L and Care given by [6] _
L= (;s/Zr)Ln(b{a), o t~"(1'a)fﬁ‘:y
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A smple physxcal picture is gwen of Feuncr«Feldegg s thin ceu method in time doma.m spectmscopy From thxs
) pxc’ure an accurate analytxcal relation is derived for the total :eflectmn cuefﬁcxent

1. Int‘md.uctio‘n

‘ Xs an altemauve to frequency domam methods , |
» nme domain spectroscopy (TDS) methods can be ap

_ plied to the study of the dielectric behaviour of polar '

materials [1=3]. These methods all involve the o
propagation of a step voltage in'a coaxial line par’dy
- filled with the dielectric matenal From the change in |
- the shape of the step after, e.g., reflection against the
. " interface air—dielectric, the dielectric propertles of °
- .the material can be found.. - '
.+ In thislatter a simple ph} sical pzcture of Feuner~
- Feldegg’s thin cell method [4, 5] will be given in terms
of lumped elements. From this picture an expression
- for ihe total reflection coefficient will be derived.
‘This new relation will be compared with the exact
- behaviour and with Feliner- Feldegg s thin cell relation.

’ '2 Lumped element pxcture of the thm cell method

In the thm ceIl method the sample is piaced as m- o

: ﬁmated in fig. 1a. Taking the sample. length tobe -
_‘much smaller than the wavelengths of interest the -
" equivalent circuit of fig. 1b can be expected to apply

e- Zna,’ln(b/‘a) e f | (1b) :'j-‘
' Usmg eqs (1) (2) and (4), eq. (3) 533&3 to-

E e and g are the pemuttmty and permeabxhty of

iAir"‘b Samp.fe“v ZA.{?'"
W72

W
T

‘-";2'0@«. z oz

b) | ITE;I . ;}zgi

.. Fig, 1. (a) Coaxial line containing dielectric sample. (b) Equiv-
" alent circuit using lumped elements.

R vacuum b and a the outer and mner diarneter of the

coaxial line. Zg, the charactenstm meedance of the

- empty line, 1sgnrenby ‘ . S
Zy= (L/C')”’—(leh)ln(b/a) . @

' whe;e cis. the \e.omty of light in vacuum. The ceﬂ=c- ‘
. ,non coefficient of the above networx is '

| »f':"R(m) [Z(lw) ZO}K(Z(waEoI : SR €
."thh '_ L . . - |
v :‘-Z(IL-)) 10:131[2 + Zg/(l “‘IOJGCZZQ) ‘ _— ©)
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e (3—) 6]

R{i w)— [

This equation has the 1nferest1ng property that the
relation between R{iw) and €(iw) is bi-linear, which is
important for practical applications. For smali values
of wlf2e, eq. (5) can be approxrmated by

R(iw)—lw!__l_"__'_. i © ,

20 l+(rwl/2c)(1 te}
Relations (5) and (6) have been compared wrth the
exact reﬂectron coefficient grven by {4 5]
/2 :
1— exp [——(2!/c)me 1 G

R(iw) = p(rw)
_pz(w_;) exp [——(21/(:)10.25”2]

where

p)=(1=e )y, (@®

and with Fellner Feldegg s ongmal thm celI relatron

RG =il (-e).. @)

This comparison has beer1 made by computing” -
-numerically the step response (t), using for R(s) the
relations (5)—(7) and (9), respectrvely The step
-response is deﬁned as

; d+1=’ :
,(z)_—— -'J : dsexp(sr)[R(s)/s]—"l [RE)/s3
R d_lm | . (10).

where =4+ iw (v, w real) and L1 denotes the i in-
'verse Laplace operator For convenience we have -
‘chosen a. Debye permlttlvrty re]atron to represent
-e(iw), thus , :

'e(1w) e +(eo~e,=)/(1+rw70) - (11)"

.where €., €g-and 7q are the penm*tmty at hlgh
‘frequencres the static permrttrvrty and the relaxation
time, respectively. The numerical computations have
been carried out with a procedure developed by Steh-
fest [7]. The results using g =20, e, =4 and 2l/ery
=0.1, are shown in fig. 2. We conclude that for. this
partlcu]ar casé where the thin cell relation eq. (9) "
'grves already a substantial devrat'o-r from the exact
Tesponse, egs. (5) and (6) are still very g cvood approxi- -
'ma-.rons Unfortunately these: equatrons cannot be »

f_i?& i
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Fig. 2. Calculated step reéponse behaviour for eg = 20, ’f:n =
4,2lfcrg = G.1. 1: Ekact response using eq. (7). 2: Response

- using the originaf thin cell relation eq. (9). ®: Response using

&gs. (5) and (6). For this case no significant difference is ob—

© . served between these two relatrons

' used in general to analyse the permittivity directly in

the time dcmain. -
The good results of egs. (5) ot (6) can be under-

“stood from the fact that their Taylos expansmns in

wlf2¢ are up to second order equal to the Taylor ex-
pansion of the exact reflection coefficient eq. (7). As
an alternative, therefore, this expansion up to second

_order in wi/2¢ could be also used. However, the rela-

tion between R(rw) and e(iw) is then quadratic, while’
conductrvrty cannot be included as well as in egs. (S) _

“or (6) (see the next sectron)

. 3. Conductive rnateriais

If the lows freqnency o‘onductir.'ity o cannot be
neglected relative to the dielectric loss, the term.

~.0f€iw has to be added to e(iw) in all the. relatrons
- used. Thus €q. (9) changes to- [4] :

| .R(rw) =iw{(l20)[1 = €(ic)] —(I/2c) alsrw} (12)

leading to [4‘ 5]

=z L ref—e('s)]'—-('z/z'c)o/s )

: Hence the mﬂuence of the conduotmty is to produce
Coan offset of_.he_ base _1;ne There_fore‘, if the thm cell’
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approximation is sufficiently accurate the pulse” =
“response of the permittivity can be determined -

separately from the value of the conductivity: How- -
-ever, the exact relation descnbmg the mfset of the base
‘ hne is [5]

hm ()= hm R(s) =

‘"1 H2) o

Introducmg condudmty m eq (6) glves

R(“") 2c 1+(1m1/2c)(1 +e)*({f2c)ole

" From this equation the offset of the base hne is pre
dicted to be equal to the exact relation (1 4. The -

-same holds true if conductivity is introduced in eq: (5). L

Consequently the lumped element model (fig. 1b)
" predicts correctly the value of the offset of the base
line, independent of the values of 7 and ¢. Further-
.more, a numerical calculation of r{f) computed from
eq. (15) gives the same sort of agreement with the
exact step response as shown in f‘g 2 for the case
- without conductmty ’
'We conclude that the lumped element plcture of v
- fig. 1b provides snnple and accurate formulae to -
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replaéb the more ap‘prox'imate' origina‘z"ihin éell rela-
‘tion. The practical applicability of the formulae o0b-

tained will be discussed elsewhere [8}.

’, Acknowledgement

The authms thank T Al C M. Claasen and T.E.

o -«  Rozzi for valuable dlSCUSSlOﬂS on transmission hne
il l—e—gfeiw ] e (15) ‘

tneory

T Referenees

{1} H Feﬂner Fe!degg,l Phys Cﬁ;.m 73 (1969) 616. .
[2] A. Suggett in: Dielectric and related molecular proc:csses, ‘
- Vol. 1 (Chem. Soc;, London 1972) p. 100. :

© {3] M.IC. van Gemert, Philips Res. Rept. 28 (1873) $30.
T {41 H. FeﬂnebFeldeg J. Phys. Chem. 76 (!972) 2L16.

{5} MJC.van Gemert, J. Chem. Phys. 60 (1974) 3963.

61 S. Ramo, I.R. Whinnery and T. VanDuzer, Fields and
waves in com municatmn elect‘omcs v Ley, New York,
1965) table 8.09. '

© 17} H. Stehfest, Cummun Assac. Comput \iach 13 (1970) 47.

{8! M.J.C. van Gemert and A, Suggett, {o be published.

: 289



