PHYSICAL REVIEW E 70, 056601(2004)

Quasistationary field of thermal emission and near-field radiometry
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We provide a theory of radiometry measurements of the quasistatigneay field of thermal emission
from a heated conducting medium. It explains why the Rytov effect, which essentially is a drastic growth of the
thermal field energy near the medium surface, cannot be detected experimentally. However, we discovered a
measurable near-field effect: the effective depth of formation of the received emission proves to be less than the
skin-layer depth, depending on the size of the receiving antenna and its height above the surface. For such
measurements highly effective antennas of a small aperture size are necessary. We developed and investigated
a variety of microwave antennas whose parameters were fairly suitable for near-field radiometry. The mea-
surements conducted with these antennas yielded experimental evidence of the fact that the quasistationary
thermal field really exists. Near-field radiometry opens further opportunities for investigating media. In par-
ticular, we demonstrate here a technique for retrieval of the subsurface temperature profile in water with the
help of near-field measurements.
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I. INTRODUCTION development on the basis of high-temperature superconduct-

A quasistationaryneay field (QF) of thermal emission ©rS[8-10 led us to the same conclusion. Indeed, the narrow
from a heated absorbing medium was theoretically predicte@P€rating frequency bands and low efficiency of ESASs
to exist by Rytov as early as the 19503 (see alsq2]). The seemed to be inadequate to ensure the sensitivity of radiom-
features of such a field include primarily the absence of en€lrY Systems that would be up to recording a thermal elec-
ergy flux and, second, a fast decrease in the energy specttgpmagnetic field. It should be noted, however, that the ESA
density farther from the radiating medium surface. At theProperties were mostly studied for free-space emitters,
same time, near the surface the QF energy increases sharﬁypereas for an antenna to receive a QF, it .has to be in contact
to values far exceeding the energy of the wave field. It is byVith the medium, i.e., be placed ht<A. It is obvious that
this property that the authors ji1,2] suggested identifying th_e ESA parameters in the vicinity of a conductln_g _medlum
the quasistationary field in direct radiometry measurementé’._‘"” undergo considerable change. The characteristics of our
Later, the Rytov effect was considered in a number of theofirst-developed antenneD/\~0.03, the one we used for
retical studie$3,4], yet no evidence of QF presence has beerfletecting the QF irf5,6], turned out quite promising. Our
found so far by measurements of this effect. We managed tgﬁ:orts were then directed at further miniaturization and Up'
settle this inconsistency through our theoretical investigagrading of the antenna design. This work resulted in a near-
tions. It was shown that a QF increase on the surface cannéild antenna facility showing fairly reasonable characteris-
in principle be detected with an antenna and radiometer. Thics atD/A=0.01. The experimental investigations reported
Conc'usions Of the deve'oped theory are provided in ou|in thIS Work were Carried out with the use Of these antennas
work [5] and here we describe the theory in detail. Another(their parameters are given belpw
important fact ensuing from this theory is that the quasista- Advances in near-field radiometry open up challenging
tionary field, after interaction with a receiving antenna, ac-Opportunities for temperature diagnostics of media. To deter-
quires a specific space scale—the effective depth of formaMine a subsurface temperature profil@) it is essential that
tion of the received radiationly;. This depth depends on the radiation be simultaneously received from several different
receiving antenna aperture sife and heighth above the depth levels. Then, by solving the inverse problem, it is pos-
radiating surface; note thaky< dg, Wheredy is the depth ~ sible to retrieve the profil@(z). Until recently this diagnos-
of the skin layer. The parametdy, is the characteristic space tics relied on measuring only the wave component of a ther-
scale of the wave field. Then, by stating tlag<dy, one mal field, so theT(z) retrieval procedure involved the
can prove that the QF exists. This near-field effect is nowdependencelg(\), which required several radiometry sys-
measurable, and the experimental res{fi$] obtained to tems. Near-field measurements extend the capabilities of
date provide evidence of the QF. In this work we presensuch a diagnostics, as they allow for usilg not only as a
additional experimental data as unambiguous proof of théunction of A but also as a function d® andh. In particular,

QF existence. it seems an interesting idea to retrieV&) from measure-

Our theoretical study has shown that the QF can be meanents taken for one fixed wavelength, which is no doubt a
sured with electrically small antenng&SA's), which have simpler task than multiwvave measurements in terms of the
an aperture size smaller than wavelendgdi\. The avail- measuring system design. The scope of practical applications
able data on ESA properties in the literatusee, for ex- for subsurface radiothermometry techniques is fairly wide,
ample,[7]) originally suggested that it is hardly possible to ranging from medical and biological studigisl—13 to prob-
detect a QF by this method. Our own experience of ESAng of water[14] and soils[15].
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FIG. 2. Normalized power of the wavy (curve 1 and the
quasistationaryPq (curve 2 thermal fields as functions of the an-
tenna height for D/\=0.1. Dashed lines, thermal energy density
w/wj calculated according tfi,2] for the wave(curve 3 and the
quasistationarycurve 4 fields.

power P. The functionsKy, are described by the formulas

FIG. 1. Scheme of the near-field measurements: A, antenna a;SAlS) and(A16), in which the integration domain fdf,y is

erture; R, radiometer; MD, matching device. k<Ko, and for Ko—«x>ko. Moreover, according to Eq.
(A16), [°,d4Ky(z,D,h)+Kq(z,D,h)]=1.

; : . : : It follows from Eg. (2) that for a uniformly heated me-
This work contains a detailed analysis of the above issues,. ®(2)=®=const the received radiation power is con-
specifically, the QF measurement theory; the near-field an- nt, being determined by the Planck intensity of the equi-

tenna parameters; results of the experimental studies on tl'l? ar h | emissiodl =@/ (2m\?):
QF; and the prospects for near-field radiothermometry. ibrium thermal emissioy= -

Il. THEORY OF THE QUASISTATIONARY THERMAL P=_—=\J=P,, 3)
. 2
FIELD MEASUREMENT o o
) where the poweP is independent of the receiving antenna

~ Unlike the theory developed by Rytg%,2], we here con-  sjze, the position above the surface, as well as of the dielec-
sider the interaction between the thermal emission of a halfc properties of the emitting medium. Thus, a practically
space and a measuring system comprising an antenngeasurable parameter is the power Due to emission—
matching circuit, and radiometgFig. 1). The aperture size antenna interaction it features a completely different depen-
D of the antenna and its heightabove the surface are arbi- dence orh as compared to the energy densityobtained in
trary values. The antenna is assumed to be in perfect matqh 2] irrespective of the measuring system. The difference
with the radpmeter input circuit, i.e., at operatmg frequ_encybetween the dependenée=Py(h) +Pq(h), obtained in our
fo the reflectivity from the matching devid@=0. In addi-  stdy, and the functiow(h) from the Rytov theory is seen in
tion, the antenna efficiency is taken to be 1, which COreFig. 2. Calculations of the functiori,,o(h) were performed

sponds to the absence of Ohmic losses in the emitter a formula (2) taking into account Eq¥A13) and (A16)
matching device materials. Thermal emission is generated hereasw(h) was calculated by EqA19) for a mediur’n

macroscopic fluctuation curreni&) flowing in the absorb- with permittivity s=76-3 (fresh water atT=20 °C,

ing half space with permittivitye=e;~ie5, which are set, —3q cmy The field distribution over the receiving antenna
according t0[2], by the correlation function aperture was approximated by the functiBg(r)=E, exp(
_ . w0(2) -4r?/D?). The functionw(h) in Fig. 2 is normalized to the
(Ji(r,2jy(ry,z0)) = ?825“(5([‘ —r)dz-z), (1)  wave field energy,=w(h— ). The energyw(h) also con-
sists of two components, i.eN=w,y+Wg. In contrast to the
where®(2)=(hw/2)cothiw/2xT(2)] is the Planck function. obtained dependend®y(h), the energyw,=w, is constant
Solution of the electrodynamical problem on the radiometerfor all values ofh. On the other hand, in accordance with the
measured emission pow&, which is provided in the Ap-  Rytov theory, the energwg depends or, and for emission

pendix, yielded the following result: sources of the kindl) it was found thatv(h) — o ath—0.
0 By our theory, the antenna transforms a part of the nonpropa-
P=Py+Pg= —{f dz0(2)[Kw(z D,h) + Ko(z,D,h] |, gating QF energy into a waveguide mode that features an
— energy flux. However, the antenna transfer function con-

2) strains the divergence of the QF energyhat0. The effect
produced by a receiving antenna is thus reduced to redistri-
wherePy, o denote the contributions made by the wave andbution of energy between the waw,, and the quasistation-
the quasistationary components, respectively, to the totary, Py, components in the total powd?=Py=const, re-
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=1/(2ky Imye), with deg tending to zero ab — 0. Most viv-
¥ s idly, this near-field effect shows up in conducting media for
S which |e|>1 (water, biological tissues, metals, gtcThe
aZ o6} skin-layer depttdg, in such media is the characteristic scale
;a of the wave field formation, as is clearly seen from Fig. 3.
o 04} Therefore, by stating the fact thdi;<dg, we provide evi-
&O dence of the presence of a near-field component in thermal
02 radiation. The physical interpretation of this effect is given in
[5,6], while below we discuss the possibility of its experi-
095~ mental registration.

) o IIl. NEAR-FIELD ANTENNAS
FIG. 3. Normalized power of the quasistationd®y (curve )

and the wavePy (curve 2 thermal fields as functions of the an- To ensure effective receiving of thermal radiation from

tenna sizeD ath=0. Curve 3 shows the effective depth of thermal the medium under study it is essential that the radiometer

field formationdgs/ gy antenna meet certain requirements. We consider these using
the expression for the equivalent temperature of the received

ceived by the radiometer. In accordance with Eg), Power(antenna temperatugif the receiving antenna is not
although the QF does not cauBeto grow aboveP,, it also  ideal:
contributes to the received signal along with the wave field. —1_ _
In particular, it is readily seen from Fig. 2 that the partial Ta= (1 =R7To+ (1= 7)Trl + RTy. ®)
contribution of the QF inP, for electrically small antennas Here, T, is the radio brightness temperature of the recorded
(D/N<1) increases closer to the surface and becomes thermal field of the mediumT,, is the temperature of the
dominant factor in some height rangeg \. A similar behav- ~ antenna materiall,, is the equivalent temperature of the ra-
ior is exhibited by the dependenci®g,o(D) ath=0 in Fig. ~ diometer noiseR is the antenna reflectivity, ang is the
3. For antenna aperturd3<\ the Py contribution in P antenna efficiency. It is seen from formui&) that poor
dominates too. This led us to the conclusion that the QFmatching(R# 0) and low efficiency(n<1) of the antenna
effect on the radiometer-received power is strongest whereduce the detector sensitivity to temperafligevhich in Eq.
D/A<1 andh/\ <1 simultaneously. (5) is exactly the parameter to be measured, as it alone car-
It should be noted that the total received power eqifgls ries the information about the radiation from the medium in
even atD — 0, just as in the entire range Bfvariation. This  question.
paradox follows from the assumption that the antenna effi- As shown above, the detection of the QF takes electrically
ciency 7 is equal to 1 regardless of the antenna size. In othesmall antennas wit/A <1. It is known[7] that the match-
words, we suggested the possibility of transferring the totaing devices for such antennas have a hgfactor, i.e., they
energy of an auxiliary wave to the absorbing mediumprovide a good matching only within a rather narrow fre-
through an antenna of an arbitrary small sigee the Appen- quency band. At the same time, in order to secure a 8igh
dix). This cannot be achieved in reality because of the inevifatio the working frequency band of the radiometer has to be
table decrease im with the smaller electrical size of the made as wide as possible. It should be expected that this
antennaD/\. More details on this problem are provided in discrepancy will result in a lower, sensitivity of the device.
the next section. To quantitatively account for this fact, the coefficigRtin
The result(3) accounts for the fact that the Rytov effect Eq. (5) should be understood as the antenna reflectivity av-
(shown in Fig. 2 as an infinite growth of the energy spectraleraged over the radiometer frequency band. Another impor-
densityw at h— 0) is beyond experimental observation, i.e., tant parameter, which is the efficienay describes Ohmic
it cannot in principle be used for detecting a QF by radiom-losses in the antenna. Typically, the ESA's feature low effi-
etry measurements. ciency. The major contributing factor to this is the losses in
The fact that the thermal power @=const is indepen- the matching circuits, which can also be explained by the
dent of the antenna position and size does not suggest thhigh Q of such antennap7,8]. A decrease in the electrical
there are no detectable effects of the QF. As shown above, #ize of the ESA is often accompanied by simultaneous nar-
may greatly affect the signal to be measured. In particularfowing of the frequency band and degrading of the effi-
the QF is responsible for the appearance of a new space scal@ncy. It is obvious that, starting at some low valueDox,
det Which is basically the effective depth of formation of the it will become impossible to measure thermal fields of the
received radiation. Let it be defined as medium in question due to a drop in the sensitivity of the
receiving system td} in accordance with Eq5).

3 0 Therefore, the problem of feasibility of QF research using
et = B dzzK2) |, (4 the above technique calls for investigation into the properties
where K(z,D,h)=Kw(z,D,h)+Kq(z,D,h) in Eq. (2). Ac- The antenna temperature is related to the radiation power mea-

cording to the calculations shown in Fig. 3, given a strongsured, P, as T,=27P/« with the conditionfw<2«T, which is
influence of the QF atD/A<1, we haved.s(D)<dsx  generally met in the radio frequency range.
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1 R 4 (MHz)
1.0 -0.020
0.9 J0.018

2 0.8 0.016
0.7 0.014

3 0.6 J0.012
0.5 {0.010
0.4 10.008

4 0.3] Jo.006
0.2
0.1

FIG. 5. Antenna reflectivity at various heighttsabove water.
Curve 1 corresponds th=0; 2, h=1 mm; 3, h=1.5mm; 4,h
=2 mm; 5,h=2.5 mm; 6,h=3 mm; 7, h=5 mm; dashed line 8,
normalized frequency response of the radiometer.

D
FIG. 4. Schematic diagram of near-field antennas: 1, coaxia]z970 MHz. IF is seen from Fig. 5 that an increasehifeads
cable; 2, background:; 3, dielectric substrate: 4, aperture. to both a shift of the antenna resonance frequency and an

antenna-radiometer mismatch. Figure 6 shows the reflectivity
of ESA's when they are in contact with the radiating me-at the radiometer working frequenci(f,,h), and also its
dium. The fact is that earlier investigations of ESA's haveyalue averaged over the radiometer frequency baRth))
mostly been focused on antennas that radiate into free spag%ocde(f)R(f,h)' One can see that evenlat 1.5 mm we

[7-10. The dielectric properties of the conducting medium o
in contact with the antenna aperture will no doubt affect thehad<R>>0'5' Note that it is the value dR) that we use as

ESA characteristics. Our earlier study of such ESEY\ the reflection coefficienR in formula (5).

~0.03 is reported in[16]. The same kind of antenna was A very important characteristic of a receiving antenna,
used in our earlier work for detecting a thermal Q6] which determines the sensitivity of the measuring system to

where we also provide the key characteristics for this an%r b i a;}ccordlincg with Eq5) is the effi;:iehncyn. We find it
tenna. The fairly high efficiency,~0.85 obtained therein oM the cali fra“_‘]';’” mle"’r‘f“rfrge”tf 0 ft tewregi;"er rtestpct’”se
suggests that, even if the electrical sizes of the ESAs ar o emission of unitormly heated water for two different states

decreased furtheD/\<0.03, the antenna efficiency will b= 11 @ndTp=To. Then, using Eq(5), we have

still remain adequate for radiometry measurements of ther- 5T/ 8Ty(h)

mal fields. Reducindd/\ is critical because the near-field 7(h) = T—RMh)’ (6)

effect shows up best exactly at extremely low valueb 6X.

As seen from the calculations in Fig. 3, an abrupt drogdin ~ where 8T, (h) is the fluctuation threshold of sensitivity of the

occurs in the rang®/\ <0.03, wheredgg/dg < 0.5. measuring system, antl is the fluctuation threshold for the
Research into the quasistationary field was carried outase when a matched lo&R)=0,»=1) is connected to the

with a specially developed facility that involves three receiv-radiometer input instead of antenna. Naturally, the lower the

ing antennas varying in the aperture sizeand operating at fluctuation threshold, the higher is the sensitivity of the sys-

a wavelengthh ~31 cm. Either antenna was designed as aem. Maximum sensitivity is reached when the radiometer

microstrip resonator whose scattering field provided a linkhas a matched load connected to it, i.6T,< 8T, corre-

with the medium under study. Matching of the antennas agponds to the intrinsic sensitivity of the radiometer. Since the

the radiometer working frequendy=970 MHz was ensured

by adjusting the length of the arms between the open ends 1.0-
and the connection point, as shown in Fig. 4. 1
A distinctive feature of the contact antennas is the depen- 0.8+ 2
dence of input impedancg, on heighth above the emitting
surface. Therefore, the best matching at a specified working % 064
frequency f, and the same geometry of antenna can be & o4l
achieved only for one certain value bf In our facility all ’
antennas were matched to the radiometer while being in 02,
close contact with the test medium surfaeeaten, i.e., at
h=0. The reflectivity spectr&(f) for one of the antennas o.co y
5

with D=20 mm and different values d¢fare given in Fig. 5.
The same figure shows a normalized amplitude-frequency
characteristic of the radiometeA(f)[ [, dfA(f)=1]. Note FIG. 6. Reflection coefficienR at resonance frequenggurve
that the maximum of the functioA(f) and the minimum of 1) and its value averaged over the radiometer frequency Kk@and
reflectivity R(f,h=0) are at the same frequencf=f, (curve 2 as functions of antenna height

2 3
h (om)
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ul 3T(°C) TABLE I. Antenna parameters.
120

11.8
116

1 6 022 059 047 4.2 5

110 20 0.22 0.85 0.67 13 15

108 52 0.20 0.87 0.70 37 31
{06
104
Joz

. : 0.0 : ,
20 25 30 antenna contacts the medium, the latter’s surface deflects un-

15
h (mm) der the mechanical impact of the antenna rieaf. In our
measurements the antenna was isolated from the water by a
thin polyethylene film on the medium surface, which caused
surface deformation at contact.
As mentioned above, all antennas in our measuring facil-
function(R(h)) was measured independentbee Fig. 6, the ity have been designed so as to ensure the best match at

D(mm (R 7 (1=(R)n  Deg (MM)  dei (MM)

of the antenna, as can be seen in Fig. 5. In addition, when the

00 05 10

FIG. 7. Antenna efficiency; and sensitivityST,, in dependence
on heighth.

formula(6) allows us to determine the dependengh). The =0 and f=f;=970 MHz. Despite this provision, antenna
results are presented in Fig. 7, which also shows the functiomatching at an initially assigned arbitrary heidhts not a
ST(h). problem fundamentally and can be achieved by adjustment

The decrease iy with growingh in Fig. 7 is conditioned of the matching resonator. At the same time, a drop in effi-
by the following electromagnetic processes in the antennaiency with a decrease in size is a common feature of all
When it operates in radiation mode, its efficiency can beESAs. As for the particular characteristics of these antennas

represented as in some assigned interval @/\ variation, they depend on
the right choice of antenna design and its adaptability to the
_ R 7) test medium. Each of the three antennas used in our facility
= R,+Ry’ was similar in its properties to the antenna widl=20 mm

(see Figs. 57 The values for their key parameters when in
whereR, is the radiation resistance, aRy] is the equivalent contact with water(T=20 °C, salinity S=1.8 g/dn¥, d
resistance of dissipation in the antenna material and in the39 mm) are provided in Table I.
matching circuit. The resistand®,=R+R; is determined, The data in Table | point to the applicability of the anten-
primarily, by absorption of the antenna fie{chainly near nas for near-field radiometry. It should be noted that the
field) in the conducting mediuntR,;) and, second, by the monotonically increasing dependenegD) obtained with
escaping radiation(R,). At h=0 the relationsR>R,, the three antennas in question meets our expectations, the
R,>R, are satisfied; hence, the efficiency is quite high smallest antenna wit=6 mm (D/A=0.02 exhibiting a
~0.85 according to the data in Fig). WVith an increase i,  fairly appreciable decrease ip. At the same time, this
the near-field penetration into the absorbing medium is getrecord small-size antenna featured a fairly high efficiency
ting weaker, as this field is concentrated near the aperture; smarametern(1-(R))=0.47, sufficient for near-field investi-
Rqr decreases. Thus, at fairly high valueshofve obtain the  gations.
inverse relationsR<R,, R;<Ry, and face the situation
which is typical for the ESA radiating into free spalcg§],
whenn<1.

It is readily seen from Fig. 7 that, as the height is varied
up to some poinb=hpa,~2.5 mm, the fluctuation threshold | conformity with the developed theory, the maximum
of sensitivity of the system increases from0.075 °C(at  power likely to be received from a heated absorbing medium
h=0) to ~1°C (at h=hp,). Any further deterioration of corresponds to the Planck intensity of thermal radiation. If
sensitivity makes it impossible to carry out radiometry meathe receiving antenna is ideéR=0,7=1), this power de-
surements &> hy,,y. It follows from the above that the drop pends neither on the antenna position above the radiating
in sensitivity at higher values df is determined by both the g rface, nor on its aperture size. In other words, the Rytov
mismatch and degrading efficiency of the antenna, i.e., aGsffect of a thermal field energy getting higher near a surface
cording to Eq.(6), oTp(h)=sT/{n(h)[1~(RN)1}, with 6T qe to the quasistationary component is beyond observation
~0.05 °C being the inherent sensitivity of the radiometer.py means of an antenna and radiometer. This conclusion,
The near-field effect also accounts for the functi®is) and  nevertheless, does not imply a total lack of any detectable
(R(h)) shown in Figs. 5 and 6. Variation of the height QF effects, since it is valid only for a temperature-
causes a change in the input impedance of the antenna arithmogeneous medium. The situation is different when a me-
hence, in the antenna-receiver matching conditions. The platium has a depth-inhomogeneous temperature profite
teau observed in the dependenc&h)), n(h), 6Ty(h) at  We define an average temperattiig in the depth as the
0<h<1 mm in Figs. 6 and 7 is accounted for by a wider temperature of a uniformly heated medium that ensures re-
working frequency band of the radiometer compared to thateption of as much powe? as from the medium witd(z)

IV. EXPERIMENTAL INVESTIGATIONS OF
QUASISTATIONARY FIELD
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# const. Within this definition]T,, coincides with the radio
brightness temperaturg, in formula (5). Considering that
for the microwave rang®(z) ~T(z) generally, we derive
from Eq.(2)

0
T.(D,h) = f dzK(z,D,h)T(2), (8)

where K=Ky+Kq. Equation(8) at T(z)=Ty=const yields
T,,=T, if we take into account the normalizatigA16). In
accordance with Eq(4), the characteristic scale of depth
temperature averaging in E@) is de. As shown by the
calculations in Fig. 3, the valug.; proves to depend on the FIG. 8. Brightness temperature dynamics. Symbols, measure-
receiving antenna parametésandh, and to be less than the ments with antennagl) D=6 mm, (2) D=20 mm, and(3) D

skin depth[de(D,h) <dg. If the dielectric constant of the =52 mmm. Solid lines, calculations Bt=D (curve 4 corresponds
test mediunme|> 1, the characteristic scale for the wave field to D— ). Dashed lines, temperature dynamics at different depths
is dgi. In this case all that distinguishelsy; from dg, should — measured with point-contact sensor.

be attributed to the influence of the QF, which clearly fol-

lows from Fig. 3. So, when radiation from a temperature-results of theoretical calculations of the dependericg).
inhomogeneous medium is received by antennas with differcg|culations were made for either antenna by formi@a
ent parameter® or h, the radiometer-measured pow@  ysing the data from the contact measurements of temperature
will also be different by virtue of the dependentg(den). It profiles T(z,t). Note that the best agreement between theory
is this effect that was used 1%,6] for radiometry measure- anq experiment in Fig. 8 can be ensured by replacing the
ment of a quasistationary field. Water was chosen as the teghrameteD in Eq. (8) with its effective valueDyy, which
medium owing to its dielectric constaat which can be cal-  tyrned out to be about 1.5 times smaller than the geometrical
culated to a high accuracy from the available temperaturgjzep for all antennas under studgee Table)l This differ-
and salinity datasee, for example[17]). Note that for deci-  ence can be attributed to the fact that in the expressions for
meter waye_s*,s| >1. Knowing the temperature profi®z)  K(z,D,h) [Egs.(A13) and(A16)] we used the electric field
of the radiating medium, one can find the valuedgf from  gjstribution over the antenna aperture in the foBg(r)
measurements Of,,. Even in our first experiments with wa- —g_ exp(-4r2/D?). For electrically small antennas the distri-
ter varying in degree of salinity5,6] we found thatdes  pytionE, is largely inhomogeneous over the aperture, which
%O.wsk Th_e observed effe_ct gave experimental evidence Ofqgits iNDyr< D. One may suggest thal is the intrinsic
a quasistationary thermal field. , , _ parameter of each particular antenna, which does not depend
Most vividly, the QF effect in question manifests itself 5 glightly dependenton the dielectric properties of the
when the thermal radiation from a nonuniformly heated meyegt medium and the antenna height above the surface. If so,
dium is measured with several antennas greatly differing inne yajues oD, once established for each antenna in the

the sizeD. Therefore, in this work we used an antenna facil-¢a ity can further be used toward near-field diagnostics of
ity of our own design, which is shown in Fig. 4. The antennayqqia as a parameter of the kerd€lin Eq. (A13). This

parameters are given in Table |. We measured the time dynortant issue, however, needs to be addressed separately.
namics of the brightness temperatiigt) during heating of

o B - Minimal experimental values of,, can be obtained by
the surface of initially homogeneous wateF(t=0,2=To  measuring only the wave component of thermal radiation
=cons{ with a wire heater. Simultaneous measurements ofecause of the maximal sounding deplt~ dy. Figure 8

the water temperature profile dynami¢t,z) were made shows the dependendg,(t) for the wave field, which was
with contact sensors. The radiometry system was calibrateggiculated by formula8) where the kerneK(z) =y exp(y2),
against radiation of the same water medium that was Uniz=(4/)\)Im\s is derived from the general kern@13) and
formly heated to several different temperature levEtsT, (A16) provided|e|>1, D/A>1, h/a>1.

=const(i=1,2,3, ..). The water salinity in the experiments, = Thg ohtained experimental data unambiguously indicate
S, was 1.8 g/drh The choice of salinity is accounted for by the presence of a near-field component in the thermal radia-
a weak dependence dn[S]. In such conditions ~const for  QF spatial scalel,;(D) manifested itself through essential

a temperature-inhomogeneous water medium, which Wagitferences in the dependencEs/t) measured with anten-
suggested in the above theory. So, $#1.8 g/dni our nas that varied in aperture sige

theory should be in best agreement with the experiment.

The measurement results are presented in Fig. 8 for an-
tennas at a he|gm:Q. It is readﬂy seen Fhat the difference V. NEAR-EIELD RADIOMETRY
in D largely determines the difference in the dependences
T.(t). Larger antenna sizé3 correspond to lower values of As follows from the above, the characteristic property of
T,, due to the fact that deepénence, less heatpthyers of  the quasistationary field is the dependedggD, h). Experi-
the test medium contribute t®,,. Figure 8 also shows the mental values for the effective size of the apertibgy, al-

¢ (min)
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low one to calculate, using formul@), the effective depth 47
for each antenna in a particular medium. Results of such N
calculations are presented in Table | for water with salinity
S=1.8 g/dm. The obtained dependendgs(D,h=0) can be
used to acquire data on the subsurface temperature profile
T(2). Basically, such measurements are similar to the way the
function dg (M) is used in the well-known multiwave meth-
o0ds[14,15, since the information ofi(z) is contained in the
dependence of the average temperafiyfeon the thickness
of the layer in which the received radiation is formed. By 3
simultaneous measurementsTQf, for several different val- -z (cm)
ues ofdgs, we can pick up information about the medium
temperature at various depth levels and retrieve the profile FIG. 9. Dashed lines, temperature profiles retrieved by mea-
T(2) by solving Eq.(8). When measuring the QF, one can usesured data offy(t,D) in Fig. 8. Solid lines, results of contact mea-
the dependence.q(D,h), whereas in the wave field mea- surements. Curve 1 corresponds#® min after the heater was on;
surements only the dependert:g(\) should be used. That 2, 10 min; 3, 20 min; 4, 40 min.
is, additional opportunities for near-field radiometry lie in the
possibility of developing single-wave methods Bfz) re-  of three unknown parameters in the expansion is caused by
trieval. These methods were first proposedif]. the availability of experimental data obtained with three an-

The first results ofl(z) retrieval from near-field radiom- tennas.
etry measurements at a single wavelength were obtained in Figure 9 exemplifies retrieval of(z) profiles at some
[5]. However, only two antennas were used in these measuréistants of time after the heater was turned on. It also shows
ments, the smaller of which hatdlz=~2 cm (~0.5dg). It is the data obtained through contact measurements of tempera-
known [14] that the minimum set of tools needed for a highture at the same moments. One can see that the resulting
enough quality retrieval of simple monotonic profilé&)  profiles agree to an accuracy of about 10% with the value of
should be able to ensure reception of radiation from thred T(2)=T(2)—To (or better than 1.5 °Lwhich corresponds to
levels ofd. uniformly distributed over the test area. To fill a the limits of our measurements error estimated-at°C for
gap in the experimental data near the boundary5inwe  the maximal value oAT(2).
made direct measurements of the test medium surface tem-
perature with a contact thermometer. The newly developed VI. CONCLUSION
antenna facility(see Table )l offered an opportunity for re-
trieving a T(z) profile without additional measurements of
temperaturel(0). This can be done since the minimal-size
antenna withde;~0.5 cm(~0.13,,) gathers information at
depth levels close to the surface. In addition, our antenn
facility provides a fairly uniform sounding of the area
0<z<dg=3.9 cm, which shows up in Fig. 8 as a consid-
erable difference in tha@,(t) dynamics for different anten-
nas.

Mathematically, the problem of retrieval of the function
T(2) from Eq. (8), whose left part has been determined ex-

perimentally for several values of the paramellEris an  ,qiher effect that can be of practical use for QF detection.

ill-posed inverse problerfil9]. It will take somea priori data Essentially, it is the QF-related space sodlg that depends
about the sought-for solution. In our case the monotonically,

: ina d q b . g on the antenna parametddsandh; note thatdey(D,h) <dg.
increasing depen encd¢z) (at 2<0) can be approximate Experimental study of this effect is possible with antennas of
by the functions

small electrical size. Our investigations have shown the
1 properties of such antennas to be adequate for detection of
a-bz+ 2’ (9) QF effects. Measurements of the radiation from nonuni-
formly heated water carried out with antennas of varied sizes
whereT,=23 °C is the initial temperaturgpefore the heater allowed us to register the above effect. It indicates without
was orn); a,b,c>0 are unknown parameters. Expressi@n  ambiguity the existence of a quasistationary component in
should be substituted in E¢B). Thus, the retrieval procedure the thermal field. Advances in near-field radiometry open up
is reduced to finding the parametexsb, andc by roughly  additional opportunities for the subsurface diagnostics, as
solving the set8) of three equations. Their left parts contain variation of antenna heiglit or sizeD enables one to exam-
experimental values of,,; (i=1,2,3 for fixed instants of ine the medium at different levels of depth. In particular, we
time t. Approximation of Eq(9) serves as priori informa-  succeeded in retrieving a temperature depth profile experi-
tion on T(z) because the functiof®) is monotonically in- mentally. The QF measurements were carried out at a single
creasing for all values of the parametersd, andc. The use  wavelength through the use of antennas of various sizes.

T(°0)

In this work we report the results of our investigations
into the quasistationary field of thermal emission from ab-
sorbing media. A theory of QF measurement is developed,
which shows that the effect of QF enhancement on the sur-
face of a radiating medium, predicted by Rytov, is beyond
radiometry capabilities. It manifests itself only through the
redistribution of energy between the wave and the quasista-
tionary components. The sum of the components is constant
and it corresponds to the Planck intensity. The contribution
of the QF in the measured power dominates if the receiving
antenna parameters d&\ <1, h/A<1. There is, however,

T(2)=To+
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The challenging issue that remains unsolved so far isor of the thermal radiation energy flov=(c/87)RdE
whether near-field radio thermal microscopy is feasible. Atx H* ] (c is the speed of lightis directed from the antenna
present, near-field microscopy in the microwave range into the receiver.
volves only active systemf20]. Some of them operate at  Let us consider an auxiliary problem on antenna radiation
D/\ =107 and feature submicrometer resolutii@1], since  into an absorbing medium, which is excited by an electro-
it is the aperture siz® that space resolution depends on. Amagnetic wave propagating in the receiving waveguide to-
distinguishing feature of thermal emission detectors is thafvard the antenna. The auxiliary wave fields in the waveguide
their antennas have to show high efficiency and good matcteross sectiorh,, have a structure like EqA1) with ampli-
ing within a wide band of reception. For example, an antennaudesE}_, and HY_ . The energy flow of such a wave is

. . . e max
having »=0.3 andR=0.3 will make a detector with sensitiv- opposite tcS. Following the general rule of treating radiation

ity of just 20% of the radiometer sensitivity. The antennas Ofproblems we consider a surface electric currﬁn) in the

%urddeglgn [?rohwde high enou?h ;?\S't'\llglm,ﬁ>lcr © cross sectiorh,,. This current is a source for the antenna
el uction of the aperture sca esd < wi appr?r- radiation field. It has a spatial structure that is similar to the

ently require some new antenna design to ensure the Samg, e of the magnetic field in the waveguide, and is di-

level of sensitivity. Quite likely, higher efficiency of near- rected orthogonally té4" at each point:
field antennas can be achieved through the use of supercon- '

ducting materials, as is done in the case of electrically small - C .

antennas radiating in free spag@&-10. It should be noted, &r)=- EHmwl(Pm(r)Zo], (A2)
however, that in pursuing superhigh resolution of a near-field

microscope we may end up losing one prime advantage ofherez® is the unit vector of the axis in Fig. 1. The current
electromagnetic fields in the microwave range, essentiallyé? induces an electric fielé,(r,2) in the medium and radi-

their relatively high penetrability in many medibiological  taq fieldsE (r,2), H,(r,2) in vacuum.
tissues, water, soils, ejcAs shown in this work, there is a A

definite relation between the aperture dizand the effective
probing depthd., the latter decreasing with a smallev \.

We now use the reciprocity theorem for curreht§ and
fields E, E,, induced by these currents:

. c
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c 1
APPENDIX: THERMAL RADIATION POWER RECEIVED P= 8—<|Ema42>SeffZ—, (A4)
W

BY NEAR-FIELD ANTENNA m

The principle of near-field radiometry is shown schemati-here the wave impedance of the matg=Ea/ Hmax
cally in Fig. 1. The aperture of a receiving antenna is posi- _ Substitution of the fiely,, from Eq.(A3) into Eq.(A4)
tioned in vacuum at a heightabove the surface of a heated With allowance for Eq(1) yields

medium(it is also possible that=0). The signal to be mea- 0

sured is proportional to the value of the mean energy fow P= w—az—f dz0(2) f f dr|E(r,z,h)[2.

in some cross sectiom, of the receiving circuit waveguide. 2mC|H o *Set Zw ) -

To ensure system excitation without reflection, a matching (A5)
device is used with the input impedangg satisfying the

conditions Imz;,=0, ReZ;,=Z,, whereZ, is the wave im- Thus, determination of the energy flow of thermal radia-
pedance of the corresponding waveguide mode. tion, P, is reduced to the problem of auxiliary wave absorp-

Thermal radiation of a medium is generated by fluctuatiortion in the conducting medium. We find a solution of this
currentj(r,z) which is set by the correlation functiofi). problem through the use of the energy conservation law for
The curreni induces electric and magnetic fields in the crossthe energy flow of an auxiliary wave in the waveguide,
sectionh,, of the receiving circuit waveguide, who$&r)

and H(r) components are expressed in terms of the eigen- Py = < wl HI ol ?Serr.
functions of the waveguide mode,(r) and ¢(r) (the vec- 8
tors ¢ and ¢, are orthogonal In the case of reflectionless excitation the valuePgfis

partly absorbed in the antenna materi&l), partly dissi-
pated in the test mediurtP,,), with the remaining partP,)
being reradiated into free space, i.8,=P,+P,+P,. We

E(r) = Emae(r),

H(r) = Hinaxpm(r), (A1) assume thaP,<(P,+P,), which means that the antenna
whereE, ., Hmax are the maximum amplitudes of the fields. efficiency »=(Py+P,)/P,~1.
The eigenfunctions are normalizegl'®=¢n*=1. The vec- The powersP,,, and P, are defined by the relations

056601-8



QUASISTATIONARY FIELD OF THERMAL EMISSION...

P = @f dzer|E(r,z )2, (A6)
87T \V

Pr= o f or REE,(r 2H; (r,2)],. (A7)
mJs

PHYSICAL REVIEW E 70, 056601(2004)

The integration region in EqA6) covers the whole vol-
ume of the absorbing mediut@<0). In Eq. (A7) this region
is a plane parallel to the medium surfa@=0) and located
at an arbitrary height above the antenna apertoré.

Taking account of the conditio®,=P,,+P,, from Eq.
(A5) we derive

0
. f olz@(z)ffdz‘r|Em(r,z.h)|2

4 f dzr|E (1,202 + (Clwe,) f & REE, (r,2H:(r,2)],

which is essentially the generalized Kirchhoff law extended JO

to the conditions of the problem under study.
The fieldsE,,, E,(r,2z), andH,(r,2) in Eqgs.(A6) and(A7)

are expressed in terms of the distribution of the electric field
E,(r) and magnetic fieldH,(r) over the receiving antenna

, (A8)

dz0(2)K(z,h)
p=——1 , (A12)
4 f dz~K(z,h) +K,

—00

aperture. This distribution is generally specified for every
particular antenna design. In this case, the fields can b&here

found by using the well-known Green functi@ of a half

2 2
K, K.
space with radiation sources as point electric or magnetch(Z h) = ffde[;%|TE|2+K_;|TH|2|n|2:|

dipoles placed over the antenna aperture:

G®™M(r —=r4,2,h) =G®™r —rq,z,h) + GE™™r —r,z,h),
(A9)

wherer ,z are the coordinates in the surrounding space, and

s
ko + \,'kcz)— K2 2
2 K2

Vkg—

X exp(2 Imyek3 - «%2)

X L =Rl eGP
exp(— 2Vk2 - K2h), K> kg s

r, are the coordinates in the aperture of the antenna. We (A13)

assume also thd,(r1) =H,(r,), with vectorsE,,H,, being

aligned with the axey,x, respectively. It is convenient to
expressG =G, x%+G,y%+G;z° in terms of the corresponding

Fourier transforms along the transverse coordinates:

ffd2r|Em(r,z,h)|2

f f d2K2|Ge(th)|2|Ea(K)|2 (A10)

(4 m)*

ffdzr REE,(r,2H,(r,2)],

=G’ f J d’k REGE(K,2)GY (¥,2)

- G5(k,2G" (k,2)]|Ea()%. (A11)

The form of theG®™M(«,z,h) functions for the problem in

<= | | e HREF |RH|2|n|2]

kot VIG—2|°_
X | ———=——| |EL(¥)|?, (A14)
‘ \k(z)_ K2 | a |
whereky=27/\ is the wave number in vacuum,
2\rk(2)— K2 28\rk(2)— K2

- &= 12+ el - k2’ H™ eVIZ - K2+ el - 12

are the Fresnel transmission coefficient for waveg ahdH
polarization,Re ,=Trg4—1 are the corresponding reflection
coefficients, andny|?=(|\ek?- k?2+ k?) I K?|&|%.

It is important to note that EqA14) was obtained con-
sidering the condition that the antenna radiation pattern has
only loops turned toward the medium. In other words, we
suppose the radiatioR, to be formed only by the reflection
from the surface of the medium under study. A low level of
back loops is quite typical for microstrip antennas similar to

guestion is given ifi22]. Therefore, we here provide only the those shown in Fig. 4.

ultimate result to be obtained through substitution of Egs.

(A10) and(A11) in Eq. (A8):

In accordance with EqA12) the maximal powelP can
be received wherP, <P, This situation takes place if the
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antenna wittD/\ <1 is located ah<<\ over the conductive
medium. Forh>\ we usually have the opposite relation:
P,~ P, (water, biological tissugsor P,> P, (metalg. In
Eq. (A12) we can neglecK, if the reflected powerP, is

directed back to the absorbing medium. In practice it can be
done by placing the antenna under an ideal-reflecting plan

screen. This method was applied for radiometry measur
ments in[14,15. AssumingK, =0, from Eq.(A12) we obtain

0
p= zif dz®(2)K(zh), (A15)
where
Kizh) = o2 (A16)
f dZNK(z, h)

The formula(A15) describes the contribution of the wave

e_

PHYSICAL REVIEW E 70, 056601(2004)

1 0
27T)\2f_w
x{cogP[1 ~|Re(6)|?] + sirf[ 1 — |Ru ()T}

I the ray intensity(or brightnessy of radiation from a non-
uniformly heated half space. It can also be derived from
the radiation transfer equation by assuming(6)
=2k, Imye—sir? 4 is the medium absorption coefficient. The
normalized directivity patterd(6, ¢) is expressed in terms

of the field angular spectrum on the receiving antenna aper-
ture E,(8, ¢) = Jd?rE(r)exd ko Sin 6(x cos¢+y sin ¢)]:

(1 + cosh)?|E,(6, p)|?
27 (7l2 .
f f dgpdd sin 6(1 + cos)?|E,(6, b)|?
o Jo

(A18)

It is evident that for®(z)=0@=const from Eq(A17) we
obtain Py, <P, becauseRg # 0 in contrast to Eqs(A15)
and(A16), wherePy— P, for h/A>1 or D/\>1.

As known, the near-field componeR, in Eq. (2) is not

1(6,¢) = dz0(2) y(0)exd 1(0)z]

D(6,¢) =

and the quasistationary fields in the antenna-received radigtescribed by the wave theory, although it also contributes in
tion. The wave field corresponds to the integration regionhe total measurable powéh15).

k=<Kky in Eq. (A13), and the quasistationary field to the re-
gion k>ky. Hence, the kerneK of Eq. (A15) can be repre-
sented axK=Ky,+Kq, which will lead us from Eq(A15) to
Eq. (2).

When the QF component in EGA13) is negligible(i.e.,
D/A>1 or h/x>1), we may turn to angular variables,
=kysin@cose, ky=kysindsing, since x=\ri+r;<k.
This substitution leads from EqA12) to the well-known

result of wave theory for the thermal radiation of a half

space, receivable by an antenna:
27 (2
PW:)\ZJ f dgdésin 61(6,p)D(6,¢), (AL17)
0 0

where

For comparison with the obtained solutigAl15) and
(A16), let us consider the mean energy densityf a ther-
mal field above the absorbing half-space surface when it is
not transformed by receiving system. Using the theory devel-
oped in[2] for half-space radiation and the spectral represen-
tation of the Green function used in this work, we readily
have

w(h) =

0
202 f A0 @)Kedz).  (A19)

(2m3c?) ..,

The kernelK;dz,h) of Eq. (A19) consists of two parts
corresponding to the wave and the quasistationary thermal
fields. It is described by formuléA13) ignoring the multi-
plier |Ey(x)[%. The expressioA19) is one way of represent-
ing the solution to the problem on the thermal field of a half
space obtained by Rytd2].
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