Effect of temperature on dielectric properties of ice in the range 5-39 GHz
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The relative complex dielectric permittivitg} =€’ —i€”, of ice has been measured in the frequency
range 5—39 GHz and in the temperature range 190—265 K. The cavity resonator method at 5 and 10
GHz and the open resonator method at 33 and 39 GHz were used to determine the low dielectric loss
of ice. The real part of permittivitye’ was independent of the frequency. The temperature
dependence of’ was observed and is discussed in terms of contributions from anharmonic effects
to infrared polarizability. The” obtained bridges the gap of previous results between 200 and 258
K. We discuss the frequency and temperature dependence of the effect of the infrared absorption
band on€”. The €’ variation with frequency increased as the temperature decreased at 5—39 GHz.
It is possible that absorption takes place at frequencies below the infrared regiofh99®
American Institute of Physic§S0021-8976)01322-9

I. INTRODUCTION 258 and 268 K with the cavity resonator method and radio-
metric method. Their results seem to be the most reliable
An understanding of the microwave remote sensing sigenes at present since they used methods suitable for precise
natures of the polar environment is dependent on a knowlmeasurement in a low-loss medium and they took into ac-
edge of the relative complex dielectric permittivity, count the impurity content. K3 measured” of ice at fre-
€ =¢'—ié€", of ice. So far, many studies of the dielectric quencies between 26.5 and 40 GHz at 258 and 270 K with
properties of ice have been carried out at microwave frethe free space method. At 250 K, Surdyk and Fiiitased
quencies. The results of the investigations have been rehe open resonator method and obtairédat 32 and 39
viewed by Evansand by Warrerf. The results indicate that GHz. Since the temperature range of previous studies was
the real part of the permittivity’ is 3.17+0.07, independent only near the melting point at microwave frequencies, it is
of frequency, and the temperature dependence is small akecessary to clarifg’ and €’ over a wide temperature range
microwave frequencies within the estimated errors. Gdughin the actual cryospher@own to about 200 K
and Johafidiscussed the small temperature dependeneé of This article reports the dielectric properties of ice using
from their MHz frequency data. the cavity and the open resonator methods which are the
Further study was performed by hter and precise measurement methods for low-loss medium in the
Wegmiller® at microwave frequencies. They clarified the frequency range 5-39 GHz and the wide temperature range
slight temperature dependenceedfabove 245 K and found 190-265 K. Then the frequency and temperature dependence
that the variation with frequency is less than 0.002 betweeif the real and imaginary parts of permittivity are discussed.
2.4 and 9.6 GHz. Recently, the anisotropy &fwas ob-
served by Fujita, Mae, and Matsuoka at 9.7 GHz, giving
values of 0.03%20.007 and about 1.290.2%. Il EXPERIMENTS
The situation with respect to the imaginary part of per-A. Cavity resonator method

mittivity €’ for ice is, on the other hand, very unsatisfactory. Two cylindrical cavities made of Invar operating in

Warrerf reported that significant discrepancies exist in theTE01n mode were used to measure the permittivity of ice at

obtained values of the imaginary part of permittivity at mi- feqyencies 5 and 10 GHz. The use of a cavity resonator has
crowave frequencies. Generally, the values’oéire charac- been described by Horneetall? and by Saito and

terized by a high-frequency tail of the Debye relaxation specy,rokawd? in detail. The vertical arrangement of the cavity
trum with a relaxation frequency at kHz range and by a 10W-regonator is shown in Fig(d). The cavities operating in the
frequency tail of the infrared-absorption band. However, the]-EOll mode for 5 GHz and T, mode for 10 GHz were of
reported values differ by almost half an order of magnitudeyizmeters 95 and 50 mm, and silver and gold plated, respec-
and it is not even clear what functional form should be usec{ively. The axial length was set to about 50 mm by using a

in fitting these data. movable plunger plate with micrometer for both cavities.

. .. 4
Since it is thought that the values éfare of order 10%, g ayciting and pickup loops were located on the opposite

measurements with sufficient accuracy are difficult. More-ige from the movable plunger plate. The values of the un-
over, a small amount of impurity in ice can considerably

) o cy T e loaded quality factor were more than 10 000 and 20 000 for
|ncre7asee’ (Matzler and Wegmller,” Fuijita, Shiraishi, and 5 504 10 GHz, respectively, making measurement of small
Mae, Matsuoka, Fujita, and Maand Moore and Fujiti.

losses of ice possible.
" o vieedt
Recently, Mazler and Wegmller” carried out measurements g req| part of the permittivity’ was obtained from the

over a wide range of frequencies between 2 and 100 GHz gheasured difference between the resonant axial length of the
cavity with and without the disk-shaped sample. The imagi-
dElectronic mail: matutake@huap.hokudai.ac.jp nary part of the permittivitye” was determined by the fre-
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FIG. 2. Experimental setup for measuring the permittivity of ice by resona-

l% tor methods. The source module is used only for the open resonator mea-
surement.

(a) (b)

FIG. 1. Vertical arrangements of resonatdes:cylindrical cavity resonator resonator.methc’d' Polycrystalline ice Wa§ nqt used 'n this

operating in the Tk, mode at 5 and 10 GHzb) hemispherical open method, since we cannot treat polycrystalline ice as uniform

resonator operating TEM , mode at frequencies of 33 and 39 GHz. ice in this frequency range because of scattering loss at the
grain boundaries in polycrystalline ice.

quency variation method described in Saito and Kurok&iva.
The half-power bandwidth of the resonance curves of th
cavity were measured with and without the sample to obtain  The experimental setup is illustrated in Fig. 2. Source
the €’ of the sample. For the dielectric measurement of icesignals for the cavity resonator measurements were gener-
using the cavity resonator method, orientatioffaily) thec  ated using a HP 83623A synthesized sweeper, and a sweeper
axis parallel to the field is not possible because of the circuwith HP 83554A millimeter-wave source module was used

eC. Experimental system and procedure

lar direction of the electric field lines in the cavity. for the open resonator measurements. The resonant signals
were detected by a crystal detector and amplified by NF
B. Open resonator method 5610B lock-in amplifier. All instruments were controlled by

) a computer. The resonator was set in the freezer, and tem-
Thf open_resonator method has been described Byorarre was measured by a calibrated thermocouple and was
Jones,* Cullen’® and Komiyama, Kiyokawa, and Matsti. 5 ¢ rate to within=0.2 K. The measured temperature range
The open resonator, which was made of brass and was 99{flas between 190 and 268 K for the cavity resonator method,
plated, operating in the TEM,q mode, was of the hemi-  onq petween 190 and 265 K for the open resonator method.
spherical type and used at frequencies between 30 and 4f¢ inyestigated the temperature coefficient of thermal ex-

GHz. The vertical arrangement of the open resonator icEansion for the axial length and the diameter or the radius of
shown in Fig. 1b). It was designed to measure disk-shaped;, ,rature of the concave mirror of empty resonators before
samples with the diameter between 45 and 80 mm. The dlfhe measurement of ice permittivity.

ameter and the radius of curvature of the concave mirror
were, respectively, 175 and 141 mm, and the diameter of thB P . f |
plane mirror was 80 mm. Both mirrors were mounted on an™" reparation of ice samples
aluminum optical rail and arranged so that the axis of the Polycrystalline ice was made by freezing distilled and
resonator was vertical. The plane mirror was mounted on de-ionized water in a glass container with diameter of 100
translation stage and was movable in the direction of thenm. The growth rates of the ice samples were approximately
resonator axis. Coupling of microwave power into and out ofL0 mm per day. The samples were cut from bulk to be free of
the resonator was done by two 1.5-mm-diam holes with a 5.&ir bubbles and formed into cylindrical disks. The grain size
mm center-to-center separation situated symmetrically abouh the sample was about 5-10 mm and theaxes were
the center of the concave mirror. In the fundamentalrandomly oriented. The diameters of samples were 95 and 49
TEMg 0 q mode,Q values of the empty resonator were aboutmm at 5 and 10 GHz, respectively, equal to the inner diam-
90 000. In this study, the frequency variation method waseters of cavities.
used. Single-crystal ice was collected from Mendenhall Gla-
The permittivity of the sample is obtained by measuringcier, Alaska. We prepared samples with thexis perpen-
the resonant frequency alvalue of the resonator with and dicular to the cylindrical disk surface. Since the diameters of
without the sample. For the measurement, we used modehaped samples were between 45 and 57 mm, single-crystal
between TEN,4 and TEM, o34 The corresponding reso- samples were used for the cavity resonator at 10 GHz and the
nant frequencies for the empty resonator were between 28@&en resonator at 33 and 39 GHz.
and 40.3 GHz. The intensity of the resonant peaks were dif- The thicknesses of all samples were between 2.7 and 5.9
ferent from each other among all 11 modes. Only resonanmthm. The standard deviation of each thickness of sample was
data which have signal/noise ratio more than 10 dB weravithin +0.2%. The impurity concentration of polycrystalline
used for the analysis d@ values. TEM o ,gmode(at about ice was checked by measuring the conductivity of the melted
33 GH2 and TEM, 3 3,mode(at about 39 GHyalways sat- sample after experimentation. The conductivities of the
isfied this condition. Single-crystal ice with theaxis per- samples were aroundxil0 * S m 1. The amount of impu-
pendicular to the electric field was measured in this opemity ions in ice from Mendenhall Glacier was about 0.1 ppm
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FIG. 3. The temperature dependenceedbf ice at 5-39 GHz. The solid G, 4. The temperature dependencebinith frequency as a parameter.
symbols represent the measurements of polycrystalline ice at S and 10 GHze estimated errors ie’ of each resonator measurements are also pre-
and the open symbols represent measurement of single-crystal ice with thegenied. The error bars are only shown at three temperature points.

axis perpendicular to the electric field at 33 and 39 GHz. The error bars are

only shown at three temperature points. The dotted line and dashed line are
E?eee: é))f r‘ifg;'ivirl‘; perpendicular to titeaxis in Fujita and co-workers oo\ o temperature with frequency as a paramefewas

' measured over 30 temperature points at 5 and 10 GHz, and

over 10 points at 33 and 39 GHz in the range 190-265 K.

and mainly consisted of Clions (Fujita and co-workef$. Each result of the cavity resonator method at 5 and 10 GHz
According to the microwave dielectric properties of ice con-is an average for three polycrystalline ice samples. The stan-
taining salt and acid impuritiedlatzler and Wegmiler® and ~ dard deviations of the’ values were+0.006(+0.2% at 5
Moore and Fuijitd), these small amounts of impurities do not GHz and+0.009(+0.3% at 10 GHz. The major sources of

significantly affect dielectric properties. variability is the small uncertainty of the sample position in
the cavity. Anisotropy was not detected by comparison be-
E. Measurement reference tween thee’ values of polycrystalline ice and of single crys-

tal ice with thec axis perpendicular to the electric field at 10
GHz. Results of the open resonator method at 33 and 39
GHz show thee’ values of a single-crystal sample measured

The measured’ of the Teflon was 2.060 and the standard perpendicular to the axis. For the open resonator measure
iati + 0 ! : B
deviation was*0.005(+0.25% at 5 and 10 GHz. The' of ment, the estimated errors & value were+0.006(+0.2%

the crystal quartz with the axis parallel and perpendicular due to decline in the signal/noise ratio of intensity of the

to the electric field were 4.607 and 4.406, respectively, Wlthrgsonant peaks at temperature below 230 K.

the open resonator in the range 30—-40 GHz. The standar . ) .
Figure 3 also shows linear approximations for tempera-

deV|§1t|on was minimized by using the analysis method N e dependence of obtained by Fujita and co-workérat
Komiyama and co-worket® and found to be=+0.004 ; :
. , 9.7 GHz in the temperature range 240-268 K. Fujita and
(+0.0999. The obtainede’ of the Teflon and the crystal - . S
. . co-worker$§ clarified the anisotropy of’ in ice; the reported
quartz had good agreement with previous reported values.
, value was 0.03Z0.007 and about 1.2%40.2%. The average
The €' of the Teflon and the crystal quartz are known to R
€' values of polycrystalline ice in this study are between the

be as small as®210 * (Joned?) and 2.5¢10 * (Afsar, Li, ) . .
and Cht"), respectively. In this study, the measuréaf the €' values parallel and perpendicular to thaxis at tempera-
X ) ' ture above 240 K reported by Fuijita and co-workefur-

Teflon was(1.5+0.1)x10 4 with the cavity resonator at 5 . . -
and 10 GHz, and’ of the crystal quartperpendicular to thermore, in this study, as shown in Fig. 3, #evalues of
' y q PeTP ice and the rate of increasedd’/dT), increase with tem-

the ¢ axis) was (2.1+0.4)x 10 * with the open resonator at A
(?i_erature for all frequencies in the temperature range from

As reference materials, TefldRTFE and crystal quartz
were used for precise measurementebfand €’ at 293 K.

30-40 GHz. These results show that cavity and open res 90 to 265 K. The absolute’ values were consistent with

lr:)z\il\tflro?s/sst&elmsI;i;esilélr:a:éeiggr measuring the permittivity O%ach other in the frequency range of this study, considering
P ' the condition that we obtained values for electric field
perpendicular to the axis at 33 and 39 GHz.

Il. RESULTS
A. The real part of permittivity B. The imaginary part of permittivity
In Fig. 3 the real part of permittivitg’ of ice is plotted The €’ of ice versus temperature is shown in Fig. 4 with
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IV. DISCUSSION

O'OIF LA ' J A. The absolute value and frequency dependen
8 5] quency dependence
[T T A
i ; E‘é;sztgg}l'(ZOOK As shown in Fig. 3, the' values of all samples in this
3t | 0O MW258K study are in the range 3.£0.07 which is described in the
P B B MW interpolated ] review of Evans. The absolutee’ value of the polycrystal-
‘é 2 2 IS{I(:’%OS?{K 271K Y ] line ice at 258 K is 3.1540.011 in this study, which agrees
g ¢ very well with the results of Cummint§ at 9.4 GHz, Kof°
£ 0001 1 . at 26.5—-40 GHz, and the estimated value from single-crystal
g & g data of Fujita and co-worketsat 9.7 GHz. Mézler and
< T Pt Wegnmiiler® reported approximately 0.02 higher values in
% a o éDD ¥ . their experiments. Since four independent measurements
3 ol : show similar values, we treat our result as the correct abso-
AN "o . E lute € value at microwave and compare it with the reported
MHz range data in the following discussion.
¢ The absolutee’ values for polycrystalline ice of Johari
00001 b o o bt R T o S X and Charett€ at 35 and 60 MHz and Joh&gt 100 MHz are
Frtol:;enc ) 10" 0.010-0.035 higher than that for polycrystalline ice at 5 and
q y 10 GHz in this study. Johdrsuggested that a minor relax-

FIG. 5. The€’ variation with frequency with temperature as a parameter.ati_on pl’_OCGSS exists at MHz frequencies_ and is du_e to the
Comparison of¢’ observed in this study with previous resUlMatzler and ~ Orientation of water molecules at the grain boundaries or at
Wegmiller (Ref. 5 (MW), Koh (Ref. 10, and Surdyk and FujitéeRef. 1) the imperfection sites which required less energy for reori-
(SR} entation. In this sense a decreaseirvalue with frequency
can be explained. The difference ef value between 35

] ) MHz and 5 GHz is 0.03&0.009 in the temperature range
frequency as a parameter. The estimated errord iof the 250-265 K.

cavity resonator measurement at 5 and 10 GHz were
+1.5x10° and =0.4x10*, respectively. For the open
resonator measurement, the estimated erret at 33 and 39
GHz was*1.5x10 “. There was no significant difference in Johari and Joné%discussed the temperature dependence
the €' values of the polycrystalline ice and the single-crystalof € of the polycrystalline ice in terms of contributions from
ice measured perpendicular to theaxis at 10 GHz within anharmonic effects to molecular polarizability. They

the estimated error. Thus, it is suggested that the scatteririgeated the polycrystalline ice of isotropically polarizable
loss at the grain boundaries in polycrystalline ice is smalimaterial. Thenx is given by the Clausius—Mosotti relation-
enough to permit polycrystalline ice to be treated as unifornship

ice below 10 GHz. (e'—l

!

B. The temperature dependence of €

The €’ variations with temperature at each frequency are & a=
almost straight lines below 250 K, plotted in semilogarithmic 3
representation, as shown in Fig. 4. At high temperaturavhereN; is number of molecules per unit volume calculated
above 250 K and low frequency such as 5 GHz, it seems thdbr a density of 0.9169 Mg it at 270 K, taking into con-
the measured values ef are larger than the values of the sideration the regression line of average expansivity derived
straight line. It can be explained that the increase is due térom previous work.« is the sum of the electronic polariz-
the effect of the high-frequency tail of the Debye relaxationability o, and the infrared polarizabilityyz caused by the
spectrum. displacement, or vibration, of molecules within the lattice.

Figure 5 shows the” variation with frequency of this Since o, (=18.85 &) is independent of the temperature, it
study with temperature as a parameter. Results are onlyppears thataz increases with temperature. Johari and
shown at three temperature points in the measured rangmned’ have found thaiyg in polycrystalline ice increases
190-265 K. Figure 5 also shows the results of Surdyk andinearly with the square of temperature, as is shown in Fig. 6,
Fujita'* at 250 K using the same open resonator that is usedccording to the equation
in this study at 33 and 39 GHz, the measured and interpo-
lated values of Meler and Wegmller® using cavity resona-
tor and radiometric measurement in the range 2—-100 GHz athere oy g is the infrared polarizability a0 K anda is an
258 and 268 K, and the results of K8tusing free-space empirical constant. The values of g and a obtained by
measurement in the range 26.5—-40 GHz at 258 and 271 Klohari and Joné$were 20.61 & and 25.5%10 % A3K 2,

The ¢’ variation with frequency observed in this study tendsrespectively. The calculatedly values frome’ in this study

to agree well with the previous results. However, at higherat 5 and 10 GHz are also plotted against the square of tem-
frequencies above 33 GHz, the absolute valueg @i Mat-  perature in Fig. 6. The derivet}, s anda were 20.46 Rand

zler and Wegmller® and KoH? are larger than in this study 20.94<10°® A3K™2 for 5 GHz and 20.47 A and

at 258 K. 19.44x10°® A3 K2 for 10 GHz. There are good agreements

: @

e+2

ar=agr+aT?, (2

J. Appl. Phys., Vol. 80, No. 10, 15 November 1996 Matsuoka, Fujita, and Mae 5887



TABLE I. The coefficientA calculated only from the component of the

225F ' ! ' ! ' ' ' . main Debye relaxatiotiD) and from the data of Johari and Charg&C)
o 5GHz ’ that contain the possible additional component.
& 10GHz
O 33GHz , TemperaturéK) Apx10* Aycx10*
0 39GHz
22.01 |._._ Johari and Jones 7 190 0.005
200 0.010
220 0.031
O 240 0.268
<550 ) 248 0.635 1.870
dﬁ L7 253 1.059 2.222
e 258 1.728 3.091
263 2.769 4591
265 3.326 5.693
21.0} At -
7 *Reference 19.
/' PInterpolated value between 263 and 268 K.
20'56 i é 3' "1 ; é ' 8X1*04 The temperature dependenceedfwas not discussed in

detail by previous investigators. Walféfdsuggested that the
infrared-absorption band showed no temperature depen-
FIG. 6. The infrared polarizabilityyg of ice plotted against the square of dence. M_HZIer and Wegmller5 derived the coefficient#,
temperature. The dashed line is fitted line of Johari and JéRes 20 and B, andC in Eq. (3) only at temperatures of 258 and 268 K.
the solid lines represent fitted lines at 5, 10, 33, and 39 GHz in this study.The results of our measurements over a wide temperature
range show precisely thé' change with temperature in the
o range 190-265 K, as shown in Fig. 4.
of apr and a values between 5 and 10 GHz within the  ‘gaged on Eq(3), we discuss the frequency and tempera-
standard deviatiofi=0.5% for ag r,+5.6% fora). In addi-  {,re dependence of the effect of infrared-absorption band in
tion, Fig. 6, which represents the r_esults for single-crystal icer considering the effect of the Debye relaxation spectrum
at 33 and 39 GHz, shows that a single crystal can be treatedyorted by previous investigators. First we derive the coef-
as isotropic ice as far as the tempgrature change S COfficient A considering only the component of the main Debye
C%m?g' Thea values were 20.4810 * and 21.86<10 dispersion, and then we investigate the possible effect of the
A®K™? at 33 and 39 GHz, respectively. The averagealue  inor dispersion which was detected by Johari and

is 20.67<10"° in the range 5-39 GHz and about 20% lower cparettel® As a result, we can assess whether the latter com-

than that for the MHz range in Johari and Jof&Since the ponent is important or not.

increase ina valpe is due to the' effects of the oneptaﬂon Possible effects of the orientational polarization are the

polarization at high temperature in MHz frequency, it seemsy4in Debye dispersion in the kHz range and minor disper-

that thea values of microwave data represent more accuratgig in the MHz range. The temperature dependence of the

infrared effects than MHz data. Debye relaxation spectrum below the kHz range has been

discussed in several papef#/orz and Colé®® Gough and

C. The frequency and temperature dependence € Davidson?! Kawada?® Johari and Jone¥, and Johari and
Although minor relaxations which exist between DebyeWha”eyz%- Therefore, the temperature dependence o

relaxation and the infrared-absorption band have been re=d- (3), extrapolated from the Debye equation, is represented

ported by several investigator€Gough and Davidsofi, as follows:

Gough? von Hippel, Knoll, and Westphaf, Johari! and Jo- A(T)=(eb— e, @)

hari and Whalle$’), the observed relaxation frequencies

were contradictory to each other without clear detectability.

Therefore, the simple suitable model for the frequency deTABLE II. The fitted values ofB and C and their standard deviations

pendence of” at microwave frequencies can be expressed)btained from our re§ult§ af, taking. intq account the coeffic'iem shown

by the sum of two components. One is inversely proportiona|” Table | and considering the weighting of standard deviation of ¢he

. . values at each frequency.
to frequency for the high-frequency tail of the Debye relax-

T? (K3

ation spectrum and the other is proportional to the frequencyemperaturgdk)  Bpx10° B,cX 10 Co Cic
fo.r. the Iow-freque'ncyStall of the mfrared-a_bsorptmn_b_and. 190 15320391 11750086
Matzler and Wegmller® obtained the equation from fitting 200 1.747-0.396 1.168-0.077
of their experimental data, written as follows: 220 2.46%0.429 1.129-0.060
240 3.495-0.468 1.088:0.047
"__ C
€'=(A/If)+BfC, @) 248 4.006-0.483 3.336:0.433 1.073:0.043 1.125:0.045
where the coefficienta, B andC are temperature-dependent 253 4.380-0.494 3.7250.448 1.062:0.040 1.108:0.042
- . . : 258 4.696-0.500 3.924:0.449 1.0560.038 1.10%0.040
empirical constants anflis the frequency in GHz. The first 263 59770520 4.226-0.455 10380036 110%0.038
term represents the effect of Debye relaxation and the second 545 5.646-0.535 4.396-0.460 1.024:0.035 1.096-0.037

term corresponds to the effect of infrared absorption.
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FIG. 7. Thee" plotted logarithmically against frequency with temperature as a parameter. The bold lines represent fitted lines in this study with the parameters
B=1.747<107° C=1.168 andB=4.696<10"° C=1.056 at 200 and 258 K, respectively. The previous reported values are from Waaer).

where €, — e€.,) is the difference of the static and high- band,B andC, is determined from the difference between
frequency permittivity and is expressed as the €’ obtained in this study and in the temperature range
(e)—el)=BI(T—Ty). 5) 190-265 K for the main Debye rela>§ation, B in. the _
range 248-265 K for the minor relaxation reported in Johari
Based on the data in Kawadaover a wide temperature and Charettd? In Table Il the fittedB and C values are
range from 123 to 273 K, the constgBitvas 23 700 and the calculated from four frequency points considering the
Curie—Weiss temperatuf,, was 15 K(approximate value eijghting of standard deviation of th& values at each fre-
estimated from the permittivities parallel and perpendicularquency_ In the frequency range 5—39 GHz, significant differ-
to thec axis). f, is the relaxation frequency, expressed as gnces exist betweeBy, andB,. above 263 K. Therefore the
f,=[2mr, exp(—E/RT)] 1, (6) minor relaxation in the MHz range must be considered to
determine the coefficient8 and C at high temperature
above 263 K. HoweveBp andCp agree well withB;- and
C,c, respectively, below 263 K, within the standard devia-

with 7,=5.3x10 ¢ s. The activation energigs above and
below 223 K were, respectively, 55.3 kJ mbl0.57 eV} and
22.6 kJmol! (0.23 eV). R is the gas constant. The derived

values ofA at integral temperatures between 190 and 265 ions - . ’
are given in Table | ag\y. The extrapolated values from The coefficientd3 andC, were obtained by Maler and

experimental results of Johari and Charét@nd Johafi at Wegmdler.‘r’. at 558 and 268 KE; values obtan;ed by Maler
MHz frequencies are larger than the values derived from E@nd Wegmller> were 3.6<10 ° and 6.5<10 >, andC val-
(4) (the results of Westphal cited in Evarand in WarreA ~ ues were 1.20 and 1.07 at 258 and 268 K, respectively. At
also showed a similar tendency, but the detailed data wer@58 K B values obtained by Maler and Wegriller® agree
unpublishedl Therefore, thed values estimated from Johari With Bjc. C obtained by Méezler and Wegriller® is larger
and Charett® at 35 and 60 MHz in the temperature range than the results obtained in this study. Moreov&ibtained
248-265 K are also given in Table | &sc. by Koh' is larger thanC obtained by Mtler and
The effects of the infrared-absorption band are obtainedVegmiler.> Considering that Maler and Wegriler and
from the A values described above. The temperature deperikoh used polycrystalline ice and not single crystals, it is
dence of the low-frequency tail of the infrared-absorptionplausible that the differencéarge C values is due to the
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scattering loss effect at grain boundaries in the polycrystal- €' is described as a function of frequency and tempera-
line ice samples, qualitatively. However, additional experi-ture. The effect of the infrared-absorption band, which is
ments are necessary to clarify the frequency dependence ffequency and temperature dependent, has been compared to
the scattering loss effect. the results of Meler and Wegriller® at 258 K and the

The measurement of the far-infrared tail of the absorp-extrapolated values of far-infrared measurements in Mishima
tion band was performed by Mishima, Klug, and Whatfey and co-worker® at 200 K. In the frequency range 5-39
in the temperature range 80-200 K. At 200 K,derived GHz the€’ values in this study bridged the gap of previous
from difference band theory by Mishima and co-workBis  results between 200 and 258 K. Therefore, the derived fitted
1.669<107° and agrees well witlB. Although theC val-  curves for frequency and temperature dependencé afe
ues in Table Il increase as temperature decreases and theeful for analysis of the microwave remote sensing data of
value is 1.168 at 200 K at microwave frequencies, @e the cryosphere. Additional experiments are necessary to
value derived in Mishima and co-workéfsvas independent clarify whether other effects of the infrared absorption band
of temperature and was unif€ =1). Although it is not clear exist below far-infrared frequencies.
why C values increase as temperature decreases from this
study, it might be considered that absorption takes place 8#dCKNOWLEDGMENTS
frequencies below the infrared region.
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2x 10" Hz and temperature from 190 to 265 K using E).
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200 and 258 K are shown in Fig. 7, together with the previ- _
ous measured values. The fitted curves derived in this studyS: Evans, J. Glaciob, 773 (1965.

ful f Ivsis of mi t . dat ES' G. Warren, Appl. Opt23, 1206(1984.
are useful for analysis of microwave remote sensing data okg’ g Gougn, Can. 3. Cherf0, 3046(1972.

This work has been supported by a Grant-in-Aid for Sci-
entific Research and a Grant-in-Aid for JSB8pan Society
for the Promotion of Sciengdellows.

ice and snow in the temperature range 190-265 K. 4G. P. Johari, J. Chem. Phy&4, 3998(1976.
5C. Mézler and U. Wegriller, J. Phys. D20, 1623(1987; 21, 166QE)
V. CONCLUSIONS (1988

6S. Fujita, S. Mae, and T. Matsuoka, Ann. Glacib¥, 276 (1993.
The temperature dependence of the relative Comp|e)ZS. Fujita, M. Shiraishi, and S. Mae, IEEE Trans. Geosci. Remote Sens.
e ; ; _ GRS-3Q 799(1992.
permittivity of ice has been measyred OV?I‘ a wide tempera'8T. Matsuoka, S. Fujita, and S. Mae, Proc. NIPR Symp. Polar Meteorol.
ture range from 190 to 265 K using cavity resonators at 5 Glaciol. 7, 33 (1993.
and 10 GHz and an open resonator at 33 and 39 GHz. Thé&J. Moore and S. Fujita, J. Geophys. R88, 9769(1993.
real part of permittivitye’ in this study was independent of i’g gofg f( Apdpl-s P'f:1y§71, (&3;119&(11992' Lo 965(1995
. . Surdyk and S. Fuijita, Geophys. Res. . .
freqligncy and the Valu_es agree with those of Cu.rnri"ﬁng, 12E Horner, T. A. Taylor, R. Dunsmuir, J. Lamb, and W. Jackson, Proc.
Koh,”™ and _th_e precise measurt_ament of Fujita and |gg (London 93 part Ill, 53 (1946.
co-worker§ within their values of anisotropy. The absolute *S. Saito and K. Kurokawa, Proc. IR, 35 (1956.
. . 14
values of ¢ at microwave frequencies were smaller thanlsi- (E JCO””eSr FI’“?C- '%Ezadzﬁl(l_lwf- WavedAcademic. New York
MHz data, suggesting the existence of minor relaxation at ;g Vol 10 gr‘;r;s and Millimeter Waved/Academic, New York,
MHz frequencies. The temperature dependence’ofvas  1¢p, Komiyama, M. Kiyokawa, and T. Matsui, IEEE Trans. Microwave

observed and discussed in terms of contributions from anhar-Theory TechMTT-39, 1792(1991).
monic effects on infrared polarizability. M. N. Afsar, X. Li, and H. Chi, IEEE Trans. Microwave Theory Tech.

i . MTT-38, 1845(1990.
The frequency dependence of the imaginary part of perss, A Cummmé J&ppll Phys23, 768 (1975.

mittivity €’ in this study tended to agree with previous re-1°G. p. Johari and P. A. Charette, J. Glacibd, 293(1975.

sults; however, at frequency above 33 GHz, the existence gfG. P. Johari and S. J. Jones, Nat(rendon 263 672 (1976.

; ; ; oo i 21S. R. Gough and D. W. Davidson, J. Chem. PH%.5442(1970.
scattering loss should be investigated for polycrystalline ice, ;o Hippel. D. B. Knoll, and W. B. Westphal, J. Chem. Phyé, 134

samples. In the frequency range 5-39 GHz, the frequency (177
dependence of” was mainly characterized as the low- 22G. P. Johari and E. Whalley, J. Chem. Phy5, 1333(1982.
frequency tail of the infrared-absorption band due to the Iat—zzM- E. R. Walford, J. Glaciol7, 89 (1968.
tice vibrations of ice. The temperature dependence ofas  ,.o Vo2 and R. H. Cole, J. Chem. Physl, 1546(1969.
, L. . . S. Kawada, J. Phys. Soc. Jphl, 1881(1978.
observed and the” variation with frequency increased as 27g_p, johari and S. J. Jones, J. Glacil, 259 (1978.

temperature decreased at 5—-39 GHz. 0. Mishima, D. D. Klug, and E. Whalley, J. Chem. Phy8, 6399(1983.

5890 J. Appl. Phys., Vol. 80, No. 10, 15 November 1996 Matsuoka, Fujita, and Mae



Journal of Applied Physics is copyrighted by the American Institute of Physics (AlP).
Redistribution of journal material is subject to the AIP online journal license and/or AIP
copyright. For more information, see http:/ojps.aip.orgfapofapcrisp

Copyright of Journal of Applied Physics is the property of American Institute of
Physics and its content may not be copied or emailed to multiple sites or posted to a
listserv without the copyright holder's express written permission. However, users may
print, download, or email articles for individual use.



	I. INTRODUCTION
	II. EXPERIMENTS
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSIONS
	ACKNOWLEDGMENTS

