
/' 

I' * 

KAPL-P-oO0112 
(K98 151) 

ENHANCED ELECTRO-MAGNETIC ENERGY TRANSFER BETWEEN A HOT AND COLD 
BODY AT CLOSE SPACING DUE TO EVANESCENT FIELDS 

J. E. Raynolds 

October 1998 

T 

This report was prepared as an account of work sponsored by the United States Government. 
Neither the United States, nor the United States Department of Energy, nor any of their employees, 
nor any of their contractors, subcontractors, or their employees, makes any warranty, express or 
implied, or assumes any legal liability or responsibility for the accuracy, completeness or usefulness 
of any information, apparatus, product or process disclosed, or represents that its use would not 
W g e  privately owned rights. 

KAPL ATOMIC POWER LABORATORY SCHEiNECTmY, NEW YORK 

Operated for the U. S. Department of Energy 
by KAPL, Inc. a Lockheed Martin company 

. .  12301 



DISCLAIMER 

This report was prepared as an account of work sponsortd by au agency of the 
United States Government Neither the United States Government nor any agency 
thereof, nor any of their employe# maices any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, mmpieteness, or use- 
fulness of any information, apparatus, produn, or process disclosed or rrprrsents 
that its use would not infringe privately owned rightt. Refercocc herein to any sp- 
cific commercial product. process, or fcrvicc by trade name, trademark maoufac- 
turcr, or othemise does not necessarily constitute or imply its endonemcot, morn- 
mendrtioo. or favoring by the Uoitai States Government or my agency thereof. 
The views and opinions of authors expressed hmio do not oaesanly  state or 
reflect those of the United States Government or any agency thmof. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



Enhanced Electro-Magnetic Energy Transfer 
Between a Hot and Cold Body at Close Spacing 

Due to Evanescent Fields 
J.E. Ravnolds 

Lockheed Martin Corp., Schenectady, NY 12301 

1. Abstract 

at close spacing (on the order of the radiation wavelength) can greatly exceed the limit for black 
body radiation @.e. Power = oT4 ). 1-9 This effect, due to the coupling of evanescent fields, pre- 
sents an attractive option for thermo-photovoltaic (TPV) applications (assuming the considerable 
technical challenges can be overcome). The magnitude of the enhanced energy transfer depends 
on the optical properties of the hot and cold bodies as characterized by the dielectric functions of 
the respective materials. The present study considers five different situations as specified by the 
materials choices for the hodcold sides: metal/metal, metal/insulator, metalhemiconductor, insu- 
lator/insulator, and semiconductodsemiconductor. For each situation, the dielectric functions are 
specified by typical models. An increase in energy transfer (relative to the black body law) is 
found for all situations considered, for separations less than one micron, assuming a temperature 
difference of 1oooC. The mewmetal situation has the highest increase vs. separation while the 
semiconductor/semiconductor has the lowest. Factor-of-ten increases are obtained at roughly 0.1 
microns for the metallmetal and roughly 0.02 microns for the metal/semiconductor. These studies 
are helping to increase the understanding of the close-spaced effect in the context of a radiator/ 
TPV context. 

Theoretical studies have demonstrated that the energy transfer between a hot an cold body 

2. Enhanced energy transfer at close spacing 

mechanics and classical electromagnetism. Any object at non-zero temperature radiates energy, 
in the form of fluctuating electromagnetic fields, which are produced by the thermal motion 
(acceleration) of electric charges within the material. There is a component of the electromag- 
netic field near the surface of a radiating body which has a fluctuating time dependence, but does 
not propagate. This so-called “evanescent” field decays exponentially with a characteristic dis- 
tance on the order of the wavelength. At sufficiently close spacings, the evanescent fields pro- 
duced in one body interact directly with the electric charges in the other body; and, thus, act as 
sources of electromagnetic waves. These new waves are transmitted or absorbed depending on 
the properties of the second body. In a sense, the radiation “tunnels” across the gap and represents 
a net energy transfer. 

The enhancement at close spacing can be described within the framework of statistical 

3. Mathematical theory 
Maxwell’s equations of electro-magnetism serve as the starting point for the theoretical 
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treatment. These are: 

v B(P, t) = 47cp(P, t),  (EQ 1) 

v B(?, t) = 0, (EQ 2) 

v x ??(P, t) = --B(P, l a  t) + 4n -?(t 
cat C 

(EQ 3) 

(EQ 4) v x I?( E, t) = --a( i a  E, t ) ,  cat 
where 8( P, t) , B(P, t )  , e(?, t) , and B(?, t )  , are the electric field, the displacement field, the 
magnetic field, and the magnetic induction, respectively, at point P and time t and c is the speed 
of light. The uantities p (P, t )  , and ?( P, t) represent the net charge and current densities at point 
P andtime t .  9 0  

By taking the Fourier transform with respect to time of Eqs. 3 and 4 we obtain: 

o .o 
C C 

v x m  0)  = -i-&(0)I?(P,O)-Z-&P,O), (EQ 5) 

where i = fi  and the current density resulting from the fluctuating charges has been taken (for 
convenience) as ?(P, w) = -io?(?, w)/4n:. Detailed discussions of the fluctuating fields are pre- 
sented in the book by Rytov.' 

Once the fields have been obtained (through Fourier analysis), the energy transfer (energy 
per unit area, per unit time) is given by the time average of the Poynting vector, 

P = - q 8 x I ? ) ,  (EQ 7) 4n; 
where (again) the angled brackets denote time averaging. The Poynting vector contains products 
of the 2 fields which give non-vanishing contributions upon time averaging. 

aged, are related to the dielectric function. TheJIuctuation dissipation theorem gives 
The Poynting vector can be evaluated because products of the 8 fields, when time aver- 

(glO1, 0 > g * m ( ' 2 , 0 ' > )  = '(a, T)&"(o)'Im'(', - ' 2 ) ' ( 0 -  a'), (EQ 8) 

where E''( o) is the imaginary part of the dielectric function and &,, gives zero unless the two 
components of the 2 field are the same ( I  = m)? The Dirac &-functions &(P, - P,) and 
&(a - 0') , contribute to the integrals in Eq. 7 only when P, = P, and w = 0'. The frequency 
and temperature dependent function A(w, T) is given by 
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Ro A(a,T) = 2fic0th- 2kBT' (EQ 9) 

where fi is Planck's constant, T is the temperature, and k, is Boltzmann's constant. 

plane parallel surfaces separated by vacuum of thickness I ,  including magnetic effects, is given in 
Ref. 5 as: 

The most general result for the energy transfer between two semi-infinite media with 

where, 

In Eq. 1 1 ,  the following definitions hold: 

}I PI 2XdX 

P =  - - ,,/-;, k = o/c, (u = 1,2), 

and, 

A E =  (E; - + p  )[E; - + p e  ) - P ) k  - P ) e - p l /  

where I is the separation (gap) between the two semi-infinite materials. The expression for AF is 
obtained from A, upon making the substitution E, H p, . For pu the root must be chosen such 
as to give Re(p , )  > 0. In the above equations, the frequency dependence of E, and p, has been 
suppressed for brevity. The quantities T ,  and T ,  in Eq. 10 are the temperatures of the hot and 
cold body, respectively. The k defined in Eq. 12 is the wave number of light in vacuum. Thus the 
quantity p corresponds to propagation in vacuum, while pu corresponds to propagation in 
medium v.  

Consider the dependence on the separation I as exhibited in Eq. 13. The variable p for 
x < k , is pure imaginary. Therefore, the exponentials in Eq. 13 are sinusoidal for all values of I 
This gives rise to a contribution to Eq. 7, which survives at large distances. This contribution is 
the familiar black body radiation. For x > k , the variable p is a positive real number making Eq. 
13 an exponentially increasing function of the gap I. Therefore, in addition to the black body 
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radiation, Eq. 10 contains a contribution which decreases exponentially with separation. There is 
thus an additional contribution to the energy transfer at close spacing. This enhancement can be 
significant as is demonstrated in section 6.  

4. Model dielectric functions 

als used on the hot and cold sides as specified by the frequency dependent dielectric function 
&(a). A commonly used model based on classical physics is given by: 

The magnitude of the close-spaced enhancement depends on the properties of the materi- 

2 

2 &(a) = 1 + 4nne 
m ?[ 0 j - i 0 y . - o  J 

(EQ 14) 

where n is the number of polarizable molecules per unit volume, each containing a fraction fj of 
electrons having resonant frequency o and damping constant y j .  The electron mass is rn and its 
charge is e .  

The dielectric function of Eq- 14 also applies to the special case in which free electrons are 
present, as in metals. There is no restoring force for free electrons; and, therefore, we must set 
oo + 0. If in Eq. 14, the contributions due to bound electrons are insignificant in comparison to 
the free electron term, the following form is obtained for the dielectric function: 

4noyi 
E ( 0 )  = 1 +  co(y - io) (EQ 15) 

Equation 15 is the Drude model. l 1  The static conductivity is defined as 0 = nfoe2/rnyo.  The 
conductivity CT and damping constant y each have units of frequency (the dielectric function is 
dimensionless). 

5. Evaluation of close-spaced enhanced power transfer for various model 
materials 

cally for various model materials using the analytic forms for the dielectric function described in t 
section 4. l2 For convenience, we define dimensionless quantities 1' , o' , and P as: 
I = E'tic/kBT, o = o 'k ,T / f i ,  and P = P'P,,; where P,, = a k,T /60R c is the transfer 
rate of black body radiation 

Equation 15 was used to describe metallic materials. The two quantities CT and y were 
treated as adjustable parameters and were varied to maximize the power transfer (at I' = 1.0). 
Both of these variables have units of frequency and are therefore transformed to dimensionless 
quantities analogously to o (i.e.,substitute o + CJ , and o + y , respectively in the above defini- 
tions of the dimensionless frequency). For a good conductor such as Cu or A the conductivity 
and damping constant are given roughly as CT - 10 sec , and y - 10 sec , respectively. At 
T = 1OOO"C the corresponding dimensionless quantities are 0' = 600, and y' = 0.06. For the 
purpose of illustration, Eq. 15 is plotted in Fig. 1 for the arbitrary values CJ' = 1.0 and y' = 2.0. 
Figure 1 illustrates the general features of Eq. 15. Both real and imaginary parts tend to unity for 
high frequencies. The imaginary part is always positive (as is the case for all dielectric functions), 

Equation 10 (the energy transfer between a hot and a cold body) was evaluated numeri- 

2 2  4 3 2  

17 -1 13 -B 
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and diverges at low frequencies, and the real part tends to a constant at zero frequency. 

14. The dielectric function for an insulator is thus written as 
For insulators, a single resonant frequency (and damping constant) was considered in Eq. 

2 

2 2 '  &(O) = 1 +  
(00 - i0yo --o ) 

where the plasma frequency has been defined as op = A/=, and we have taken 
f , / z  + 1 (all of the valence electrons participating). The dielectric function for an insulator thus 
has three adjustable parameters: oo , yo, and op . These variables all have dimensions of fre- 
quency and are transformed to dimensionless quantities as discussed previously. Typically, the 
plasma frequency is of the order 1016sec-' which is as large or larger than the frequencies of vis- 
ible light. The dimensionless plasma frequency is therefore cop' = 60. There is a further con- 
straint placed on the resonant frequency and the damping constant which takes the form 
coo > y0/2. This constraint follows from the fact that the response of the system must obey cau- 
sality (Le., cause precedes effect). 

Another situation of interest is one in which the cold side is a semiconductor. To describe 
a semiconductor, we start with a published model which gives a good fit to the measured dielectric 
function for GaAs.13 Figure 2 shows the real and imaginary parts of the dielectric function vs. 
photon energy for GaAs corresponding to electronic interband transitions (phonon contribution 
not included). 

by translating the position of the absorption edge and rescaling the energy axis. The semiconduc- 
tor model dielectric function, so constructed, is plotted in Fig. 3 vs. dimensionless frequency 
along with the Planck distribution. 

A model for a smaller band gap material (appropriate to infrared radiation) was obtained 

6. Results 
The results obtained by solving Eq. 10 for the energy transfer vs. separation are plotted in 

Fig. 4 for various combinations of materials on the hot and cold sides. l4 The hot side temperature 
was chosen to be T = 1273K (1OOOOC). A significant enhancement of energy transfer is 
obtained for all material combinations for separations smaller than one micron. For large separa- 
tions the energy transfer is somewhat less than that for a black body due to the fact that the mate- 
rials have emissivity less than unity. 

both the hot and cold side is of the Drude form (Eq. 15). The enhancement (at I' = 1.0) ) was a 
monotonically increasing function of the damping parameter which reached its maximum asymp- 
totically for roughly y' > 50. The large enhancement (several orders of magnitude) depicted in 
Fig. 4 corresponds to 6' - 1.7 and y' + 0 0 .  These values were obtained by maximizing the 
energy transfer at I' = 1.0. The dielectric function corresponding to these values is plotted in 
Fig. 5. These conductivity and damping constant values were used in all subsequent calculations 
involving metals. 

At I' = 1.0 the largest energy transfer (still less than Pbb)  was obtained for intermediate 
values of 6' (on the order of unity), but was small for large and small values of 6'. This is consis- 
tent with the fact that a good metal (large conductivity) has low emissivity. Likewise, in the limit 

The largest enhancement was found for the situation in which the dielectric function for 
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0’ 
A large enhanced energy transfer was also found for the situation in which the hot side 

was a metal characterized by Eq. 15 and the cold side was an insulator characterized by Eq. 16. 
The parameters used for the insulator were wp’ = 13.0, coo’ = 4.0, and y( = 1.0. This dielec- 
tric function is plotted in Fig. 6. No attempt was made to find the absolute maximum of the 
energy transfer for this situation (an optimization in the space of five variables). Indeed, there is 
no guarantee that the dielectric functions obtained by such a procedure would be physically real- 
izable. 

The results for the metal hot siddinsulator cold side clearly demonstrate that the enhanced 
energy transfer is a result of the fact that both materials exhibit absorption (i-e., have dielectric 
functions with non-zero imaginary parts). It is essentially irrelevant that one is a metal and the 
other is an insulator. This is consistent with the fact that the source of the energy (as well as the 
energy transfer) is due to the presence of imaginary part of the dielectric function as indicated by 
Eq. 8. 

The energy transfer for the situations not involving metals is less than that with 
metals. Undoubtedly this is due to less overlap of the imaginary parts of the dielectric functions. 
Interestingly, however, the energy transfer with the least enhancement at small separation (i.e., 
between two semiconductors) is equal to or greater than all the others at the two largest separa- 
tions considered. This emphasizes the fact that although the source of the energy is the imaginary 
part of the dielectric function, simple conclusions based on the form of the dielectric function can- 
not always be drawn. Of course the situation with two semiconductors may not be physically 
realizable since it assumes that the melting temperature is greater than T = lOOO0C. 

0 we obtain vacuum, and there is thus no radiation. 

7. Conclusions 
The enhanced energy transfer between a hot and cold body has been evaluated numeri- 

cally for several model materials for a temperature difference of 1000°C. The dielectric response 
of the hot and cold materials dictates the enhancement. Model dielectric functions for a metal, 
semiconductor, and insulator were considered. The results indicate that significant enhancement 
occurs only for separations less than one micron. 

The largest enhancement occurs for materials which can be described by a metallic (Drude 
model) dielectric function. The enhancement can be as large as several orders of magnitude (it 
actually diverges but wasn’t proven here5). The large enhancement occurs also for insulating 
materials as long as there is absorption (Le., non-zero imaginary part of the dielectric function). 
The smallest enhancement was found between two semiconductors. It was argued that this result 
occurs because this situation exhibits the smallest overlap between the imaginary parts of the 
dielectric functions. 
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Figure captions: 

Figure 1. Real and imaginary parts of model dielectric function (Eq- 15) for dimensionless con- 
ductivity and damping constants 0' = 1 .O , and y' = 2.0 respectively. This plot demonstrates the 
general features of this model. 

Figure 2. Published model dielectric function for GaAs vs. photon energy (no). This model was 
fit to experimental measurements of the electronic interband contribution to the dielectric func- 
tion. 

Figure 3. Semiconductor model dielectric function (real and imaginary parts) and Planck distri- 
bution vs. dimensionless frequency. The semiconductor model was obtained by translating the 
position of the absorption edge (band gap) and rescaling the frequency variable of the measured 
dielectric function for GaAs. The Planck distribution gives the intensity of black body radiation 
vs. frequency. The total power calculated from Eq. 10 is sensitive to the placement of the absorp- 
tion edge (where the imaginary part of the dielectric function becomes non-zero) relative to the 
peak of the Planck distribution. The magnitude of the Planck distribution in this figure is arbitrary 
and was chosen for illustrative purposes. 

Figure 4. Total intensity of energy transfer between hot and cold bodies vs. separation for various 
combinations of materials. The units of separation were obtained by choosing a hot side temper- 
ature of T = 1273K (1OOOOC). The cold side was taken to be at T = OK (although choosing 
room temperature makes a negligible difference in the result). The intensity is measured in units 
of P,, (black body), which for T = 1273K has the value P,, = 7.22 x lO-'W/rn*. A signifi- 
cant enhancement is found for all material combinations for separations smaller than one micron. 

Figure 5. Metal (model) dielectric function for the parameters 6' = 1.7 and y' + 
Planck distribution. These parameters were chosen to maximize the energy transfer at I' = 1 . 

along with 

Figure 6. Oscillator model dielectric function (Eq. 14) along with Planck distribution. The 
parameters are given by cop' = 13.0, coo' = 4.0, and yo' = 1.0. 
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Semiconductor model dielectric function (real and 
imaginary part) and Planck distribution 
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