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Abstract 

In the wire of noble metal the r.m.s. value of r.f. current is limited due to the finite resistance which consists of two parts viz., the 

skin resistance and the radiation resistance of the wire. The metal, in the form of a short, straight and thin wire in free space or air, 

constitutes an alternating current element. The finite values of the resistance give rise to two kinds of losses, viz., the heat loss 

and the radiation loss. The metallic wire is assumed to have attained an average temperature of 293°K in presence of the heat loss 

relative to the surroundings in equilibrium conditions. Knowing radiation resistance of the wire, radiation resistivity, electron-ion 

radiation collision frequency and radiation collision cross-section are obtained by introducing a nominal radiation depth of 

penetration of the r.f. current exciting the metallic wire. Ultimately an expression for the radiation temperature T� of ions in the 

metallic wire, forming electron-ion pairs with conduction electrons, is obtained assuming the ions are set into charge-oscillations, 

parallel to direction of r.f. current in the wire at electron-ion (radiation) collisions. The radiation occurs due to the ions 

undergoing charge-oscillations, and the ions under these circumstances can take only discreet values of energy which are integral 

multiples of hf where h is Planck constant and f is the frequency of the r.f. current. The radiation is a quasi-equilibrium 

phenomenon at a particular radiation temperature T�  in equilibrium with ions of electron-ion pairs in the metal. In short, 

absorption and emission of radiation due to electron-ion pairs in the metallic wire at electron-ion (radiation) collisions, is 

analyzed here, where the electrons absorb the radiation from the current exciting wire at electron-ion (radiation) collisions, which 

is further transferred to the ions resulting in the emission of radiation from the ions forming the electron-ion pairs. This theory is 

given here for the current element constituted by the wire of noble metal in the r.f. region of frequency range 30 MHz to 0.3 MHz. 
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1. Introduction  

In a previous paper by Nandedkar (2015) [1] analysis of 

conductivity of noble metals near room temperature is 

carried out. The present paper deals with r.f. radiation from 

the (isolated) short and straight metallic (thin) wire or the 

(isolated) alternating current element of the noble at 

temperature of 293	�K	  (where 	� K is Degree Kelvin). 

Although the wire is short and thin, it is assumed that the 

(linear) dimensions of the metal are extremely large as 

compared to inter-ionic distances in it (where the order of 

inter-ionic distance is about 3 x 10��� 
m for the metal under 

consideration), and so the theory of conductivity given in the 

previous paper mentioned above holds good for the case of 

present analysis for the wire of macroscopic dimensions. 

The noble metals play an important role from the point of 

view of the radio (communication) engineering because they 
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can be used in the (construction of) aerials, where the low 

resistivity of the metal helps in reducing the heat losses 

(-however from the point of view of material cost Cu is 

preferred, but Ag or Au can also be used here). The present 

theory provides a new (quantum) outlook for the r.f. 

radiation from the alternating current element (made of noble 

metal) in the r.f. region of 30 MHz to 0.3 MHz constituting 

the high frequency (HF) and the medium frequency (MF) 

ranges of the electromagnetic spectrum of radiations. Here it 

is assumed that the permeability and the permittivity of the 

noble metal are nearly the same as that of free space or air. 

The HF range (30 MHz to 3 MHz) finds its use in 

international broadcasting, aviation etc., whereas the MF 

range (3 MHz to 0.3 MHz) is useful in short distance 

broadcasting, ship-harbour etc. The (isolated) alternating 

current element is only a theoretical aspect, which is useful 

in study of the actual aerial carrying the r.f. current. And so 

that, the importance of the current element is obvious. 

Maintenance of the radio frequency current fed (from some 

external fictitious source) to the (isolated) short and straight 

metallic (thin) wire like that of Cu, Ag or Au i.e. the noble 

metal, in open free space or air has to overcome (i) the heat 

loss due to the skin resistance R��� of the metallic wire, 

and (ii) the radiation loss due to the radiation resistance R� 
of the wire. Thus, the fed current to the wire can be 

considered as if used to produce these two losses (on an 

average governed by the relation of the type: r.m. s. current��  x appropriate Resistance, where the 

corresponding equivalent power is supplied by the external 

fictitious source, maintaining the value of the fed current to 

the wire constant. 

Classical theory of r.f. radiation due to (isolated) short and 

straight metallic (thin) wire (e.g., as that of Cu, Ag or Au) 

carrying the r.f. current [which is the (isolated) alternating 

current element] in open free space or air uses the method of 

solution of the magnetic vector potential associated with the 

current [constituted by the (conduction) electrons] in the 

wire (Ramo, Whinnery and Van Duzer 1970) [2] i.e. due to 

the acceleration of the (conduction) electrons in the wire 

(Fewkes and Yarwood 1962) [3]. Both these methods lead to 

the same value of the radiation resistances R� of the wire. 

Thus, for a given value of the r.m.s. current (maintained 

constant by some external fictitious source) both these 

methods lead to the same amount of the radiation power due 

to the current or the (conduction) electrons in the wire. Here 

for General Reference, refer also to Adler, Richard, Chu and 

Fano 1960 [4], King, Mimno and Wing 1964 [5], Kraus and 

Carver 1973 [6], Plonsey and Collin 1961 [7], Ramo and 

Whinnery 1953 [8], Schelkunoff and Friis 1952 [9] and 

Stratton 1941 [10].  

For the alternating current element constituted by the short, 

straight and thin wire of the noble metal here under 

consideration, the skin resistance R��� of the wire [for the 

skin resistance of the metallic wire refer to Ramo, Whinnery 

and Van Duzer (1970)] [2] is very-very large in comparison 

to the radiation resistance R�  of it, resulting in very low 

efficiency of the radiation by the wire [- where the (isolated) 

alternating current element is to be considered only as a 

theoretical aspect as mentioned already]. 

The present analysis considers that the generation of 

radiation from the (isolated) short and straight metallic (thin) 

wire provided by the noble metal and carrying r.f. current, is 

due to the electron-ion pairs, where the conduction electrons 

form pairs with fixed ions (which are elastically bound with 

respect to each other) in the metal [here the separation of an 

electron-ion pair, viz., R��  is 3/4π��/ 	n��/  where n is 

electron or ion density in the metal. The order of R�� in the 

metal under consideration is ~1.5 x 10���  m], and a 

quantum theory for the same is given in this paper. 

The present paper illustrates quantum theory of the case of 

ions, at electron-ion collisions (where the ions consequently 

form electron-ion pairs), which generates a single frequency 

r.f. radiation from the alternating current element constituted 

by a short, straight and thin wire of the noble metal in open 

free space and carrying a r.f. current. 

As a first step here an analysis of effective radiation resistance 

of the short and straight metallic (thin) wire of the noble metal 

in open free space, leading to radiation loss is carried out in 

terms of radiation resistivity (or, alternatively radiation 

conductivity) of the metal, for which a brief account of the r.f. 

resistivity (or, alternatively r.f. conductivity) of the metal is 

required. 

Let T be the average temperature attained by the metallic wire 

when a r.f. current flows through it, in the presence of heat loss 

relative to the surroundings in equilibrium conditions. T is 

considered to be at 293	�K. Here the r.f. conductivity of the 

metal is assumed be the same as the d.c. conductivity of it, 

viz., 

σ" = $%&'(�)�,	                 (1) 

as given in the previous paper by Nandedkar (2015) [1]. Here 

e and me give the charge and mass of an electron, n is electron 

density in the metal and g is the electron-ion collision 

frequency considering the anisotropic scattering of the 

electron at the collisions. The value of g is given by, 

g = g�/1 −	cos θ�,             (2) 

where g�  is the collision frequency corresponding to the 

isotropic scattering of the electron and θ is the angle of 

scattering of the electron at the collisions. The order of g for 
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the noble metal is 10�  
sc

-1
 and the corresponding relaxation 

time . of the collision process is given by, 

τ = ��),	                 (3) 

is of order 10��0 sc. Here 12 of eqn. (1) is assumed to be 

unaltered in the presence of angular frequency w of the r.f. 

current or the associated electric field. This is so, because the 

relaxation time of the electron-ion collisions is small enough 

as compared to the period when one rotation of the r.f. current 

vector or the associated electric field vector is complete, and 

then under these circumstances before the r.f. field reverses 

after the half rotation of the field vector, the electron would 

make sufficient number of collisions with the ions, enabling to 

represent the conductivity accurate enough as that given by 

the d.c. value of eqn. (1). Thus, the condition under which eqn. 

(1) gives the r.f. conductivity can be expressed by the 

following relationship, viz., 

w << 2g�,                  (4) 

which holds good in the r.f. range 30 MHz to 0.3 MHz, here 

under consideration. 

The corresponding value of r.f. resistivity (or the d.c. 

resistivity) ρ6 is further given by, 

ρ6 = '(�)�$%& ,	                 (5) 

where, 

ρ6 = �78,	                     (6) 

and here 12 	is given by eqn.(1) 

The permittivity 9 of the metal plays no part in the limitation 

of the r.f. current density through the metal (in the presence of 

the associated r.f. electric field), as compared to the part 

played by the conductivity 12 of the metal. In other words, 

here the conduction current density is extremely large as 

compared to the displacement current density. For a given 

electric field in the metal this leads to the condition (on the 

application of Ohm’s law), that: 

σ" >>	w9.                  (7) 

In the present analysis, the permittivity 9 of the noble metal is 

taken the same as that of free space or air, viz., ϵ�. Thus eqn. 

(7) on putting 9 = ϵ� gives that, 

σ" >>	wϵ�.                   (8) 

Eqn. (8) holds good in the r.f. region of 30 MHz to 0.3 MHz 

here under consideration. 

With respect to eqn. (5) the radiation resistivity of the metal is 

here defined by the following relationship viz., 

ρ� = '(�)<�$%& ,	                 (9) 

where, 

σ� = �=<,	                    (10) 

gives the radiation conductivity of the metal. In eqn. (9), n 

gives the electron density in the metal. Here it is assumed that 

in the r.f. region (30 MH to 0.3 MHz) of the interest, 

w << 2g��,	                (11) 

where g� is the electron-ion radiation collision frequency. g� 

is assumed here for the isotropic scattering, i.e. the angle of 

scattering of the electron is π/2  radians at the radiation 

collisions with the ions. Eqn (11) gives the condition to treat >?  or σ�  independent of the angular frequency of the r.f. 

current or the associated electric field on the similar basis as of 

eqn. (4) denotes the condition to treat ρ6 or σ� independent 

of w. 

Conduction current density in the metal in the presence of σ� 
is again considered to be extremely large as compared to the 

displacement current density. For a given electric field in the 

metal this leads to the condition (on the application of Ohm’s 

law) that, 

σ� > > wϵ�,               (12) 

analogous to eqn. (8)] in the r.f. region (30 MHz to 0.3 MHz) 

of the interest here under consideration. Here the permittivity 

of the metal is taken the same as that of free space or air, viz., 9@,. Further, with reference to eqn. (12), the permittivity of the 

metal plays no part in the limitation of the r.f. current density 

through the metal (in the presence of the associated r.f. electric 

field) as compared to the part played by the radiation 

conductivity of the metal. 

Coming to eqn. (9), due to the finite radiation resistivity there 

occurs radiation loss from the metallic wire when fed with r.f. 

current. The radiation in this case is explained due to the 

charge oscillations which are set in the colliding ions (in the r.f. 

range 30 MHz to 0.3 MHz) here under consideration) at 

electron-ion collisions which are characterized by the 

radiation collision frequency g� . g�  in the present analysis, 

using gas kinetics, is given by, 

g� = nQ�v�,                (13) 

where n is ion density in the metal, Q� is effective radiation 

collision-cross section and v� is velocity of the conduction 

electron corresponding to Fermi energy given by, for instance 

refer to Nandedkar (2015) [1]. 

E� = D&�'( E $FGH�/ ,            (14) 
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where n in eqn. (14) is electron density in the metal of the free 

electron-gas and h Planck constant. Eqn. (14) assumes that kT 

<< E�, where k is Boltzmann constant and T is temperature of 

the metal at 293	�K. Now for the conduction electron of the 

free electron-gas in the metal, v� is related to E�  by the 

following relationship viz., 

��m%v�� = E�,                (15) 

which gives, on using eqn.(14) that, 

v� = E D'(H E $FGH�/ .	             (16) 

Further effective radiation collision cross-section is defined by 

a following relationship viz., 

Q� = 〈X��〉,	                  (17) 

where 〈L?�〉	 is the mean square value of the amplitude of the 

chare-oscillations (which are set in at time of electron-ion 

radiation collisions) of the ion with frequency of the r.f. 

current exciting the metallic wire. The direction of charge 

oscillations of the ion is parallel to the direction of r.f. current. 

Here it is assumed that the magnitude of charge of an ion is the 

same as that of an electron. 

Using eqn. (16) and (17), eqn. (13) gives, 

g� = 〈X��〉 E D'(H E $MFG H�/ .	           (18) 

Further, a nominal radiation depth of penetration N? of the r.f. 

current in the metal is obtained, in terms of radiation 

resistivity as given by eqn. (9). Knowing appropriate 

dimensions of the metal, in the form of a short and straight 

metallic (thin) wire, effective radiation resistance of the wire 

due to the radiation resistivity is obtained. This is regarded as 

the radiation resistance of the short and straight metallic (thin) 

wire as given by the magnetic potential method associated 

with magnetic field of the wire, which is analogous to the 

magnetic vector potential method associated with the current 

in the wire. The radiation resistance depends on length of the 

wire and frequency of operation of the r.f. current. This 

analysis leads to the knowledge of >? , δ�, P? and 〈X��〉. 
If 〈X��〉 which is the mean square value of the amplitude of the 

charge-oscillations of the ion, is known then the average 

energy of the ion undergoing charge-oscillations is obtained in 

terms of 〈X��〉	 and f, where f is the frequency of the r.f. 

current exciting the wire. 

The ion undergoing charge-oscillations at the frequency f, is 

assumed not to have any value of energy from 0 to ∞, but can 

take discrete values which are integral multiples of hf, where h 

is Planck constant. Hence an average energy of the ion can be 

obtained by defining a radiation temperature T� for it in the 

metal. Here all the ions undergo charge-oscillations 

independent of each other and with the same frequency as that 

of the r.f. current in the wire, and further all the ions have the 

same radiation temperature. Because of these 

charge-oscillations of the ions, radiation take place from the 

metallic wire carrying r.f. current, which travels in the 

surrounding space (air). 

The two values of the average energies mentioned above in the 

last two paragraphs are assumed to be the same. Hence the 

radiation temperature of the ions in the metal is obtained in 

terms of, frequency of radiation (which is same as that of r.f. 

current exciting the wire), physical constants of the metal and 

that of surrounding space (air). 

In the present analysis, the conduction electrons of free 

electron-gas in the metal absorb energy and hence power 

from r.f. current at electron-ion radiation collisions, 

appropriate to that governed by the radiation resistance or 

effective radiation resistance of the wire. The absorbed 

energy and hence power is transferred to the ions [if the ions 

are assigned the proper discrete (quantum) states in term of 

hf as already mentioned] at the collisions and in turn the ions 

are set into charge-oscillations which ultimately generate 

radiation from the metallic wire. Thus the electrons or the 

ions indirectly or directly take part in the mechanism of 

radiation. So the electrons or the ions, considered to be 

forming electron-ion pairs in the metal [here the separation 

of an electron-ion pair viz., R�� is 3/4π��/ 	n��/  where n 

is electron or ion density in the metal. The order of R�� in 

the metal under consideration is about 1.5 x 10
-10

 m], do not 

interact back with the radiation, once it is generated. And 

hence the radiation finds itself in free space, over which the 

electron-ion pairs in the metal exist giving the metallic 

configuration, and so that the radiation travels with velocity 

c of an electromagnetic wave in free space. Since the charge 

of an ion is equal and opposite to that of an electron, so that 

the relative orientation of the instantaneous radiated (electric) 

field contributing to the average outward flow of power of 

radiation at any point outside the wire due to the ions is 

expected to differ in phase by π radians relative to that would 

have been due to the electrons (or, the current), on an average. 

But an additional phase difference of π radians is introduced 

at electron-ion radiation collisions on the field relative to the 

ions on an average, and so that the orientation of the radiated 

(electric) field from the ions on an average is the same as 

would have been, otherwise due to the electrons constituting 

the current in the wire [if they (electrons) were the cause of 

emission instead of absorption of the radiation of this 

analysis]. Here, since the electrons of the electron-ion pairs 

absorb r.f. energy and hence power in the presence of r.f. 

current in the wire appropriate to that governed by the 

effective radiation resistance, and give it to ions of the 
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electron-ion pairs which radiate the energy and hence power 

at temperature T� of the radiation, so that the radiation is 

only in equilibrium with the ions of the electron-ion pairs in 

the metal. Or, in other words it is a quasi-equilibrium 

phenomenon of absorption and radiation of r.f. energy and 

hence power by electron-ion pairs at radiation temperature 

T� of the ions in the metal. 

Thus, the quantum theory of r.f. radiation from an alternating 

current element is given in this paper for a short and straight 

metallic (thin) wire of noble metal, where the main 

assumptions are, the validity of Ohm’s law in defining the 

radiation conductivity by eqns. (10) and (9), and the validity of 

the charge-oscillations set in the colliding ions at electron-ion 

radiation collisions having discrete (quantum) states in terms 

of hf, in the low frequency band of the spectrum of 

electro-magnetic radiations, viz., 30 MHz to 0.3 MHz here 

under consideration. 

2. Effective Radiation 
Resistance due to Radiation 
Resistivity  

 

Fig. 1. The solid metallic conductor. 

It is assumed that the nominal radiation depth of penetration 

δ� of the r.f. current in the metallic wire like conductor of the 

noble metal, is much smaller than the cross-sectional 

dimensions of the conductor. When δ� is much smaller than 

the radius of curvature of the surface, then the surface (of the 

length L� and width W�) is considered as flat (Fig. 1). Also 

when the thickness of the conductor is much greater than δ�, 
then it is assumed that the conductor is infinite in depth 

without appreciable error. In short, the following analysis for 

the straight and short metallic (thin) wire like conductor of the 

noble metal assumes that δ�/a, ~ 1/25, where ‘a’ is radius of 

the wire. And then the surface of the wire like conductor is 

treated as a flat one having infinite thickness or depth. 

Now refer to Fig. 1 and consider the volume of length L�	and 

width S�	 bounded at the top by the surface of the conductor 

and at the bottom by a plane lying at a depth z. Using 

Faraday’s law for the electromotive force around closed path 

T6 U6	V6	W6 T6 (Fig. 1a), the following expression is obtained: 

J	ρ�L� , J�ρ�L� # ,∂ ∂tZ L� [ B]� 	∂z,	     (19) 

where, 

J # J' expiwt�,             (20) 

J� # J'�exp	iwt�,            (21) 

B # B'exp	iwt�.             (22) 

Here J and J� are the r.f. current densities along the lines T6 
U6  and W6  V6  respectively. J'  and J'�  are the respective 

peak values of J and J�. f # w/2π is the frequency of the r.f. 

current having angular frequency of w. B is r.f. magnetic flux 

density associated with the r.f. current, B' is the peak value 

of B. t is instantaneous time under consideration and ρ� is 

radiation resistivity as given by eqn.(9). Here i = √,1. 

Equation (19) is a form of Maxwell’s equation for the ‘curl’ of 

electric filed (vector) where Edde is related to the current density 

(vector) Je through Ohm’s law i. e. here, |gde| = h	Jeρ�h. 
Using eqns. (20) to (22), eqn. (19) gives, 

J'ρ� 	, J'�ρ� # ,iw[ B' ∂z]
� .         (23) 

Differentiation of eqn. (23) with respect to z gives, 

ρ� ∂J' ⁄ ∂z = - iw Bm = - iw	μ@Hm,     (24) 

here 

B' # μ�H',	                (25) 

where H'  is the peak value of r.f. magnetic field 

corresponding to B'  and μ�  is permeability of the metal. 

The permeability of the (noble) metal is taken the same as that 

of the free space or air. 

Further the use of Ampere’s law for the magneto-motive force 

along the closed path e6 f 6 g6	h6 e’ Fig. (1b) gives, 

H�W� , HW� # W� [ J ∂z]
� ,           (26) 

where, 

H # H' expiwt�,                (27) 

H� # H'�exp	iwt�,               (28) 

here H and H� and are the r.f. magnetic fields along the lines 

h6 g6 and e’ f 6 respectively. H' and H'� are the respective 

peak values of H and H�. 
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Equation (26) is a form of Maxwell’s equation for the ‘curl’ of 

magnetic field (vector) Hdde . Eqn. (26) assumes that the 

conduction current density in the presence of the electric field 

is extremely large as compared to the corresponding 

displacement current density. Or in other words here eqn. (12) 

is assumed to hold good in the r.f. region (30 MHz to 0.3 MHz) 

of the interest. 

Using eqns. (27) and (28), eqn. (26) gives, 

H'� - H'  = [ mno� pq,	          (29) 

where J is given by eqn. (20). z derivative of eqn.(29) gives, 

−	rstr]  = J'.                (30) 

Elimination of H' between eqns. (24) and (30) gives, 

r&utr]& = vwxy=< J'.	               (31) 

Solution of eqn. (31) is given by, 

J' = J'�zexp−z/δ��{	exp−iz/δ��,        (32) 

using the boundary conditions J' → J'�	as	z	 → 0, and	J' →0	as	z → ∞. Here, 

δ� =	E =<G�xyH�/�,               (33) 

where, 

w = 2πf.                    (34) 

At z = δ�, |mn| falls to a value of 0.368 with respect to its 

value at z = 0 [refer to eqn. (32)]. δ� is here referred to as 

nominal radiation depth of penetration of the r.f. current in the 

metal. 

Now an expression for the net current flowing in the conductor, 

due to the radiation resistivity ρ� , can be obtained by 

integrating the current density with respect to depth. 

Considering the width W� , the net peak value I'  of the 

current is given by, 

I' = w� [ J' ∂z�� .	               (35) 

Using eqn. (32), eqn. (35) gives, 

I' = ���<��v J'�.	                  (36) 

If J'� is the peak current density at surface of the conductor 

when q → 0  and >?  is the radiation resistivity of the 

conductor, then peak value of voltage at the surface of the 

conductor denoted by V'� is given by, 

V'� 	= J'�ρ��L�                (37) 

where L� is the length of the conductor. 

If R�� be the effective radiation resistance of the conductor 

corresponding to the voltage V'�  at the surface of the 

conductor given by eqn. (37), then R�� is given by the real 

part ‘Re’ of the following expression viz., 

R�� = Re ��ty�t �,	                (38) 

where I' is the peak value of the total current carried by the 

conductor. Using eqn. (36) and (37), and eqn. (38) gives, 

R�� = =<��w��<,	                  (39) 

as an expression for the effective radiation resistance of the 

metal for the r.f current. 

Equation (39) holds good for a metallic conductor in the form 

of a cylindrical wire when N?/T	~ 1/25 as mentioned earlier. 

Then W� in this case is given by, 

W� = 2πa,	                 (40) 

here ‘a’ is the radius of the metallic wire. Thus effective 

radiation resistance of the metallic wire, viz., ��?��  using 

eqns. (39) and (40) is given by, 

R�� → R���� =	 =<���G���<,	            (41) 

which on using eqn. (33) gives, 

R���� = =<G�xy��/&	��	�G� ,	             (42) 

where L�	 in eqn. (42) denotes length of the wire. 

Here the formula of eqn. (42) of the wire for R���� of the 

noble metal considering the parallel plane formula of eqn. 

(39) or (41) assumes that when the nominal radiation depth 

of penetration δ� with respect to the radius ‘a’ (of the thin 

wire) is much small i. e. when δ�/a	~ 1/25, then surface of 

the wire can be treated a flat and any field variation along the 

length L�	  and width W� = 2πa dimensions due to the 

curvature giving edge effects (and due to variations of the 

distance along the short length of the straight wire with 

respect to the wavelength of the r.f. current) are assumed so 

small compared with the variations into the conductor, that 

they are neglected. 

Apart from the effective radiation resistance R���� of the 

wire, there is another resistance R���  known as the skin 

resistance of the wire [for skin resistance of the metallic wire 

refer to Ramo, whinnery and Van Duzer (1970)] [2]. It is 

assumed that R���� and R��� come in series with respect 

to the rms current flowing through the wire [which is the 

same as the (total) rms current flowing through R����{. 
Thus the r.m.s. value of the r.f. current through the wire is 

limited due to the finite value of R��� and R���a 
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Coming to eqn. (42), this effective radiation resistance come 

into the picture due to the finite value of radiation resistivity ρ�	as given by eqn. (9). Because of the effective radiation 

resistance R���a as given by eqn. (42), there results a loss of 

r.f. energy and hence power fed to the conductor, due to the 

charge-oscillations set in the colliding ions [provided the ions 

be assigned proper discrete (quantum) states in terms of hf as 

mentioned already] of the electron-ion pairs in the metal. 

Since the electrons absorb energy and hence power at 

electron-ion radiation collisions [in the presence of (r.m.s.) r.f 

current (maintained constant by some external fictitious 

source) fed to the (isolated) wire of the noble metal 

(appropriate to that governed by the effective radiation 

resistance)], and give the same to the ions which radiate via 

charge oscillations set in the ions parallel to the direction of 

the r.f. current in the wire, so that the electron-ion pairs as a 

whole do not interact back with the generated radiation and 

then the radiation coming from the conductor in the 

surrounding space has a velocity c in the noble metal that 

corresponds to that of the electromagnetic wave in free space 

over which the conduction electrons and the fixed ions (which 

are elastically bound with respect to each other in the metal) 

forming electron-ion pairs exist. 

3. Radiation Power Loss Due to 
Radiation Resistivity 

Now the radiation power loss from the (isolated) short and 

straight metallic (thin) wire of the noble metal is analyzed as 

follows: 

The instantaneous value of total current I is given by, 

I = RezI'exp	iwt�{,              (43) 

where ‘Re’ means the real part of the expression in bracket is 

to be considered. Here I' is given by eqn. (36) and it depends 

on N? and hence on radiation resistivity ρ�, since N? is given 

by eqn. (33). Using eqn. (36), eqn. (43) gives, 

I = I�coswt − π/4�,             (44) 

where, 

I� = w��<√� J'�,                  (45) 

is the peak value of the total current carried by the metallic 

wire. 

Further the instantaneous value of voltage V at the surface of 

the conductor q → 0�, is given by, 

V = RezV'�exp	iwt�{ = V'�cos	wt,       (46) 

where V'� is the peak value of voltage at the surface of the 

conductor, as given by eqn. (37). 

If, 

P� = VI,                  (47) 

gives instantaneous power loss due to finite value of the 

effective radiation resistance denoted by eqn. (39), then the 

average power loss over a cycle of the r.f. current in the metal 

having a period of 2π/w, is given by, 

P� = [ P� ∂t	/	[ ∂t�G/w��G/w� .         (48) 

Thus, 

P� = w�G[ VI	 ∂t�G/w� .	              (49) 

using eqn. (47) in eqn. (48). Substituting the values of V and I 

from eons. (46) and (44) in eqn. (49) and solving the integral, 

gives that, 

P� = ��√�V'�I�.	                  (50) 

From eqns. (37) and (45) the ratio V'�/I� is given by, 

�ty�y = √2 E=<	�����<H = √2R��,	          (51) 

using eqn.(39). 

If S� = 2πa in eqn. (51) for the metallic conductor in the 

form of a cylindrical wire of radius ‘a’, then using eqn. (41), 

eqn. (51) gives, 

�ty�� = √2R����,	                  (52) 

as resistance of the metallic wire. 

Substituting the value of V'� from eqn. (52) in eqn. (50), eqn. 

(50) gives, 

P� = �� R����I��.                   (53) 

If with reference to eqn. (44), 

�y√� = I�'�,	                      (54) 

where I�'� is the root mean square value of total current I in 

the metal (in the form of a wire), then eqn.(53) gives, 

P� = R����I�'��,                  (55) 

where I�'� using eqns. (45) and (54) is given by, 

I�'� = ���<� J'� = �G���<� J'�,	          (56) 

since W� = 2πa for the wire as mentioned before. Eqn. (55) 

gives the average radiation power loss due to effective radiation 

resistance R���� given by eqn. (42) in case of the metallic wire. 

Assuming the same current I�'� to flow in the skin resistance R��� of the wire coming in series with R����, the value of the 
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average power loss P due to the heat loss is, further given by, 

P # R���I�'�� .               (57) 

The net average power loss over a cycle of a r.f. current in the 

metallic wire is the sum of two average losses given by eqns. 

(55) and (57), i.e., 

P$%" # I�'�� zR���� � R���{.          (58) 

Thus the efficiency of the short and straight metallic (thin) 

wire carrying r.f. current, in generating the radiation power 

can be defined by, 

ξ # �<
��(8 #

��<��
��<�������,	            (59) 

using eqns. (55) and (58). 

In arriving at eqn. (59) it is assumed the maintenance of the 

I�'� current fed to the (isolated) wire of the noble metal, is due 

to some external fictitious source. The current I�'� can then be 

considered as if used to produce the average radiation power 

and the average heat power losses as given by eqns. (55) and 

(57) respectively. In that case, the total average power loss due 

to the radiation and heat as given by eqn. (58) is considered to 

be supplied by some external fictitious source maintaining the 

value of the fed current I�'� constant. Whence the efficiency 

of radiation of eqn. (59) is given by the ration of the average 

radiation power loss to the total average power loss. 

It is already mentioned with reference to this analysis that, 

here the total r.m.s. current through the metallic wire is the 

same through the (series) resistances and so that an 

instantaneous value of the total current through the wire at a 

time t can be defined by, 

i" # I� coswt,                 (60) 

where I� # √2I�'�. Here I� gives the peak value of the total 

current in the wire. In eqn. (60) the phase factor is taken as wt, 

since the choice of time is arbitrary. 

Now a magnetic potential method associated with magnetic 

field of the (isolated) short and straight metallic (thin) wire 

when the above mentioned total current i" flows through it, is 

further considered which provides an alternative approach to 

the problem of (effective) radiation resistance and associated 

radiation loss from the wire, needed for further analysis. 

4. Alternative Evaluation of 
Radiation Resistance and 
Radiation Power Loss, Due to 
Current �� 

The (isolated) short and straight metallic (thin) linear 

conductor (in the form of a cylindrical wire) carrying the total 

r.f. current of instantaneous value as mentioned in Secn. 3 is 

considered here for the present analysis. The length L�	of the 

wire (of the noble metal) is much smaller than wavelength λ of 

the r.f. current on the wire. λ also denotes the wavelength of 

radiation (field) from the wire, and it satisfies the following 

relationship, viz., 

λ # c/f,	                     (61) 

where c is velocity of the radiation in surrounding air with 

respect to the metallic wire and it can be treated as free space. 

f denotes the frequency of radiation same as that of the r.f. 

current associated with the wire. The above mentioned wire 

carrying r.f. current is made of a noble metal like Cu, Ag, Au 

and is in open free space. 

	
Fig. 2. A short metallic wire of length ��, carrying a current �2. 

The magnetic potential at a point distant r from the center O of 

the wire (Fig. 2) considering Ampere’s law for the magnetic 

field due to a current carrying wire, is represented in the form, 

∂ψ # v8�� �v$ ∅
0G� ,	               (62) 

where r is the distance of the point R from center of the wire 

and ∅ is the angle between r and direction of the current. Eqn. 

(62) holds good for the short wire of length L� and here it is 

regarded as constant throughout the length of the short and 

straight metallic (thin) wire. 

The magnetic field strength p ′ due to the wire and outside 

of it can be found by differentiating eqn. (62) with respect to r, 

whence, 

p 6 # , ¢
¢? pψ�,	             (63) 

where the magnetic field is given by negative rate of variation 

of the potential with respect to distance. 

The total current at any instant (time) t, in the wire is given by, 

i" # I� coswt,	               (64) 

where I� is the peak value of r.f. current of angular frequency 

w. Eqn. (64) expresses the total instantaneous current in the 

wire as also the same given by eqn. (60). 

Since a disturbance originating at O (Fig. 2) on the center of 

the wire at the time t will arrive at the point R at a time r/c later, 
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where c is velocity of electromagnetic radiation in air (which 

is space surrounding the wire), so that the potential at R can be 

expressed as follows: 

∂ψ # �£�¤��¥wE"�<¦H§����v$∅
0G� .	           (65) 

Substituting this value of pψ in eqn. (63) and differentiating 

the resultant expression, it follows that, 

∂H6 # �£���v$∅
0G ¨¤��¥wE"�<¦H§

�& , w	�v$¥wE"�<¦H§
�¤ ©.	       (66) 

In Eqn. (66), the first term gives the induction magnetic field, 

for radiation purposes, this field does not play any role. The 

second term of eqn. (66), viz., the inverse distance term which 

is radiation (magnetic) field can be represented by the 

following expression [at large distance(s) from the wire] viz., 

∂H� # , I�L�sin∅�	w	sin ¥w Et , rcH§4πrc ,	 
or 

∂H� # E�G
λ
H �£���v$∅

0G� sin �w Et , �
¤H , π�.	      (67) 

Associated with this radiation magnetic field there is an 

equivalent radiation electric field in time phase with it, such 

that, 

rª<
rs< # μ�/ϵ���/� # η�,	           (68) 

where «�, 9�	T¬W	η�  are permeability, permittivity, and 

intrinsic impedance of the space surrounding the metallic wire 

(which is air or free space). 

Using eqns. (67) and (68), pg?is given by, 

∂E� # η� E�Gλ H �£���v$∅
0G� sin �w Et , �

¤H , π�.	      (69) 

Here ∂E�	and	 ∂H�	 are mutually at right angles to each other 

in space. 

The power radiated by such a wire can be obtained by 

assuming it to be placed at the center of a (large) sphere (Fig. 

3), the surface of which will be penetrated continuously by 

outgoing moving radiation fields. 

 

Fig. 3. Radiation calculations of a short metallic wire of length L�. 

The mean energy 〈∂w�〉 crossing a unit area in a unit time at 

R is given by the mean of product of ∂E�	and	 ∂H�,	i.e., 

〈∂w�〉 # 〈∂E��∂H��〉 # η�〈∂H���〉,        (70) 

using eqn. (68). Substituting the value of p ? from eqn. (67) 

in eqn. (70), eqn. (70) gives, 

〈∂w�〉 # η� �E�Gλ H E�£���v$∅0G� H sin ¥w Et , �
¤H , π§��    (71) 

Now mean value of �sin� ¥w Et , �
¤H , π§� over a cycle of 

radiation is ½. Then eqn. (71) gives, 

〈∂w�〉 # η� E�Gλ H
� E�£��0G� H

� �v$&∅
� .	          (72) 

Considering the shaded ring of Fig 3, as an element of area 

[2πr	sin∅	r ∂∅�{,	 the total mean power radiated through the 

whole sphere is given by, 

〈∂W�〉 # [ 〈∂w�〉2πr�sin∅ ∂∅G
� , 

or 

〈∂W�〉 # η� E�Gλ H
� E�£��0G H

� �
� �[ �v$&∅

�& 2πr�sin∅ ∂∅G
� �,	   (73) 

which gives, 

〈∂W�〉 # �G
 η� E �£√�H

� E��
λ
H�.	            (74) 

Now ®/√2 is the r.m.s. value of the total current it in the wire 

of eqn. (64) viz., I�'� . Thus radiation resistances R�  of the 

(isolated) short and straight metallic (thin) wire of the noble 

metal, is given by the ratio of mean power radiated to the square 

of r.m.s. value of the total current carried by the wire i.e., 

R� # 〈r °̄〉
±�£/√�²& #

�G
 η� E��λ H

�.	        (75) 

Equation (75) assumes that the ratio of length L� of the wire 

of the noble metal to the wavelength λ of its operation is 

very-very small as compared to unity, so as to treat the current 

over the length of the wire as constant (and this is what meant 

here by the short wire of this analysis), and further, the radius 

‘a’ of the wire is extremely small as compared to its length 

(meaning thereby the wire is thin) and for the thin wire the 

current density can be integrated over the cross section of it, so 

as to treat this thin wire which is short and straight as the 

(linear) alternating current element.  

Equation (75) gives the same value for the radiation resistance as 

is obtained by the method of solution of the magnetic vector 

potential associated with the current in the (isolated) alternating 

current element (e.g. as that constituted by Cu, Ag or Au) in open 

free space air (for instance, refer to Ramo, whinnery and Van 

Duzer 1970) [2] or due to the acceleration of the (conduction) 
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electrons in the r.f. current-carrying (thin, short and straight) wire 

(e.g.. as that of Cu, Ag or Au) jn open free space or air (for 

instance refer to, Fewkes and Yarwood 1962 [3). Thus for a given 

value of the r.m.s. current (maintained constant by some external 

fictitious source), all these methods lead to the same value of the 

total mean radiation power 〈∂W�〉	 due to the current or the 

(conduction) electrons in the wire in the presence of usual heat 

losses always associated with. Here with reference to all these 

methods, it is only the ‘inverse distance terms’ of the fields at any 

point outside (whether close or far off from) the current element 

constituted by the wire, that (ultimately) contribute to the average 

outward radiation power flow. 

The present analysis assumes that the power which is radiated 

by the current element of eqn. (74) is absorbed by the 

(conduction) electrons at electron-ion radiation collisions which 

is further transferred to the ions resulting in the emission of 

radiation from the ions where the ions form pairs with the 

electrons. Under the circumstances the effective radiation 

resistance R����	  and radiation resistance R�  as given by 

eqns. (42) and (75) respectively are considered to be the same. 

The orientation of the instantaneous radiated electric field at 

any point outside the wire with respect to the ions is expected 

to differ in phase by π radians relative to that would have been 

with reference to the electrons on an average, since the charge 

of an ion is equal and opposite to that of an electron. But this is 

restricted due to the introduction of an additional phase 

difference of π radians on the field relative to the ions on an 

average during the electron-ion radiation collisions. And so 

that the orientation of the radiated electric field from the ions 

on an average is the same as would have been, otherwise with 

reference to the electrons constituting the current in the wire 

[if they (electrons) were the cause of emission instead of 

absorption of the radiation of this analysis]. 

5. Expression for Effective 
Radiation Collision 
Cross-Section 

In the present analysis it is assumed the effective radiation 

resistance R���a for the short and straight metallic (thin) wire 

of the noble metal as given by eqn. (42) denotes the radiation 

resistances R� for it as given by eqn. (75) as mentioned in 

Secn. 4. Whence equating the two expressions given by eqns. 

(42) and (75), the value of radiation resistivity ρ� is given by, 

ρ� = E�³G´ηµ&¶xµ¤M H aL���f .	           (76) 

Eqn. (76) can be rewritten as follows: 

=<���/λ�& = E�³G´ηµ&¶xµ¤& H f = 6.9270�	x	10�¹f	 E�D'' H.	     (77) 

Further using eqns. (33) and (76), the nominal radiation depth 

of penetration N? for r.f. current in the metal is given by, 

δ� = º0Gηµ µµ¤&» aL��f.	             (78) 

Eqn. (78) can be rewritten as follows: 

δ<� = º0Gηµ µµ¤» E��λ H = 4.1888� E��
λ
H.	        (79) 

The present analysis considers that, 

λ½¾ = 100,	                 (80) 

which means that the length of the (straight) wire is very-very 

small as compared to the wavelength of the current exciting 

the wire (as already mentioned in Secn. 4), so as to treat the 

current over the length of the wire as constant (and this is how 

the short and straight wire of the present analysis is to be 

considered). 

Equation (79), using eqn. (80) gives that, 

�<� = 4.1888� 	× 	10�� = �� .FÀ �,	        (81) 

meaning thereby that N? is much smaller than the radius ‘a’ of 

the wire. 

Next, the value of radiation collision frequency g� using eqns. 

(9) and (76), is given by, 

g� = nºFG´ηµ&%&¶µµ'(¤M» aL���f .	          (82) 

Eqn. (82) can be rewritten as follows: 

)<$���/λ�& = ºFG´ηµ&%&¶µµ'(¤&» f = 9.7603� 	× 	10�� f	m/sc�.	 (83) 

As already mentioned in Secn. 1, this treatment of the present 

analysis assumes that w << 2g�  which is eqn. (11). This 

analysis chooses the value of w/2g� given by, 

w�)< = ����,	                  (84) 

meaning thereby w is very-very smaller than (2gr).  

Using eqn. (84), eqn. (83) gives that, 

E���
λ
H = �.À¶0��×	��Á√$ m�.	           (85) 

Substituting the value of λ/La from eqn. (80) in eqn. (85), eqn. 

(85) gives that, 

a = �.À¶0��×��Â√$ m�.	             (86) 

Thus, the value of w/2g� given by eqn. (84) determines the 

value of E���
λ
H as given by eqn. (80). Whereas the value of 
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λ/La given by eqn. (80), then determines the value of radius ‘a’ 

of the wire as given by eqn. (86) on using eqn. (85). 

If the order of n be taken as 5 x 10
28 m�  

for the noble metals, 

then eqn. (85) and (86) give that, 

���
λ
= 8.0230� ×	10�Fm�,	         (87) 

and 

a = 8.0230� ×	10�³m�,	           (88) 

as the order of E���
λ
H and ‘a’ in the case of the wire of the 

noble metal, here under consideration. 

Using eqn. (87) in eqn. (77), the condition σ� >> Ã9@ of eqn. 

(12) gives that, Ä << 2.0077� ×	10�0	Hz in the r.f. range 

(30 MHz to 0.3MHz) here under consideration, the conduction 

current density due to σ� is extremely large as compared to 

the displacement current density due to permittivity 9@ of the 

metal which is taken the same as that of the free space or air. 

Further the present analysis considers that, 

��� < 10�0,	                  (89) 

meaning thereby the radius ‘a’ of the wire is extremely small 

as compared to the (short) length L� of the (straight) wire. At 

f = 30MHz, the free space wavelength λ is 10 m. Using λ = 10 

m, eqn. (80) gives that La = 10��m. With La = 10�� m and 

a=8.0230� ×	10�³	m [as given by eqn. (88)], the value of 

a/La is given by, 

��� = 8.023	0� 	× 	10�¹.	             (90) 

So that at f = 30 MHz, eqn.(89) is satisfied and further for 

frequencies less than 30 MHz also the condition of eqn. (89) is 

satisfied. Eqn. (89) holds good in general in the r.f. range 30 

MHz to 0.3 MHz here under consideration. 

With reference to the present analysis the short straight and thin 

wire of the noble metal defined by eqns. (80) and (89) with the 

value of its radius ‘a’ as given by eqn. (86), is considered to 

represent the alternating current element in the r.f. range 30 

MHz to 0.3 MHz here under consideration, having the values of w�)< and 
�<�  as given by eqns. (84) and (81) respectively. 

Further using eqn. (17), (18) and (82), the value of Q? or 〈X��〉 
which is effective radiation collision cross section is given by, 

Q� = 〈X��〉 = EG H�/ º�³G´ηµ&%&¶Dµµ¤& » �$�/´ aL���	f .  (91) 

Eqn. (91) can be rewritten as follows: 

Å<���/´E�Æ�λ H& = ÇEG H�/ E�³G´ηµ&%&¶Dxµ¤& HÈ f = 2.7253� 	×

10�¶	f	m���.	        (92) 

Equation (91) or (92) gives the expression for effective 

radiation collision cross- section Q� in the noble metal, which 

describes the ionic charge-oscillations, needed for further 

analysis. In this analysis Q�  is considered as very much 

smaller than, the effective collisions cross-section Q� 

(Nandedkar 2015) [1] which describes the ionic 

mass-vibrations at temperature T = 293	�K in the noble metal. 

6. Radiation Temperature ÊË  
Ions [if assigned the proper discrete (quantum) states in terms of 

hf as described below] in the metal, forming electron-ion pairs 

with conduction electrons in the body of the metal, absorb r.f 

energy and hence power from the conduction electrons due to 

the finite (effective) radiation resistance and consequently 

undergo charge-oscillations parallel to the direction of r.f. 

current, in the short and straight metallic (thin) wire constituted 

by the noble metal, with the same frequency as that of the r.f. 

current. Thus the electrons or the ions of the pairs indirectly or 

directly take part in the mechanism of radiation. So the 

electrons or the ions forming electron ion pairs in the metal do 

not interact back with the radiation once it is generated. Since 

the charge of an ion is equal and opposite to that of an electron, 

so that the relative orientation of the instantaneous radiated 

electric field contributing to the average outward flow of 

radiation power at any point outside the wire due to the ions is 

expected to differ in phase by π radians relative to that would 

have been due to the electrons (or the current), on an average. 

But an additional phase difference of π radians is introduced at 

electron-ion radiation collisions on an average, on the field 

relative to the ions. So that the orientation of the radiated 

electric field from the ions on an average, is the same which 

would have been otherwise with reference to the electrons 

constituting the current in the wire [if they (electrons) were the 

cause of emission instead of absorption of the radiation of this 

analysis] as already mentioned. 

The radiation thus generated is assumed to have a radiation 

temperature T� which is in equilibrium only with ions of the 

electron-ion pairs in the metal. In other words it is a 

quasi-equilibrium phenomenon of absorption and emission of 

r.f. energy and hence power by electron-ion pairs due to finite 

(effective) radiation resistance, at a radiation temperature T� 
of the ions in the metal. 

The linear oscillating fixed ion in the metal, undergoing 

charge-oscillations parallel to the direction of r.f. current in the 

wire, is assumed not to have any value of energy from 0 to ∞, 

but on the other hand can take only discrete values equal to mE�6  where m = 0, 1, 2… and E�6  is a finite discrete amount 

given by, 
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E@6 	= hf,                   (93) 

where f is the frequency of charge-oscillations of the ion and 

also that of r.f radiation, and h is Planck constant. Here for 

General Reference on Methods in Quantum Mechanics, refer 

to Max Born 1963 [11]. 

Let probability density W'mE�6 �  at the radiation 

temperature T� of the ion in the metal, to have E�6  be given by 

Boltzmann factor viz., 

W'mE@6 	� = exp E−'ª�Ì 	ÍÎ< H,	          (94) 

where k is Boltzmann constant. 

The average energy Ev  of the linear oscillating ion of the 

metal and undergoing charge-oscillations, is obtained by 

averaging over all values of mE�6  with the weight factor given 

by eqn. (94). Thus, 

〈Ev〉 = 	∑ mE�6 	exp º−mE�6 	kT� »∞�
∑ exp E−mE�6 	kT� H∞�

,	 
or, 

〈Ev〉 = 	−	∂ ∂	E �ÍÎ<HÑ 	ln∑ exp E−'ªyÌ 	ÍÎ< H∞� ,	      (95) 

or, 

〈Ev〉 = 	E�6 	 �
Ç%ÓÔºÕyÌ 	Ö×<»È��

.	            (96) 

Using eqn. (93), eqn. (96) gives 

〈Ev〉 = D��%ÓÔE ØÙ	Ö×<H���.	              (97) 

In this way, the average energy state of the ion is quantized in 

terms of hf and thus allowing the ion to absorb energy and 

hence power from the electrons at electron-ion radiation 

collisions in presence of the finite value of the effective 

radiation resistance or the radiation resistance as given by eqn. 

(42) or (75), where it is assumed that all the ions have 

individually the same average energy as that given by eqn. (97). 

The average energy of the liner oscillating fixed ion of the metal 

undergoing charge-oscillations, can also be obtained as follows: 

If Mv be the mass of the ion in the metal, then the equation of 

motion of linear oscillator with frequency f (in the r.f. range 30 

MHz to 0.3 MHz, here under consideration) is given by, 

Mv r&Ó<r"& + 4π�f�Mvx� = 0,	         (98) 

where x� denotes the instantaneous value of the displacement 

of the ion at time t when its acceleration is ∂�x�/ ∂t�. 

The average potential energy for this oscillator over a cycle of 

oscillations is given by, 

〈EvÔ〉 = �� 4π�f�Mv�〈X��〉,	         (99) 

where 〈X��〉 is the mean square value of the displacement of 

the ion. 

Since average kinetic and average potential energies of the 

oscillator are the same, the net average energy 〈Ev〉 for the 

ionic oscillator is given by, 

〈Ev〉	= 2 〈EvÔ〉 = 4π�f�Mv�〈X��〉,	        (100) 

using eqn. (99). 

Eliminating	〈Ev〉 between eqns. (97) and (100), the value of 〈X��〉 is given by, 

〈X��〉 = $D��/�G��&Ûz%ÓÔD�/ÍÎ<�{��,	            (101) 

where, 

ρ = Mvn,	                  (102) 

gives density of the metal. Here n is ion density in the metal. 

Substituting the value of 〈X��〉 from eqn. (91) in eq. (101), eqn. 

(101) gives that, 

zexphf/kT��{ − 1 = E ØMÜ&ÙH
ÝEÞ�HEǗH

�́ß�àÜ´ηµ&(&ÂØáµ¦M âã �
��́ä����&�´å

,	  (103) 

or, 

ÇE =$M/´H E���λ H�È zæexphf/kT��ç − 1{ = è ±D/0G&²
EǗH�/´ß�àÜ´ηµ&(&ÂØáµ¦& âé	 ��& =

6.1563� 	× 	10��À E��&H	kgm −m �.	    (104) 

Equation (103) or (104) determines T�  when all other 

quantities are given specific values. T�  is the radiation 

temperature of the ion is the noble metal. 

The present treatment of assignment of the quantum (radiation) 

states to the energy levels of the ions (those are elastically 

bound with respect to each other) which consequently form 

pairs with the (conduction) electrons in the wire of the noble 

metal assumes that, 

(i) All the fixed ions in the metal undergo charge-oscillations 

at the same frequency f (which is the same as that of the r.f. 

current exciting the wire) and independent of each other. 

(ii) The ions in the metal can undergo charge-oscillations at 

electron-ion radiation collisions in the lower frequency zone 

of the spectrum of electro-magnetic radiations, e.g., the high 

frequency (HF) range (30 MHz to 3 MHz) and medium 
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frequency (MF) range (3 MHz to 0.3 MHz) here under 

consideration, where it is possible to define the alternating 

current element with reasonably good approximations as those 

given by eqns. (80) and (86)/ (89), 

(iii) The effective radiation collision cross-section Q� 
describing the ionic charge-oscillations as given by eqn. (91) 

or (92), is very much smaller than the effective collision 

cross-section describing the ionic mass-vibrations at 

temperature T of the metal here under consideration as given 

in the previous paper (Nandedkar 2015) [1], 

(iv) The average energy 〈Ev〉	  of the ion undergoing 

charge-oscillations in the metal as given by eqn. (97), is 

extremely small as compared to the order of the average 

thermal energy kT (where k is Boltzmann constant) of the ion 

undergoing thermal mass-vibrations at temperature T of the 

metal here under consideration, 

(v) Here it is possible to define a finite value of the radiation 

temperature T�  as that given by eqn. (103) or (104). And 

further all the ions having individually the same average 

energy as given by eqn. (97), also have individually the same 

radiation temperature T�, and 

(vi) The classical expression for the radiation resistance R� of 

the wire [such as that given by eqn. (75)], is considered to hold 

good here. 

7. Numerical Results and 
Conclusions 

7.1. Numerical Results 

The present theory is given for the r.f. radiation from the 

(isolated) short and straight metallic (thin) wire of the noble 

metal at temperature of 293	� K, defining the (isolated) 

alternating current element, where λ/L�= 100 and a/L� < 10
-4

 

in the r.f. range 30 MHz to 0.3 MHz here under consideration. 

The constants of the noble metals required for the analysis of 

this paper are taken from the previous paper (Nandedkar 2015.) 

[1] and are given in Table 7.1. 

Table 7.1. Values of	>, n and σ"= 1/ρ’ at 293	�K for the noble metals. 

Metal 

Density, Electron/ion Conductivity ê�= ë density, n 1/resistivity = 1/ì’ 

(kgm/m3 ) (m-3) (mhos/m) 

Cu 8.93 x 103 8.464(8) x 1028 5.882(4) x 107 

Ag 10.5 x 103 5.862(7) x 1028 6.250(0) x 107 

Au 19.3 x 103 5.901(6) x 1028 4.132(2) x 107 

Table 7.2 gives the values of λ/L�, aL�/λ, a, δ�/a and	δ� using 

eqns. (80), (85), (86), (81) and (86)/(81) respectively and, 

using table 7.1. 

Table 7.2. Values of λ/L�, aL�/λ, a, and δ�/a and 	δ� for the noble metals. 

Metal λ/íî aíî/λ a ïË/a 	ïË 
  x108 (m) x106 (m) x102 x107 (m) 

Cu 100 6.166(1) 6.166(1) 4.188(8) 2.582(8) 

Ag 100 7.409(2) 7.409(2) 4.188(8) 3.103(5) 

Au 100 7.384(7) 7.384(7) 4.188(8) 3.093(3) 

(a) Values of >? 

The values of ρ� as function of f and their ranges of variations 

for the various values of f for the noble metals using eqn. (77) 

and Table 7.2 are indicated as below (where ρ�	is directly 

proportional to f). Here, 

ρ� (for Cu) = 2.633(7) x 10��¶f (ohm-m),   (105a) 

ρ� (for Ag) = 3.802(6) x 10��¶ f (ohm-m),  (105b) 

ρ� (for Au) = 3.777(5) x 10��¶f (ohm-m),   (105c) 

where, 

7.901(1) x 10��0≤ ρ� (for Cu) ≤ 7.901(1) x 10��� (ohm-m), (106a) 

1.140(7) x 10��  ≤ ρ� (for Ag) ≤ 1.140(7) x 10��� (ohm-m), (106b) 

1.333(2) x 110��  ≤ ρ� (for Au) ≤ 1.133(2) x 10-11 (ohm-m), (106c) 

for the variations of the frequency f in the range given by, 

0.3 ≤ f ≤ 30 (MHz).           (107) 

(b) Values of P? 

The value of g� in terms of f, and its range of variation for the 

various values of f for the noble metal viz., Cu or Ag or Au, as 

given by eqn.(84) is mentioned below, (here g� increases as f 

increases): 

Here, 

g�for	Cu	or	Ag	or	Au� = 314.15�	f	sc���,   (108) 

where 

9.424(5) x 10À ≤ gr (for Cu or Ag or Au) ≤ 9.424(5) x 10¶ (sc
-1

), (109) 

for the variations of frequency f in the range given by 

eqn.(107). 

(c) Values of ò?  

The values of Q�  as function of f and their ranges of 

variations for the various values of f for the noble metals using 

eqn. (92) and Table(s) 7.1 and 7.2 are given as follows (here Qr 

is directly proportional to f): 

Here, 

Q� (for Cu) = 2.359(9) x 10�  f (m
2
),    (110a) 

Q� (for Ag) = 3.851(1) x 10�  f (m
2
),    (110b) 

Q� (for Au) = 3.817(3) x 10�  f (m
2

),    (110c) 
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where, 

7.079(7) x 10��F≤ Q� (for Cu) ≤ 7.079(7) x 10��³(m2),  (111a) 

1.155(3) x 10��À ≤ Q� (for Ag) ≤ 1.155(3) x 10��¹ (m2), (111b) 

1.145(1) x 10��À ≤ Q� (for Au) ≤ 1.145(1) x 10��¹ (m2), (111c) 

for the variations of frequency f in the range given by eqn. 

(107). 

Using the above analysis of Q� the value of Q� /Q� (for the 

noble metals in the r.f. range 30 MHz to 0.3 MHz here under 

consideration) is given by, 

Q� /Q�= <10� ,               (112) 

where Q�  is the effective radiations collision cross-section 

describing the ionic charge-oscillations and Q�  is the 

effective collision-cross section describing the ionic mass- 

vibrations at temperature T=293	�K of the metal (Nandedkar 

2015) [1]. The assignment of the energy levels to the quantum 

(radiation) states of the ion as described in Secn. 6, is assumed 

to hold good in this case of eqn. (112). 

(d) Values of factor X= [{exp(hf/kó?)}-1] 

The values of factor X=[{exp(hf/kT�)}-1] as function off, and 

their ranges of variations for the various values of f for the 

noble metals using eqn. (104) and Table(s) 7.1 - 7.2, are given 

below (here X is inversely proportional to 1/f
2
 ): 

Here, 

X (for Cu) = 6.739(0) x 10��/ f�,     (113a) 

X (for Ag) = 2.432(4) x 10�� / f
2
,     (113b) 

X (for Au) = 1.343(9) x 10�� / f
2
,     (113c) 

where, 

7.487(7) x 10�� ≥ X (for Cu) ≥ 7.487(7) x10À,  (114a) 

2.702(6) x 10�� ≥ X (for Ag) ≥ 2.702(6) x 10À,   (114b) 

1.493(2) x 10�� ≥ X (for Au) ≥ 1.493 (2) x 10À,   (114c) 

for the variations of frequency f in the range given by eqn. 

(107). 

Using the above analysis of X=zexphf/kT��{ − 1, the order 

of the average energy 〈Ev〉 of the ion (associated with the 

charge-oscillations) of eqn. (97) for the noble metals in the r.f. 

range 30 MHz to 0.3 MHz varies between 1.330(8) x 10�   J 

to 2.653(9) x 10�0�  J. Whereas the order of the average 

thermal energy kT (where k is Boltzmann constant) of the ion 

in the metals undergoing the thermal mass-vibration at 

temperature T=293	�K is 4.044(8) x 10��� J. This shows that 

here 〈Ev〉 extremely small as compared to kT. The assignment 

of the energy levels to the quantum (radiation) states of the ion 

as described in Secn. 6, is assumed to hold good in this case 

when 〈Ev〉 is extremely smaller than kT. 

(e) Values of ó? 

Table 7.3 gives the values of radiation temperature T� for the 

noble metals at T=293	�K using eqns. (113a, b, c) where X = 

[{exp(hf/kT�)}-1], for the various values of f in the range 30 

MHz to 0.3 MHz. This table shows that as f decreases from 30 

MHz to 0.3 MHz, then order of T� reduces from 10�¹	�K to 10�À	�K. 

Table 7.3. The radiation temperature T�versus frequency f in case of noble 

metals at T = 293	�K. 

f Cu Ag Au 

(MHz) ÊË (0k) ÊË (
0K) ÊË (

0K) 

30 7.524(1) x10�¹ 7.947(5) x 10�¹ 8.216(6) x 10�¹ 

20 4.812(1) x 10�¹ 5.071(2) x 10�¹ 5.235(4) x 10�¹ 

10 2.249(6) x 10�¹ 2.362(5) x 10�¹ 2.433(6) x 10�¹ 

5 1.056(1) x 10�¹ 1.105(7) x 10�¹ 1.136(8) x 10�¹ 

3.5 7.168(2) x 10�³ 7.494(2) x 10�³ 7.698(0) x 10�³ 

1.5 2.864(8) x 10�³ 2.985(9) x 10�³ 3.061(3) x 10�³ 

0.75 1.357(5) x 10�³ 1.411(8) x 10�³ 1.445(4) x 10�³ 

0.60 1.068(0) x 10�³ 1.110(0) x 10�³ 1.135(9) x 10�³ 

0.50 8.781(5) x 10�À 9.121(8) x 10�À 9.332(3) x 10�À 

0.30 5.079(0) x 10�À 5.268(4) x 10�À 5.385(3) x 10�À 

(f) Values of ��?�� 

Further using eqns. (42), (79) and (80), the value of the 

effective radiation resistance R���� for the noble metal, is 

given by, 

R���� = 39.707� 	× 	 =</���/&�< 	 (ohms).      (115) 

The values of R����	for the noble metals are given in table 

7.4, using eqns. (115), (105a, b, c) and Table 7.2, in the r.f. 

range 30 MHz to 0.3 MHz here under consideration where the 

permeability of the metal is taken the same as that of free 

space or air. These values of R���� are independent of f. This 

is obvious because R����is equal to R� of eqn. (75) where 

λ/La = 100 (constant) as given by eqn. (80). Values of R� for 

the noble metals using eqn. (75) at λ/La = 100 as given by, eqn. 

(80) are also given in table 7.4. These values of R� are the 

same for noble metals. These values of R�  are to be 

considered in the r.f. range 30 MHz to 0.3 MHz, here under 

consideration. 

Table 7.4. Values of R����and R� for the noble metals. 

Metal 
ôõË�î ôË 
(Ohm) (Ohm) 

Cu 7.889(6) x 10�� 7.889(8) x 10�� 

Ag 7.889(6) x 10�� 7.889(8) x 10�� 

Au 7.889(4) x 10�� 7.889(8) x 10�� 

(g) Values of ���� 

In order to calculate the value of efficiency ξ of the radiation 

by the wire as given by eqn. (59), the value of R���	which is 
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the skin resistance of the wire is required. 

The value of R��� is given by, 

R��� = =Ì��G�& ,	              (116) 

which is the d.c. resistance of the wire of length L� and of 

radius ‘a’. Here ρ6 is the d.c. resistivity of Noble metal given 

by (refer to Nandedkar 2015) [1] and is given in Table 7.1 here. 

The actual value of R��� being higher than that given by eqn. 

(116) within the error of about less than 3 per cent provided, 

a/δ < 1,                  (117) 

(Ramo, Whinnery and Van Duze 1970) [2] where δ is skin 

depth of the current in the wire given by, 

δ = 	 E =ÌG�xµH�/�.	              (118) 

Here µ0 is the permeability of the noble metal taken the same 

as that of free space or air.  

The values of a/δ as function of f, and their ranges of 

variations for the various values of f for the noble metals using 

eqn. (118) and Table(s) 7.1-7.2, are given below (where a/δ is 

directly proportional to öÄ): 

Here, 

�� for	Cu� = 9.3966� × 10�¹√f,       (119a) 

�÷ Äøù	úP� = 	1.1638� ×	10�0öÄ,     (119b) 

�
δ
for	Au� = 	9.4320� ×	10�¹√f,       (119c) 

where,  

5.146(7) x 10��≤ a/δ (for Cu) ≤ 5.146(7) x 10��,  (120a) 

6.374(4) x 10��≤ a/δ (for Ag) ≤ 6.374(4) x 10��,	 (120b) 

5.166(1) x 10��≤ a/δ (for Au) ≤ 5.166(1) x 10��,  (120c) 

for the variations of frequency f in the range given by eqn. 

(107). 

Equations (120a, b, c) show that a/δ < 1 that in the r.f. range 

0.3 MHz to 30 MHz here under consideration. Thus the 

condition given by eqn. (117) holds good here in the case of 

noble metals. 

Coming to eqn. (116), using eqn. (80), eqn. (116) gives that, 

R��� = ÛÌλ���G�& = ÛÌ¤���G�&� = 9.5419� 	× 	10¹	>6/a�f�	(ohms),         (121) 

where c is the velocity of the r.f. radiation in free space (or air). 

Eqn. (121) gives values of R���	less than the actual values 

within the error of about less than 5 per cent when eqn. (117) 

holds good. 

The values of R���  as function of f and their ranges of 

variation for the various values of f for the noble metals, using 

eqn. (121) and Table(s) 7.1 - 7.2 are given below [where R���is inversely proportional to f]: 

Here, 

R��� − 	for	Cu = 4.2664� × ��û� ohms�,   (122a) 

R��� − 	for	Ag = 2.7811� × ��û� ohms�,   (122b) 

R��� − 	for	Au = 4.2344� × ��ûü 	ohms�,   (122c) 

where, 

1422.(1) ≥ R��� – for Cu ≥ 14.22(1) (ohms),   (123a) 

927.0(3) ≥ R���– for Ag ≥ 9.270(3) (ohms),   (123b) 

1411.(5) ≥ R���– for Au ≥ 14.11(5) (ohms),   (123c) 

for the variations of frequency f in the range given by eqn. 

(107). 

(h) Values of ý 

Using eqns. (123 a, b, c) and Table 7.4, in the r.f. range 30 

MHz to 0.3 MHz, the ratio 
������<�� for the noble metals here, is 

found to be, 

������<�� > 100,	               (124) 

and thus neglecting R����  in comparison to R��  in the 

denominator of eqn.(59), eqn.(59) for the efficiency of 

radiation becomes, 

ξ = ��<������ .	                 (125) 

The values of ξ as function of f, and their ranges of variation 

for the various values of f for the noble metals using eqn. 

(122a, b, c), (125) and Table 7.4 are given below (here ξ is 

directly proportional to f): 

Here, 

ξfor	Cu� = 	1.8493� ×	10���	f,	     (126a) 

ξfor	Ag� = 	2.8369� ×	10���	f,	     (126b) 

ξfor	Au� = 	1.8633	 × 	10���	f,	      (126c) 

where, 

5.547(9) x 10�¹ ≤ ξ (for Cu) ≤ 5.547(9) x 10� ,  (127a) 

8.510(7) x 10�¹ ≤ ξ (for Ag) ≤ 8.510(7) x 10� ,  (127b) 

5.5899 x 10�¹ ≤ ξ (for Au) ≤ 5.589(9) x 10� ,  (127c) 
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for the variations of frequency f in the range given by 

eqn.(107). 

Equation (124) shows that the (effective) radiation resistance 

for the metallic wire here under consideration, is very-very 

smaller than the skin resistance of it. Eqns. (127a, b, c) further 

show that the efficiency of radiation viz., ξ for the metallic 

wire of this analysis is also very small. Here the (isolated) 

alternating current element provided by the wire of the noble 

metal, is to be considered only as theoretical aspect useful in 

the study of the actual aerial carrying r.f. current. 

(i) Comment on ��?6 ��  

In the present analysis, the effective radiation resistance for 

the actual cylindrical wire, say R��6 �� would be greater than 

that computed from the approximate formula of eqn. (42) for R���� considering the parallel plane formula of eqn. (39) or 

(41) for R����  which assume that when the nominal 

radiation depth of penetration δr with respect to the radius ‘a’ 

(of the thin wire) is much small i. e. when N?/a =4.1888� 	× 	10�� of eqn. (81), then the surface of the wire 

can be treated as flat and any field variations along the length 

La and the width (Wa = 2πa) dimensions due to curvature 

giving edge effects (and due to variations of the distance 

along the short length of the straight wire with respect to the 

wavelength of the r.f. current) are assumed so small 

compared with the variations into the conductor that they are 

neglected. The ratio R��6 ��/(Rsr)a is about less than 1.05 at N?/T = 4.1888� 	× 	10��	of eqn. (81), for this analysis. 

[The functions R/ RD�  versus N/a  are given by Ramo, 

Whinnery and Van Duzer (1970) [2], using high frequency 

formula. Here R denotes actual skin resistance of the wire of 

radius ‘a’ at the skin depth of the current of value N when RD� gives the skin resistance for the wire as obtained by the 

parallel plane formula. There is one to one correspondence of 

the functions R/RD� to R��6 �� /R���� for the values of N/a	to N?/a. This equivalence is used to arrive at, that R��6 �� 

/R���� is about less than 1.05 when N?/a = 4.1888� 	×	10�� in the analysis of the present paper]. Thus the value of R����, here is within the error of about less than 5 percent 

with the respect to its actual value of R��6 �� where R��6 ��> R����. 

Further if the same value of the r.m.s. current be maintained 

by some external fictitious source with R��6 �� and R����, 

then the result of equating the expressions given by eqn. (42) 

and (75), would give radiated power within the error of about 

less than 5 percent with respect to the actual one (which is 

higher). 

7.2. Conclusions  

(a) General Comments on Quantum Nature of Radiation 

In short this analysis assumes that the total mean radiation 

power 〈∂W�〉  due to the current (or the electrons) in the 

(isolated) straight and short metallic (thin) wire giving the 

(isolated) alternating current element constituted by the noble 

metal as obtained in Secn. 4 of eqn. (74), is absorbed by the 

electrons. And this power 〈∂W�〉	is the same as the power 

drawn by the electrons from the (constant) current (supplied 

by some external fictitious source) at the electron-ion 

(radiation) collisions, which is further transferred to the ions 

of Secn. 6, where R� of eqn. (75) is the same as R���� of 

eqn. (42), and now this power 〈∂W�〉	on the transfer to the 

ions eventually radiates as the emission from the ions. At any 

point outside the wire, the orientation of the instantaneous 

electric field (of the ‘inverse distance’ term) contributing to 

the average outward (radiation) power flow remains the same 

on an average with respect to the electrons (constituting the 

current) of Secn. 4 that would have been otherwise, as in now 

with respect to the ions of secn. 6. This is so because although 

the charge of an ion is equal and opposite to that of an electron 

tending to introduce a phase difference of π radians on the 

fields relative to the two kinds of the particles, there is also an 

additional phase difference of π radians introduced on the field 

relative to the ions at electron-ion (radiation) collisions, and 

thereby retaining the orientation of the field relative to the ions 

the same on an average as that would have been with respect 

to the electrons if they (electrons) were otherwise the cause of 

emission instead of absorption of the radiation of this analysis. 

In this way the absorption and the emission of the radiation 

due to the electrons and the ions forming electron-ion pairs is 

dealt with in this paper. The radiation is explained here due to 

the charge-oscillations set in the colliding ions of the noble 

metal at electron-ion (radiation) collisions characterized by 

the radiation collision frequency g�. The ions undergoing the 

charge-oscillations can take only discrete values of energies 

which are integral multiples of hf (where h is Planck constant 

and f is the frequency of r.f. radiation or that of the r.f. current 

in the wire). Here it is assumed that all the ions in the metal 

undergo charge-oscillations at the same frequency f and 

independent of each other. These ions form pairs with the 

electrons in the wire [here the separation of an electron-ion 

pair, viz., R��  is ±3 4πnZ ²�  Z
 where n is electron or ion 

density in the metal. The order of R��  in the metal under 

consideration is about 1.5 x 10���m]. Once the radiation is 

generated then the electrons or the ions of the electron-ion 

pairs do not interact back with the radiation because both the 

electrons and the ions of the electron-ion pairs indirectly or 

directly play role in the mechanism of the radiation in terms of 

absorption and emission of the radiation. And thus the emitted 

radiation finds itself in free space over which the electron-ion 

pairs in the metal exist giving the metallic configuration, and 

so that the radiation travels with velocity c of the r.f. radiation 
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in free space. The radiation thus obtained due to the emission 

from the ions has the quantum nature, since the ionic energy 

states are quantized as described in Secn. 6 and further this 

radiation is in equilibrium only with the ions of the pairs at the 

radiation temperature T�  leading to the quasi-equilibrium 

phenomenon of the radiation with reference to the electron-ion 

pairs. 

Thus the nature of radiation by the short and straight metallic 

(thin) wire (e.g., as that of Cu, Ag, or Au) carrying r.f. current 

in open free space or air (i.e., the alternating current element) 

is the classical solution of the magnetic vector potential 

associated with the current (Ramo, Whinnery and Van Duzer, 

1970) [2] or due to the acceleration of the (conduction) 

electrons in the wire (Fewkes and Yarwood, 1962) [3]. 

Whereas, in this paper it is described to have the quantum 

nature as mentioned above, where the quantum nature 

approach in this paper assumes the validity of the classical 

expression for the radiation resistance as given by eqn. (75) 

for the r.f. radiation (in the range 30 MHz to 0.3 MHz). In this 

way the theory of the present paper gives a new (quantum) 

outlook to the process of r.f. radiation from the short and 

straight metallic (thin) wire of the noble metal constituting the 

(linear) alternating current element defined by eqns.(80) and 

(86)/(89), in the r.f. range 30 MHz to 0.3 MHz here under 

consideration. The (isolated) alternating current element is 

only a theoretical aspect, which is useful in study of an aerial 

(that can be made of the noble metal) carrying r.f. current. And 

so that the importance of the alternating current element in the 

radio (communication) engineering is obvious. 

The present treatment of assignment of the quantum (radiation) 

states to the energy levels of the ions (those are elastically 

bound with respect to each other) which consequently form 

pairs with the (conduction) electrons in the wire of the noble 

metal assumes that, 

(i) All the fixed ions in the metal undergo charge-oscillations 

at the same frequency f (which is the same as that of the r.f. 

current exciting the wire) and independent of each other. 

(ii) The ions in the metal can undergo charge-oscillations at 

electron-ion radiation collisions in the lower frequency zone 

of the spectrum of electro-magnetic radiations, e.g., the high 

frequency (HF) range (30MHz to 3 MHz) and medium 

frequency (MF) range (3 MHz to 0.3 MHz) here under 

consideration, where it is possible to define the alternating 

current element with reasonably good approximations as those 

given by eqns. (80) and (86)/ (89), 

(iii) The effective radiation collision cross-section Q� 
describing the ionic charge-oscillations as given by eqn. (91) 

or (92), is very much smaller than the effective collision 

cross-section describing the ionic mass-vibrations at 

temperature T of the metal here under consideration as given 

in the previous paper (Nandedkar 2015) [1], 

(iv) The average energy 〈Ev〉	 of the ion undergoing 

charge-oscillations in the metal as given by eqn. (97), is 

extremely small as compared to the order of the average 

thermal energy kT (where k is Boltzmann constant) of the ion 

undergoing thermal mass-vibrations at temperature T of the 

metal here under consideration, 

(v) Here it is possible to define a finite value of the radiation 

temperature T�  as that given by eqn. (103) or (104). And 

further all the ions having individually the same average 

energy as given by eqn. (97), also have individually the same 

radiation temperature T�, and 

(vi) The classical expression for the radiation resistance R� of 

the wire [such as that given by eqn. (75)], is considered to hold 

good here. 

(b) Free Charge Density 

The present theory given in this paper depends on the analysis 

of the effective radiation resistance R���� of the noble metal, 

as given by eqn. (42). This involves the application of 

Maxwell’s equation or their equivalent forms, as considered in 

Secn. 2. 

It can be shown that the free charge density ρ¤ in presence of 

the radiation conductivity σ�  [due to the (conduction) 

electrons in the metal given by, σ� = 	ne�/ m%2g��	 using 

eqns. (9) and (10)] of the metallic medium provided by the 

noble metal of permittivity ϵ�(which is taken the same as that 

of free space or air), is zero for the steady state (co)sinusoidal 

time variations of Maxwell’s equations or their equivalent 

forms (and Ohm’s law) as follows: 

Maxwell’s equation for the ‘curl’ of magnetic field (vector) Hdde 
in the metal is given by, 

curl	Hdde = Je +	rþdder" ,	                (128) 

where Je  is the conduction density (vector) and Ddde  is the 

electric flux density (vector) in the presence of Hdde, given by, 

Je = σ�Edde,                  (129) 

and, 

Ddde = ϵ�Edde,	                 (130) 

respectively here σ� and ϵ� give the radiation conductivity 

and the permittivity of the metallic medium assuming to be 

homogeneous. Edde is the electric field (vector) in the presence 

of Hdde. For the steady-state (co)sinusoidal time variations of the 

form exp(iwt), eqn. (128) on using eqns. (129) and (130), 

gives that, 
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curl	Hdde = 	 σ� + iwϵ��Edde,	          (131) 

where w is the angular frequency of the r.f. current. Since 

1? >>wϵ�, 

which is eqn. (12), in this analysis i.e. the conduction current 

density due to σr is extremely large as compared to the 

displacement current density due to 9@ , so that eq. (131) using 

eqn.(12) gives that, 

curl	Hdde= σ�Edde.                (132) 

Eqn. (132) is a form of Ampere’s law for the magnetomotvie 

force in which Ohm’s law gives that hEddeh = hJe/σ�h = hJeρ�h 
where ρ�  is the radiation resistivity. This is already 

considered in Secn. 2. 

Taking the ‘divergence’ of eqn. (132), it follows (as 

the ’divergence’ of the ‘curl’ of any vector is zero) that, 

div Edde = 0,                  (133) 

since σ�≠ 0. Eqn. (133), using eqn. (130) gives that, 

div Ddde = 0,                  (134) 

since ϵ� ≠ 0. 

Now Maxwell’s equation for the ‘divergence’ of the electric 

flux density (vector) Ddde gives that, 

div Ddde = ρ¤,                  (135) 

where ρ¤  is the free charge density in presence σ�  of the 

metallic medium having the permittivity of ϵ�. 

Comparing eqns. (134) and (135), it follows that, 

ρ¤ = 0,                      (136) 

meaning thereby that, the free charge density in presence of σr 

[due to (conduction) electrons] in the homogeneous (good 

conducting) metallic medium provided by the noble metal of 

permittivity ϵ�  is zero [for the steady state (co)sinusoidal 

time variations of Maxwell’s equations or their equivalent 

forms (and Ohm’s law)]. 

Further the net charge density, due to the fixed ions in the 

noble metal and due to the (conduction) electrons, is also zero 

on an average over any (small) volume element [through 

which the current due to (conduction) electrons flows in the 

presence of r.f. electric field] large compared to the ionic 

dimensions. 

Thus, in short the following characteristics are appropriate to 

Maxwell’s equations or their equivalent forms applied to the 

noble metals in the analysis of the effective radiation 

resistance R���� of eqn. (42), in the r.f. range 0.3 MHz to 0.3 

MHz here under consideration, viz., 

(i) the conduction current density is given by Ohm’s law, i.e., 

here hgdeh = hme>?h, 
(ii) the conduction current density is extremely large in 

comparison with the displacement current density, i.e., here  σ? >>	wϵ�, and 

(iii) the free charge density is zero, i.e. here ρ¤= 0.  

In an analogous way, by replacing σ� [of eqn. (10)] or ρ� [of 

eqn. (9)] by σ" [of eqn. (1)] or ρ6 [of eqn. (5) of the present 

model for the conductivity of noble metals (Nandedkar 2015) 

[1] at temperature T = 293	�K) in the r.f. range 0.3 MHz to 30 

MHz here under consideration, the above conditions viz., (i) to 

(iii) are considered to hold good [for the metallic medium of 

permittivity ϵ� and the free charge density >�6  = 0] in the case 

of d.c. resistance/skin resistance [refer to eqns. (116) to (118)] 

denoted by R��� of the wire of the noble metal considered in 

the present paper. 
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