lunar surface, associated with a hi gh degree of th e homogene ity of 
thermal and electri c properties of the material on the Moon surface. 
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2.10. Properties of the Venus Surface 

The radar investigations have shown that for Venus, R.L = 0.1. This gives E=4, and, if the 
material of the surface is composed, just as at the Earth, of silicate rocks, then the density p = 2 
g/cm3 • The dependence of radio emission on the phase, according to measurements at 1..=3.2 
cm and 10 cm, respectively, has a form Tel = 621 + 73 cos (<I> - 12) and Tel = 622 + 39 cos (<I> -17). 
This phase dependence proves that the axis of rotation of the Venus does not lie in the plane of 
its orbit, and the rotation is retrograde. We assume for the material of the Venus , as well as for 
all the silicate dielectrics , that 0 = mI... Equating the relations M(3) = 621/73 and M(10) = 622/39 
with their theoretical value (32a) for integral flows and solving the equations with two unknown 
quantities by the Po = 0.92, PI = 0.73, we obtain [Troitsky, 1964] 

0= 0.141.. , Tso(O)/Tsl(O) = 4, TSl(O) = 150 oK. 

yc ,~ 
, r-= 2m v 7Tto. 

bv E 

The duration of a solar day, according to radar measurements , is of the order of 100 days. 

Accepting c= 0.2, we have t= 1.5 X 1()'1. Accepting, as for terrestrial rocks, the mean value b = (1 

± 0.5) X 10- 2, we obtain 

y= 150. 

This value is too high, and by p = 2 leads to the value a = 0.6 X 10- 4 which is by one order less than 
the value for porous rocks in the atmosphere of the Earth. If to solve the problem of determination 
of a period , adopting the y/b = 50/10- 2 = 5 X 103 as an initial value close to the terrestrial one, we 
obtain to = 10 days. It is necessary to carry out more precise measurements of phase dependence 
of radio temperature of the Venus. 

3. Conclusions 
As the above considerations show, the investigation of the proper thermal radiation from solid 

bodies, particularly by existing variable thermal regimes of differe nt periodicity and duration , 
allow us to obtain the substanti al information on physical para me ters of the la yer and the te mpera
ture regim e. However. the experimental initial data obtained for th e Moon are s till not sufficie ntl y 
complete and precise. There continues to be consid e rabl e ull cert aint y in our knowledge of the 
parameters of th e Moon layer material. Essentially, a t prese nt we have the valu es but for those 
magnitudes . For a more precise determination of parameters of th e Moon layer, furth er investi
gations on infrared radia tion and radio e mi ss ion of th e Moon are needed in both thermal regimes; 
the lunation an d the eclipse. Precise meas urement s of the ni ght infrared temperature a re par
tic ularl y needed ; the absolute measure ment s of s urface te mperatures depending on time for 
differe nt format ions on th e Moon, are also necess ary. Th e relative meas ure ments of temperature 
dist ribution on the Moon di sk a t night and at th e time of the total phase of the eclipse are needed. 

At prese nt , the radio experi me nt s are more advanced , perh aps, th a n in th e infrared fi e ld. ]n 

any case, th e quantity and precision of radio dat a on integral emi ssion do not limit the possibilit y 
of drawing conclusions. However, at presen t, it is clearly necess ary to measure the radio emission 
at short millimeter waves in order to determine the inhomogeneity of the layer with depth. Espe
cially advisable is the measurement of the polarization spectrum in th e range from millimeter up 
to decimeter wavelengths. Practically s peaking, only the fir st steps have been made here. Finally, 
a large remaining fi eld is the investigation at the radio waves of separate zones of the Moon. It 
is extre mely advisable here to use wave le ngths in the decim eter ran ge. However, here one meets 
with difficulties in obtaining sufficient resolving power. Possibly such investigations can be made 
from the satellites placed around the Moon. 
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At the present, the working of experimental data necessitates an elaboration of theoretical 
problem relative to the radia ti on of layers of the material with a variable thermal regime and dif
fere nt distribution of prope rti es with depths, the elaborat ion of the theory of radi ation of the rough 
Moon, etc_ Stric t and prec ise computa tions are needed , as th e prec ision measurements allow one 
to observe e ve n the s li ght es t e ffects . 

Especia ll y, we s hould like to point out that the research of the thermal radiation of th e Moon 
from th e Earth gives obj ec tive charac teris ti cs which are added to the basi c cons tan ts c harac 
terizing th e Moon. They have th eir original value, irres pec tive of very limit ed possibi lities of 
inte rpre tati on. 
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Discussion F ollowi.1g Troitsky's Paper 

F. D. Drake: Are there diffic ulties in your measurements with the "artificial Moon" being in 
the near or Fresnel zone? 

A. E. Salomonovich: The use of the method of the "artificial Moon" requires , generally 
speaking, its placement in the Fraunhofer zone and against the sky background (with not too large 
zenith distances when the atmospheric radiation is considerable)_ Prof. Troitsky uses this method 
for relatively s mall antennas (3-8 m) , when the distance to the "artificial Moon" is not great, and 
the disk diameter required to cover the main lobe (or its largest part) is 4-6 m. With larger sizes 
of antennas where a large number of wavelengths (103 and more) are included within its diameter 
it is necessary to either correspondingly increase the size of the disk, which is extre mely incon
venient, or else to change the method. A method of calibration within the Fresnel region has been 
developed that makes use of extraterrestrial sources of large angular dimensions. In this method 
the radiator (feed) is displaced from the focus a certain distance, and the aerial diagram is obtained 
with the use of a transmitter located in the Fresnel zone . According to the known distribution 
of brightness across the lunar disk and the measured diagram, it is possible to calculate the ef
fective area of the radio-telescope antenna. An analogous method in which the " artificial Moon" 
is used was recently proposed by Dr. N. M. Tseitlin. 

1611 



A. Boischot: With what accuracy can you know the brightness of the "artificial Moon"? 
A. E. Salomonovich: The emissivity of the absorbing disk material can be measured in the 

laboratory to an accuracy better than 1 percent. The physical temperature of the disk surface 
also can be measured with high accuracy with the aid of a thermocouple, or a system of thermo· 
couples. The principal source of error in such measurements is the additional radiation due to 
diffraction of Earth radiation by the disk. These effects have been considered in the papers cited 
in the review paper of Prof. Troitsky. 

C. Sagan: How does Prof. Troitsky determine the imaginary part of the dielectric constant? 
This value depends greatly on impurities in the material. A large number of substances could 
give the values you quoted. 

A. E. Salomonovich: In radio-astronomy observations of the Moon (during eclipses and luna
tions), under certain assumptions one finally determines the value of tan fl ip, which does not de
pend on the porosity of the substance but does depend on the chemical and mineralogical composi
tion. Of course, the impurities do affect this value. A comparison with terrestrial ores helps in 
selecting materials most similar in composition. It is possible that this choice is not quite unique. 

(69Dl2-603) 

Polarization of Thermal Radiation of the 
Moon at 14.5 Gels 

P. G. Mezger 

National Radio Astronomy Observatory, Green Bank, W. Va. 

A summary of this work has been given in Astronomical Journal 70, 132 [1965]. Comparison 
of measured polarization with calculated results for smooth and rough spheres indicated the best 
agreement for the central lunar disk is obtained with € = 1.8, while the region near the limb cor
responds to E = 1.5. It was concluded that dielectric constant decreases with increasing frequency. 

Discussion Following Mezger's Paper 

G. H. Pettingill: You do not include radar determinations of dielectric constant in the 
comparison. 

C. Sagan: I believe that Prof. Troitsky explained the increase of dielectric constant with 
wavelength as being due to longer wavelengths penetrating to the deeper, more compacted layer 
of porous material. 

It seems you neglect the influence of the temperature distribution on the polarization. 
A. Giraud: These results agree with the work of N. S. Soboleva at 3.2 cm, with the large Pul

kovo telescope [Astron. Zhur. 39, 1124, 1962]. 

(Paper 69Dl2-604) 
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