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The apparatus and the method of analysis for dielectric relaxation measurements at high
temperature and pressure are presented. The microwave spectroscopy developed by our
group can be applied for various fluids under extreme conditions. The static permittivity
H(0) and the Debye-type dielectric relaxation time WD of water are obtained in a wide
range of temperature and pressure up to the supercritical region.
1. Introduction
Dielectric relaxation is a good probe for
rotational dynamics in liquids and solutions. Under
ambient conditions, dielectric spectroscopy covers
a wide range of frequency from 10-6 to 1012 Hz [1].
In the microwave region, the time-domain
reflectometry (TDR) [2] and the reflection
measurements in the frequency domain [3] have
been commonly employed. Although the
conventional reflection measurements give the
complex permittivity H(Z) of the sample precisely
in a wide frequency range of several decades, a
series of calibration measurements is required.
Our group developed a microwave spectroscopy
[4], in which the transmission spectra are used for
deducing the dielectric relaxation time. This
technique has an advantage of no requirement for
calibration procedures at each measurement, though
a functional form of H(Z) should be assumed for
deducing the dielectric relaxation time. By utilizing
the technique we measured dielectric relaxation of
water [4], heavy water [5], methanol [6], ethanol
and 1-propanol [7] up to the supercritical state.
From these measurements the static permittivity
H(0) and the dielectric relaxation time WD were
obtained in a wide range of temperature and
pressure including the supercritical states. By
utilizing the results we interpreted the relaxation
processes in water [5] and lower alcohols [6,7] in
the whole fluid phase from the gaseous state to the
supercooled liquid state.
In this paper, the apparatus and the method of
analysis for our microwave spectroscopy is
presented. The mathematical basis for the timedomain analysis is described in detail.

Fig.1. Schematic picture of the apparatus for
dielectric relaxation measurements at high
temperatures and pressures.
2. Experimental
2.1. Apparatus The apparatus for dielectric
relaxation of various fluids up to 200 MPa and
2000 K is schematically shown in Fig. 1. The
sample cell had a shape of a coaxial line, and it was
composed of platinum outer and inner conductors
and quartz glass insulating tubes. In the middle part
of the cell, where the quartz tubes were absent, the
sample was introduced as the insulating material.
The sample cell was placed in a high pressure
vessel which was internally heated and pressurized
by Argon gas. Each end of the high pressure vessel
was closed by a high pressure plug which had a
high pressure electrode for introducing the
microwave from the outside. Typical experimental
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Fig.2. Transmission spectra in the frequency
domain for (a) water, (b) methanol and (c)
ethanol.

Fig.3. Transmission signals in the time
domain for (a) water, (b) methanol and (c)
ethanol.

errors in temperature and pressure were less than
±3 K and ±0.2 MPa, respectively.
A vector network analyzer (Wiltron 37269A) was
used as both the generator and the receiver of
microwaves in the frequency range from 40 MHz to
40 GHz. The device under test (DUT) was an
assembly of the sample cell and two high-pressure
electrodes. The reflection and transmission spectra
were obtained in a form of S matrix (scattering
matrix) [8]. The S matrix consists of four S
parameters, each of which represents either the
complex reflection rate (S11, S22) or the complex
transmission rate (S12, S21). The uncertainties in the
magnitude and the phase of the microwave
transmission rate were 0.1 dB and 1°, those of the
reflection rate were 0.3 dB and 2°, respectively.
In Fig. 2, typical transmission spectra are shown
by the solid lines. The lower limit of the
transmission measurements, namely -60 dB, is
denoted by the dash-dotted line. The shape of the
transmission spectra are understood by the S matrix
for the sample part [9].
Sample
log S 21
(Z ) ~ Z H (Z )  Re{H (Z )} , (1)

2.2. Frequency-domain analysis The Debye-type

relaxation time WD was deduced as follows. The
DUT was expressed as cascade connections of the
S matrices of two high pressure electrodes (SE1 and
SE2), two quartz parts (SQ1 and SQ2) and the sample
part (SSample).
S DUT S E1 * S Q1 * S Sample * S Q2 * S E2 , (2)
where * denotes the cascade product [8]. Except for
the sample part, the individual S matrices were
measured or calculated in advance. An appropriate
relaxation function was used to describe the
relaxation processes of the sample. We found that a
Debye function reproduced the experimental
spectra in a wide temperature and pressure range of
water and lower alcohols [4-7], except for ethanol
and 1-propanol near room temperature [7].
H (0)  H f
.
(3)
H Z Hf 
1  iZW D
Here the static permittivity H(0) was obtained from
the time-domain signals as described in Section 2.3.
The high-frequency permittivity H was equated
with the square of the refractive index, n2, which
was estimated by the Lorenz-Lorentz equation,
n 2  1 4SUD
,
(4)
3
n2  2
where the polarizability volume D is 1.45u10-24 cm3
for water [11]. The Debye-type dielectric relaxation
time WD was determined as such a value that the
residual function is minimized.

where H(Z) is the complex permittivity of the
sample. The transmission rate is zero at Z=0, and it
decreases with increasing Z. Near the dielectric loss
band [10], which is indicated by the arrows in Fig.
2, a minimum of the slope is observed for methanol
and ethanol.
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(5)

where S21exptl(Zk) is the experimental transmission
rate at the frequency of Zk, and S21calc(Zk) is that
calculated by the model for the DUT. The
summation in Eq. (4) was taken over the
frequencies at which |S21exptl(Zk)| was larger than the
lower limit of transmission measurements.
2.3. Time-domain analysis The impulse response is

obtained by the Fourier transform of
the
components of the S matrix.
1
(6)
Fij (t )
S ij (Z )e iZt dt
2S ³
In Fig. 3, the transmission signals in the time
domain, which are obtained by the Fourier
transform of the transmission spectra shown in Fig.
2, are shown.
The analysis in the time domain is
mathematically based on the cumulant expansion.
§ S ij (Z ) · f O(nij )
¸
(7)
ln¨
( iZ ) n
¨ S ( 0) ¸ ¦
n
!
¹ n1
© ij

Fig.4. Temperature and pressure dependence of
the static permittivity H(0) for water along the
isothermal paths (crosses) and the nearly isobaric
paths (circles).

where On(ij) is the n-th cumulant. The cumulants are
related to the moments [12],
2
3
O1(ij ) t ij , O(2ij )
t ij  t ij
, O(3ij )
t ij  t ij
,  . (8)
The moments are calculated from the time-domain
signals Fij(t),
n
³ t Fij (t )dt .
(9)
t ijn
³ Fij (t )dt

Fig.5. Temperature and pressure dependence of
the dielectric relaxation time WD for water along
the isothermal paths (crosses) and the nearly
isobaric paths (circles).

On the other hand, from Eq. (4), the cumulants are
written by Sij(Z),
§ S ij (Z ) ·
wn
¸ .
(10)
O(nij )
ln¨
n
¨ S ( 0) ¸
w ( iZ )
¹Z 0
© ij
Since Sij(Z) is a function of the permittivity H(Z) of
the sample, the relation between the time-domain
signals and the complex permittivity can be
deduced by combining Eqs. (8)-(10).
For further calculation, we introduce quantities,
O(11)  O(n22 )
.
(11)
GO n { O(n21)  n
2
As deduced in Appendices A and B, GOn are
described by the coefficients of the complex
permittivity H(Z) expanded about Z=0. For n=1,
without any assumption for the functional form of
H(Z), Eqs. (8), (11) and (A.5) give
t11  t 22
lS
(12)
t 21 
H (0) ,
c
2

where lS is the sample thickness (=20 mm) and c is
the velocity of light in a vacuum. Eq. (12) directly
gives the static permittivity H() from the timedomain signals.
For n=2, a functional form of H(Z) should be
assumed. If a Debye function is assumed for H(Z),
from Eqs. (8), (11) and (A.5), the Debye-type
relaxation time WD are approximately described by
l H (0)  H f
2
(13)
t 21  t 21
~ S
WD .
c
H (0)
Here GO2~O2(21) for ambient water and alcohols [9].
As shown in Fig. 3, the position of the transmission
signal shifts to shorter time, and the peak becomes
broader with increasing the molecular weight.
These features are explained by Eqs. (12) and (13),
because the static permittivity decreases and the
dielectric relaxation time increases in accordance
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with the increase of molecular weight for ambient
water and alcohols [10].

obtained for water in a wide range of the fluid
phase including the supercritical state.

3. Results and Discussion
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3.1. Static permittivity In Fig. 4, the static

permittivity H(0) calculated by Eq. (12) is plotted as
a function of temperature and pressure for water
from vapor to liquid state. Near room temperature,
H(0) has a large value of 80, and it decreases with
density approaching unity in the dilute limit. The
values of H(0) are in very good agreement with a
density-expansion formula suggested by Uematsu
and Franck [13].

Appendix A
In the time-domain analysis, only the direct
reflection signals at the quartz/sample interface and
the direct transmission signal can be easily
distinguished, because the quartz parts are
sufficiently long (l1=65 mm and l2=59 mm). In such
a case, the S matrix without multiple reflections,
which is deduced in Appendix B, should be
considered for the time-domain analysis.
§
tanh( x ) exp[ 2J Q l1 ]
cosh 2 ( x ) exp[ J SlS  J Q l1  J Q l2 ] · .
¨
¸

3.2. Dielectric relaxation time The Debye-type

dielectric relaxation time WD deduced by the
frequency-domain analysis in Section 2.2. As
shown in Fig. 2, the calculated spectra (dashed
lines) well reproduce the experimental spectra
(solid lines). Although only the amplitude of the
transmission spectrum is utilized in the fitting
procedure, the amplitude and the phase of the
reflection spectrum, as well as those of the
transmission spectrum, are well reproduced by the
model in the frequency range up to 40 GHz. In Fig.
5, the resultant WD is plotted as a function of
temperature and pressure for water. While WD in the
liquid state rapidly decreases with increasing
temperature, it increases with decreasing density in
the gaseous state. These temperature and density
dependence, which is also observed for lower
alcohols [6,7], of WD is explained by the binary
collision and the life time of hydrogen bond in the
whole fluid phase of water [5] and lower alcohols
[6,7].

¨ cosh  2 ( x ) exp[ J l  J l  J l ]
S S
Q 1
Q 2
©

tanh( x ) exp[ 2J Q l 2 ]

¸
¹

(A1)
Here the propagation constants Js for the sample
part and JQ for the quartz part are given by [13],
iZ
iZ
(A2)
JS
H (Z ) , J Q
HQ
c
c
and
1 § H (Z ) ·¸ .
(A3)
x  ln¨
4 ¨© H Q ¸¹
By combining Eqs. (A1)-(A3), GOn defined by Eq.
(11) is written as
wn
GO n
> J S lS  ln{cosh( x) sinh( x)}@ .
w (iZ ) n
Z 0
(A4)
In the present study, the second term in the right
hand side of Eq. (A4) is negligible except for
H(0)§HQ [14]. Then, GOn is expressed by
il
wn
.
(A5)
GO n  S
Z H (Z )
c w (iZ ) n
Z 0

4. Conclusions

>

The apparatus and the method of analysis for
dielectric relaxation measurements at high
temperatures and pressures were described. The
static permittivity H(0) was estimated from the timedomain signals, which were the Fourier transform
of the components of the S matrix from
experiments. The time-domain analysis was
mathematically based on the cumulant expansion.
The Debye-type dielectric relaxation time WD was
deduced by the frequency-domain analysis, where
WD was selected such that the experimental
transmission spectrum was reproduced by the
calculated one. The static permittivity H(0) and the
dielectric relaxation time WD was successfully

@

Appendix B
The expression of (A1) is deduced as follows. In
the time-domain analysis, where only the direct
transmission wave through the sample cell and the
direct reflection wave at the interface between the
quartz part and the sample part are considered, the
S matrix is represented by a cascade connection of
five S matrices, that is, three matrices for the
transmission lines and two matrices for the
interfaces [14].
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S T (J Q , l1 ) * S I ( Z Q , Z S ) * S T (J S , lS ) * S I ( Z S , Z Q ) * S T (J Q , l 2 )

(B1)
Here the cascade product of SA and SB is defined by
[8]
·
§ A S12A S 21A S11B
S12A S12B
¸
¨ S11 
A B
A B
1  S 22 S11
1  S 22 S11 ¸ (B2)
S A * S B ¨¨
S 21A S 21B
S ASBSB ¸
S 22B  22 12A 21B ¸¸
¨¨
A B
1  S 22 S11 ¹
© 1  S 22 S11
The S matrix for a transmission line, ST(J,l), with
the propagation constant J and the length l is [14]
0
exp[Jl ]·
§
(B3)
¸
S T (J , l ) ¨¨
J
l

exp[
]
0 ¸¹
©
The S matrix for an interface between two circuits,
SI(Z1,Z2), with the characteristic impedance Z1 and
Z2 is [8]
I

S ( Z1 , Z 2 )

§
Z 2  Z1
¨
Z 2  Z1
¨
¨ 2Z
Z 1 Re( Z 2 )
2
¨
¨Z Z Z
Re( Z 1 )
2
1
2
©

2 Z 1 Z 2 Re( Z 1 ) ·¸
Z 1  Z 2 Z 1 Re( Z 2 ) ¸
¸
Z1  Z 2
¸
¸
Z1  Z 2
¹

(B4)
The matrix elements of SI(Z1,Z2) can be reduced to
simpler forms,
S11I  S 22I
tanh( X ), S12I S 21I cosh 2 ( X ) , (B5)
if we put
1 § Z2 · .
(B.6)
X
ln¨ ¸
2 ¨© Z1 ¸¹
For a coaxial line, in which the permittivity of the
insulating material is H(Z), the characteristic
impedance Z(Z) is described as [14]
§R ·
P0
1
(B7)
Z (Z )
log¨¨ out ¸¸ .
2S H 0 H (Z )
© Rin ¹
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Here P0 and H0 are the permeability and permittivity
in a vacuum, Rout is the inner diameter of the outer
conductor, and Rout is the outer diameter of the
inner conductor. Since Rout and Rin are constant for
the sample cell, X in Eq. (B6) is simply described
by the permittivity. For SI(ZQ,ZS), X is replaced by x
given by Eq. (A3). Then, the S matrix of (B1) is
calculated to be
§ tanh( x) exp[2J Q l1 ](1  exp[2J SlS ])
¨
1  tanh 2 ( x) exp[2J SlS ]
¨
¨ cosh 2 ( x) exp[J l  J l  J l ]
Q 1
Q 2
S S
¨
¨
1  tanh 2 ( x) exp[2J SlS ]
©

cosh 2 ( x) exp[J Q l1  J Q l 2  J SlS ] ·
¸
1  tanh 2 ( x) exp[2J SlS ]
¸
tanh( x) exp[2J Q l2 ](1  exp[2J SlS ]) ¸
¸
¸
1  tanh 2 ( x) exp[2J SlS ]
¹

(B.8)
From simple argument, one may see that the
neglect of the multiple reflection is equivalent to
removal of the term exp[-2JSlS]. Thus, (A1) is
obtained.
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