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New Effect in Near-Field Thermal Emission
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A near-field effect has been discovered experimentally in thermal radio emission of an absorbing
dielectric medium. It is related to a specific character of the distribution of a quasistationary field com-
ponent near a radiating surface. The effect consists of the fact that the effective depth of the received
emission formation appears to be less than the skin-layer depth and depends on the size of the receiver
antenna and its height above the surface. It can be considered as a new source of information about
depth temperature distribution. A theory has been developed that allows for determining the relative
contribution of wave and quasistationary components to the Plank emission received near the surface.
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I. Introduction.—The near-field (quasistationary) com-
ponent of thermal radiation was predicted theoretically by
Rytov as early as the 1950s (see, for example, [1,2]). This
component does not transfer energy and decreases drasti-
cally with increasing distance from the surface. Its volume
density of energy increases infinitely when approaching the
medium surface and exceeds the energy of the wave field
component that is independent of distance. This effect was
proposed as a method for experimental detection of the
near field. But the method has not been realized up to now.
The question is, why? Moreover, realization of Rytov’s
method would mean that it is possible to receive thermal
emission energy from a heated medium higher than Plank’s
emission.

The theoretical analysis carried out in this research
shows that the transfer function of the receiving antenna
should be taken into account when solving this problem.
It was found that the antenna properties inevitably change
the dependence of the measured signal on the distance
from the surface, which makes it impossible to realize
Rytov’s method of near-field detection. The total received
energy (the sum of the wave Py and the quasistationary
P field components) remains equal to the Plank thermal
emission energy Py = Pw + Po at any distance from
the surface. The influence of the near field leads only
to the redistribution of energy between Py and Py in
the total value of P,. But it was also revealed that the
quasistationary component has its own spatial scale of
formation d.¢+ which appears to be less than the absorption
skin depth dg. Moreover, it depends on the effective

2 2
~ K Ky
k0.2 = [[ @ Sims0r + 5 irutopiad|
1, K = ko
X [exp(—zlez —K2h), k> k

}IEa(I?)I,

PACS numbers: 44.40.+a, 41.20.Jb

size of antenna D and its height above the surface #, i.e.,
dett = des(D,h) < dg.. This effect has been detected
experimentally, and it is the first evidence of the near-field
thermal emission.

The near field tangibly affects a signal measured by a
radiometer, if a receiving antenna has a small electric size
D < A and is situated at height 7 << A over the radiating
surface (A is the wavelength). So, new possibilities are
offered to control derr by varying parameters D and £,
which permits one to retrieve a subsurface temperature
profile of media by one-wavelength near-field radiometry
measurements.

II. Theory.—Let us consider the problem of thermal
emission of the half-space z = 0 with permittivity € =
€1 — i€z, which is measured using an arbitrary antenna
with effective size D at height # = 0 above the medium
surface. The thermal emission is related to the fluctuation
current j(7,z) that satisfies the relation
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where 6(z) = (hw/2)coth[Aw /2kT(z)] is the Plank func-
tion, and T(z) is the temperature of the medium that de-
pends on the vertical coordinate z [1,2]. The obtained
solution for the received power P can be written as
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where Tp = 2\/k§ - KZ/\/kS — k2 + \/ek% — k% and Ty = 2\/2\/163 - Kz/\/k(z) — k2 + \/ekg — k2 are the
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Fresnel coefficients, |ny|* = (I\/ekg - k2P + «?)/
(lelkd), ko = 2p/A, and E (k) = [[ E,(F)exp(ikF) d>r.
We set in our calculations that the electrical field distri-
bution over antenna aperture E,(r) = Eqexp(—4r%/D?),
where D is the effective antenna size. It was assumed
in Egs. (2)—(4) that the antenna efficiency n = 1, so
the receiver is matched to the medium. The expressions
[Eqgs. (2)—(4)] take into account the contribution of both
the wave and the quasistationary field components in the
received power of thermal emission. The effect of
the wave component in Eq. (4) is determined by the
contribution of the integration range x = ko, whereas
for the quasistationary component it is the integration
range k > ko. Hence, it is possible to express the
kernel K of Eq. (2) as a sum of these two components
K = Kw + Ky and, correspondingly,

1 0
P =Py +Po =3[ 6@KyhD,

+ Ko(h,D,z)]dz .
(5)

It is possible to express the wave component in
Eq. (5) in terms of half-space emission intensity I
and antenna pattern ® passing over to angle variables
Ky = ko sin(¥)cos(@), k, = ko sin(F) sin(¢):
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The quasistationary (near-field) component Py in
Eq. (5) cannot be described in terms of the emission
transfer theory, but it does make a contribution to the total
measured power. One can see this component in relative
units in Figs. 1 and 2 at A = 30 cm for the water at
temperature 7 = 293 K with € = 76 — i3 as a radiating
medium. This component can be considerable and, more-
over, dominating if (i) the effective size of the aperture is
small (D < A) and (ii) the height of the antenna above
the surface is small (h << A). With an increase in the
antenna size or height the relative contribution of the near
field decreases.

It should be mentioned that, for a temperature homo-
geneous medium 6(z) = 6 = const, the total power of
the received thermal emission [Eq. (5)] remains unchanged
and does not depend on the antenna size and height. In this
case we have

p=2 —X=r. (7)

2w
where Jy = k36/(27)? is the brightness of thermal emis-
sion. But, as can be seen from Eq. (5), the specific char-
acter of the formation of thermal emission in the near-field
zone is essentially dependent on the antenna transfer prop-
erties. In Fig. 1 w(h)/wy is plotted, where w is the energy
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FIG. 1. Normalized power of wave and quasistationary fields

as a function of antenna height for D/A = 0.01: (1) Py/Py,
(2) Pw/Py, and (3) w/wq according to [1,2].

volume density of the thermal emission field calculated ac-
cording to [1,2], and wy = w(h — ). One can see that
the contribution of the quasistationary component leads to
divergence of w(h) at h — 0, but the antenna transfer func-
tion constrains this divergence and leads to the condition
P(h) = Py, including the range at A — 0. So, the vari-
ation of & leads only to the redistribution of the energy be-
tween the wave and the quasistationary components in the
total received signal. The fact that the received power of
thermal emission does not depend on the size and position
of the antenna for a temperature homogeneous medium
makes it impossible to detect the effect of the near-field
enhancement at 4 — 0 as it was proposed in [1,2]. Nev-
ertheless, for temperature inhomogeneous media there are
some detectable near-field effects.

FwilPo, FalF o, derdsk

FIG. 2. Normalized power of wave and quasistationary
fields versus the antenna aperture size for A = 0: (1) Po /Py,
(2) Py /Py, and (3) dest/d.
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In particular, the influence of the quasistationary com-
ponent leads to a new spatial scale of emission formation.
Now the effective depth of thermal emission formation be-
comes a function of antenna size and height:

0
deff(h?D) = ’f ZK(h’D’ Z)dz b (8)

as can be seen from the calculations in Fig. 2. This effect
is more prominent in media with |€| > 1, such as wa-
ter. In this case the wave component of thermal emission
is formed by plane inhomogeneous waves propagating in
the absorbing medium in the narrow cone near the vertical
direction z. So, for the wave component, desr =~ dgx =
1/(2koIm4/€), and does not depend on antenna parame-
ters. The waves propagating outside this cone are totally
reflected at the half-space boundary; hence, at z > 0 they
make a contribution only to the quasistationary component.
For this component, one obtains ders < dgx. Thus, for the
total received power in conditions of strong near-field influ-
ence (D <K< A, h < A), one has desr = ders(D, h) < dg.

1I1. Measurements.— In our research, water was chosen
as a very suitable medium because its dielectric parame-
ters can be calculated to a high accuracy at any given value
of temperature 7 and salinity S (see [3]). Thermal ra-
diation was detected by a radiometer with operating fre-
quency fo = 950 GHz, frequency band Af = 200 MHz,
and fluctuation sensitivity threshold 67 = 0.05 K for the
integration constant 7 = 1 s. The key element of the re-
ceiving system was an electrically small antenna of size
D =1cm (D/A = 0.03). The antenna was matched to
the radiometer input in close contact with the medium sur-
face (h = 0), so that the reflection coefficient R averaged
over the radiometer frequency band Af did not exceed
0.03. The antenna efficiency at # = 0 was found to be
n = 0.85. An increase in & leads to a decrease in the effi-
ciency of the antenna 7 and to its mismatch. Consequently,
at h = hy,, = 2.5 mm the sensitivity threshold increases
from 0.06 K (at 2 = 0) up to 1 K, so it was impossible
to take measurements at & > hp,,. Besides, an antenna
with D = 4 cm and efficiency n = 1 at 1 = 0 has been
used in our measurements. High-efficiency matched an-
tennas are necessary in the near-field radiometry, unlike
active near-field microscopy [4].

1V. Near-field effects.—For measurements of dest,
a stable quasilinear profile T(z) was formed using a
heater near the surface and a cooler near the bottom of
a cylindrical vessel. The stationary temperature gradient
was as large as dT/dz = 2.5 K/cm. The expression for
the radiometer-measured brightness temperature at a given
wavelength A according to Eq. (5) can be written as

0

Ty(h.D) — f T(K(h.D.2)dz . ©)

For a linear T(z), a simple exact expression for the
brightness temperature measured by the radiometer can be
obtained from Eqgs. (8) and (9):
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Ty, =T(z = —des), (10)

which was used for determining der from measurements
of T},. Because the dielectric constant of water € satisfies
the condition |€| > 1, for the wave component of thermal
radiation the value of d.¢r is equal to the skin depth d.
For the near-field component, one has dep(D, h) < dg.
In our measurements we obtained deis(D = 1 cm, h =
0) = 0.5dyx. Measurements have been carried out for
temperature-stratified water at three different values of
salinity: S = 0,1.8 X 1073, and 5.0 X 1073 g/cm® . At
the water salinity S = 1.8 X 1072 g/cm?, the skin depth
at the given frequency is temperature independent and the
medium can be considered as a homogeneous dielectric,
which is important because the above-mentioned expres-
sions are valid in the case of € = const. Results of mea-
surements and calculations by Eqgs. (3), (4), and (8) are
shown in Fig. 3. These results prove the presence and
the influence of the near-field component on the measured
emission of the medium. Good agreement between the
theory and the experiment shows that the predicted de-
pendence of d¢r on the size and height of the antenna is
really revealed. Results for other values of salinity are
also in good agreement with the theory, provided we make
a reasonable assumption € = (T = T}) in Egs. (3), (4),
and (8).

The strongest effects have been observed for distilled
water (S = 0), but in this case the dielectric constant of
water is temperature dependent. Therefore, the discrep-
ancy between measurements and calculations is somewhat
greater than for homogeneous water.

V. Retrieval of subsurface temperature profile.—The
discovered dependence der(D, 1) can be used as a new
source of information about subsurface temperature
distribution to develop new methods of radio thermal
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FIG. 3. Effective thickness d.¢s as a function of antenna height

for different antenna sizes. Circles correspond to measurements;
lines correspond to calculations.
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FIG. 4. Measurements of brightness temperature dynamics
(solid lines); contact measurements of temperature dynamics at
different levels inside water (dashed lines).

diagnostics of media. Microwave radiometry measure-
ments of thermal emission are widely used for subsurface
diagnostics of media. For temperature measurements
these methods are superior to other remote (noninva-
sive) techniques. The intensity of thermal radiation is
proportional to the average temperature of a layer with
thickness d.tr where this radiation is formed. Controllable
variations of d.rr allow one to retrieve the subsurface
temperature profile 7(z). Only the dependence of degr
on wavelength A has been used earlier for this purpose,
i.e., retrieval of T'(z) was performed by measurements of
thermal emission at several wavelengths (see, for example,
[5]). Such a technique has been employed in medical and
plasma investigations, for diagnostics of water, soil, etc.

In this Letter we present the first results on the retrieval
of a water subsurface temperature profile using the depen-
dence d.¢;(D). Two antennas with D = 1 and 4 cm have
been used in the measurements of the brightness tempera-
ture of water in the process of water surface heating (with
the help of a wire heater). In addition, because the data set
should include at least three different values of D, direct
measurements of the surface temperature 7(z = 0) by a
contact thermometer have been made for D = 0 because
Th(D = 0) = T(Z = 0)

An algorithm and a program for T(z) retrieval from the
integral equation [Eq. (9)] were developed on the basis
of the Tikhonov regularization method for the solution of
ill-posed inverse problems [6]. The measured dynamics of
brightness temperature and water temperature at different
depth levels in the course of heating of a water surface
(starting with the initially homogeneous temperature dis-
tribution) are presented in Fig. 4. The retrieved profiles
T(z) are shown in Fig. 5 along with the directly measured
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FIG. 5. Profiles T(z) retrieved in the time interval of 10 min by
measurements of T}, (D) (dashed lines); profiles T(z) measured
by contact thermometer (solid lines).

temperature profiles. One can see that the accuracy of 7'(z)
retrieval is about (0.5-1) K for 0 < z < dg = 4 cm and
the quality of retrieval for rather simple temperature pro-
files is good, taking into account a nonoptimal and very
scarce data set.

VI. Conclusion.—In this paper the near-field effect in
thermal emission has been discovered, and the theory of
this effect has been developed. The effect consists of a de-
crease of the effective depth of formation of thermal emis-
sion received in the near-field zone. This depth can be
much less than the absorption skin depth and depends on
the size of the antenna and its height above the medium
surface. The detected dependence provides an opportunity
for developing new near-field radiometry methods of sub-
surface temperature diagnostics.
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