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Abstract

Long-term exposure to fine particulate matter, PMs 5 has been inviting considerable at-
tentions in relation to adverse health effects. In this study, PMs 5 samples were collected
at Shibuya, Tokyo, Japan from July 2013 to Nov 2019 and atmospheric concentrations were
determined for PM, 5 and its water-soluble inorganic ions. This paper aimed to characterize
seasonal and yearly variations of atmospheric concentrations of PMs 5 and water-soluble in-
organic ions using the seven-year result. The analytical results showed the concentration of
PM, 5 ranged from 2.4 to 39 pg/m?, with an arithmetic mean of 12 + 5.9 pug/m? (n = 132)
and higher in spring and winter. No apparent increasing or decreasing tendency was found
for the annual variation of PMs 5 level. The variation of PMy 5 was mostly determined by the
content of ammonium sulfate because of significant correlation with concentrations of NH, T
and SO42~. However, slight decreasing tendency was found in SO42~ concentration for 7
years. Meanwhile, Na™ concentration showed significant increase with time. These findings
suggest potential changes in the quality of PMs 5 at the sampling site.

Keywords: PMs 5, water-soluble inorganic ions, sea-salt, Tokyo

1 Introduction

Air pollution owing to particulate matter is known to cause adverse health effects, visibility im-
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pairment, and global climate change [1]. Of particular interest is fine particulate matter (PMs 5)
with a size of 2.5 um or less, because increased mortality by pulmonary and/or cardiovascular
diseases due to long-term exposure to PMs 5 has been documented in a number of previous epi-
demiological studies [2,3]. Additionally, the evidence was provided by recent studies [4] on linear
and non-threshold relationship between long-term exposure to PMy 5 and all-cause/cause-specific
mortality. PMs 5 is a mixture of various particles emitted and/or generated from natural and
anthropogenic sources, and hence appearance of adverse health effects may depend on the chemi-
cal composition of PMs 5 at a site of interest. Therefore, understanding chemical composition of
PMs 5 is necessary for preventing from health outcomes caused by exposure to PMs 5 and pollution
control.

Meanwhile, environmental education plays an important role in developing a common under-
standing of the fundamental value of the environment [5], and awareness is one of the first steps
toward improving air quality [6]. Authors of this study have initiated joint observation of PMs 5
at Shibuya, Tokyo, Japan since July 2013 aiming to cultivate environmental awareness of high-
school students and grasp the status of PMs 5 in Tokyo metropolitan area by means of science.
Among the chemical components in PMs 5, we have focused on water-soluble inorganic ions. They
are known to account for majority of the mass of PMs 5 [7,8] and the major ions such as sulfate
(SO4%7), nitrate (NO3~) and ammonium ion (NH,; ") have effects on the hygroscopic nature and
acidity of aerosol [7]. Besides, they can be analyzed by ion chromatography (IC) after extraction
with water. The IC is suitable for educating high school students in science course because the
chromatography is a principle technology in analytical chemistry.

The first two-year result of this study was previously published [9], suggesting the long-range
transport of urban aerosols and soil-derived particles when air masses came from Asian continent.
However, the air pollution mechanism of the city was not fully evaluated due to a limitation in the
number of PM; 5 samples. In this paper, we aimed to characterize seasonal and yearly variations of
PMs 5 in relation to those of water-soluble inorganic ions collected at Shibuya using the seven-year
result from July 2013 to Nov 2019, in order to better understand the air pollution mechanisms of

the city.

2 Methods

2.1 Sampling site

Figure 1 shows the geographical location of Shibuya, Tokyo, Japan. Routine sampling of PMs 5
was conducted at the open-air space in the campus of Tokai University Bosei Senior High School
located in Shibuya ward. Shibuya is one of the biggest cities in central Tokyo, having a population
density of 15,656 people per km?, and is known as a major commercial and business center of

Japan. The sampling site of this study is located in cultural and residential area of the city.

2.2 Collection of PM; 5 samples

As shown in Figure 2, PMs 5 was collected on a quartz fiber filter (QMA 47 mm¢, Whatman)
at a flow rate of 16.7 L/min for 7 days by PMy 5 sampler (Thermo Fisher Scientific, Partisol® -
FRM Model 2000). Both before and after sampling, the quartz fiber filters were conditioned more

S,
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Fig.1 Location of sampling site, Shibuya, Tokyo, Japan.
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than 24 hours under constant temperature (20°C) and relative humidity (50+5%), then the weight
of filter was quantified by using a microbalance. The concentration of PMs 5 was determined by
the weight difference and total sampling volume of air. Note that routine collection of PMs 5 and
measurement of PMs 5 concentration were carried out by high school students, and subsequent

chemical analysis was conducted by students of Shonan Campus, Tokai University.

Fig.2 Sampling of PM2 5 on the quartz fiber filter at Shibuya, Tokyo, Japan.

2.3 Analysis of water-soluble inorganic ion
Though the analytical procedure was described in previous paper [9], a minor update in the
analytical instruments has been made. So, in brief. After measurement of PMs 5 concentration,

the filters were cut into 14 mme¢ pieces by a pierce punch. The two pieces were transferred into

— 3 —
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a 50 mL-test tube together and water-soluble inorganic ions in PMj 5 were extracted in 10 mL
ultrapure water (Milli-Q) using As-One Shaker SR-1 at 170 rpm for 60 min. After filtration by
a disposable cellulose acetate membrane filter having 0.20 um of pore size (Advantec, DISMIC-
25CS), the filtrate was served for ion analysis. Concentrations of the water-soluble inorganic ions
such as Nat, NH,*, KT, Mg?*, Ca?t, C17, NO3~ and SO,2~ were determined by IC systems.

The IC system used for cation analysis consisted of Shimadzu LC-20AD pump, SIL-10Ai auto-
sampler and COD-10Ayp conductivity detector. The following conditions were used: column,
#4.6 x 150mm, 7 um, Shodex™ IC YS-50 (Showa Denko); eluent, 5.0 mM oxalic acid solution
at 1.0 ml/min (isocratic); oven temperature, 40°C; injection volume, 20 uL. Dilution series of
(NH4)2S04 used for calibration and determination.

Meanwhile, the IC system used for anion analysis consisted of Thermo Fisher Scientific, Dionex™
Aquion™ with a chemical suppressor AMMS 3000 and Dionex™ AS-AP auto-sampler. The fol-
lowing conditions were used: separation column, 4.0 x 250 mm, IonPac AS9-HC (Thermo Fisher
Scientific) with a guard column IonPacAG4 (Thermo Fisher Scientific); eluent, 5mM sodium
carbonate at 1.0 ml/min (isocratic); scavenger for the chemical suppressor, 15 mM sulfuric acid,
oven temperature, 40°C; injection volume, 25 pL. Dilution series of reagent grade NaCl, NH4ClI,
KCl, MgCl,, CaClsy, NaCl, NaNOg and NaySO, in ultrapure water were used for calibration and
determination. All the reagents were obtained from Kanto Chemical, Japan.

Significant contamination by field handling and during storage was slightly found in storage
blanks for anions, limit of detection (LOD) was defined as three-fold the standard deviation of the
blank for anions and of 1.0 uL ml1~! of standard solutions for cations (3¢). The LODs resulted in
0.0053 pg/m? for Nat, 0.0030 ug/m? for NH;*, 0.0023 pg/m? for K, 0.0032 ug/m? for Mg?+,
0.013 pg/m? for Ca?*, 0.0010 ug/m?3 for CI=, 0.0029 pg/m?3 for NO3~ and 0.0036 ug/m?3 for
SO,%~.

3 Results and Discussion

Figure 3 shows variations of atmospheric concentrations of PMy 5 and water-soluble inorganic
ions at Shibuya, Tokyo. The date shown in the X-axis is start day of the 7-day samplings.
Arithmetic means and standard deviations of each analyte were summarized in Table 1. For
the convenience in investigating seasonal differences, the results were classified into four seasons:
spring (March to May), summer (June to August), autumn (September to November), and winter
(December to February). Pearson’s correlation coefficients between paired data on the variation
of atmospheric concentrations were calculated using a software, IBM SPSS® Statistics ver.23 and
shown in Table 2. The correlation analysis has been widely used for source apportionment of
particulate matters, because significant mutual correlations between seasonal variations of atmo-
spheric concentrations in PM and its components may show a possibility of sharing the common
emission source by the paired variables[10]. Based on the results, seasonal and yearly variations
of PMsy 5 were characterized in relation to those of water-soluble inorganic ions.

The 7-day average concentration of PMy 5 greatly varied from 2.4 to 39 ug/m?, with an arith-
metic mean of 12 + 5.9 pg/m? (n = 132, Table 1). Since 46% of the data conformed with the
World Health Organization’s (WHO) guideline value for PMy 5 of 10 pg/m? as an annual mean,

Y
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Fig.

Japan from July 2013 to November 2019.

, Tokyo,

Shibuya

is suggested not so severe at the sampling site. However,

the status of air pollution by PM; 5

were found whose levels greater than WHO guideline value

high concentration episodes, #1-#b5,

The PMs 5 concentration was found higher in spring

of 25 pug/m? as a 24-h mean (Figure 3).

and winter due in part to high concentration episodes (#1~#4) caused by the yellow sandstorm,
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Table 1 Analytical results on the concentrations of PMs 5 and water-soluble inorganic ions collected at

Shibuya, Tokyo, Japan from July 2013 to November 2019 in the unit of pg/m3.

Spring (n = 37) | Summer (n = 26) | Autumn (n = 38) | Winter (n = 31) | All (n = 132)
PMa.s 14£7.0 9.2+£3.8 9.7+3.8 13.1£6.6 124+5.9
Na*t 0.34 £0.18 0.28 £0.14 0.25+£0.14 0.23+£0.13 0.28£0.16
NH4* 1.4£0.94 1.09 £ 0.56 0.59 £ 0.34 0.73 £0.46 0.95+0.70
K* 0.17+£0.25 0.085 £0.034 0.11 £ 0.037 0.13 £ 0.065 0.13+0.14
Mg?t 0.034 £ 0.015 0.033 £ 0.010 0.029 £ 0.011 0.023 £0.011 | 0.030 +£0.013
Ca?t 0.11 £0.043 0.12 £ 0.065 0.11 £0.048 0.12 £ 0.065 0.11 £ 0.054
Cl 0.018 £0.023 0.014 £ 0.027 0.013 £0.017 0.023 £0.037 | 0.017 £ 0.026
NOs™ 0.093 +£0.22 0.085 £ 0.21 0.12+£0.30 0.50 £0.93 0.19 £ 0.52
S042~ 4.0£2.6 32+£1.7 22+£13 27£24 3.0£22

Table 2 Pearson’s correlation coefficients between paired data of PM2 s and each water-soluble ion.

Values highlighted in bold are significant at p < 0.01.

PM.s Nat NHyt K+ Mg?t Ca?t  ClI- NOs3~ S04
PMs 5 1
Na™ —0.08 1
NH,* | 0.63  0.00 1
K* 0.34 —-0.05 0.30 1
Mg?+ 0.02 0.38 0.25 0.03 1
Ca’" 0.06 023 017 007 0.62 1
Cl~ -0.12 —0.01 —-0.09 —0.08 —0.16 —0.16 1
NOs~ | 0.44 —0.14 014 006 —0.25 —0.06 —0.01 1
SO,>~| 0.54 —-0.13 0.75 020 011 004 —0.19 0.13 1

so-called Kosa [9], and relatively low in summer and autumn. No apparent increasing or decreasing
tendency was found for the annual variation of PMj; 5 level within the monitoring duration.
Total mass of the eight kinds of water-soluble inorganic ions accounted for 44% of the mass of
PMs 5 in spring, 52% in summer, 35% in autumn, 34% in winter and 41% for all samples. As
shown in Table 1, Atmospheric concentrations of the ions followed the order of SO42~ > NH,+ >
Nat > NO3~ > KT > Ca?t > Mg?t> Cl~ in all PMy 5 samples (n = 132). However, this order
slightly changed with seasons. While SO42~
NOs~

in spring and summer. In general, Na* and Cl~ are major components of sea-salt particles whose

was most abundant in every season, concentration of

was relatively high in winter and low in spring to autumn, and that of NH4' was higher

molar ratio of CI~/Na™ is 1.13 in sea water. Since the sampling site is located about 5km apart
from the seashore of Tokyo bay, contribution of sea-salt particles is plausible. However, C1~ level
was much lower than that of Na™ with 0.063 + 0.14 of molar ratio of C1~/Na™ in all samples
(n = 132), probably because of “chlorine loss”. This is a phenomenon that volatile hydrogen chlo-
ride (HC1) and chlorine (Cly) are released by a heterogeneous reaction of sea salt particles with

acidic pollutants such as HNO3 HSO, and/or OH radical in air [11, 12].

NaCl + HNO3—NaNO3 + HCl (1)

2NaCl + Hy80,4—NayS0, + 2HCI (2)
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NaCl+ OH + HT —Na™ + H,0 + 1/2Cl, (3)

As was shown in Table 2, PM, 5 concentration significantly correlated with those of NH,*
(r =0.63, p < 0.01) and SO4%~ (r = 0.54, p < 0.01). As well, NH4" concentration significantly
correlated with that of SO42~ (r = 0.75, p < 0.01). This means variation of PMy 5 was mostly
determined by the content of ammonium sulfate (NH4)2SOy, typically produced by a reaction

between ammonia and sulfate in air.
2NH3 + HQSO4—>(NH4)QSO4 (4)

However, the yearly change in SO42~ concentration seems to be different with that in PMs 5.
The most abundant anion contributed to high concentration episode of #1-#3, whilst no appar-
ent contribution was found in #4 and #b5. Furthermore, slight decreasing tendency was found in
the annual variation for SO42~ concentration within seven years. One possible reason is that the
contribution of long-range transport of SO42~ from Asian continent is gradually decreased with
an effort in improving air pollution in Chinese big cities, for example, use of natural gas as an
alternative to coal and petroleum which are major emission source of sulfur dioxide, a precursor
of SO4%~ [13].

A pair of Mg?* and Ca?* showed a significant correlation with r = 0.62 (p < 0.01). Both
mineral ions are well known to enrich in a desert sand by soil salinity, and hence they are good
indicators of the long-range transport of soil dust from Chinese desert area. Even though higher
levels of both ions were found at the high concentration episodes of #1 and #2, they did not
apparently contribute to other episodes (#3—#5). Since no significant difference was in seasonal
variation, usual emission source of Mg?* and Ca?* at Shibuya may be a local road dust which
often contains cement particles.

Among the water-soluble inorganic ions, only the concentration of Na™, [Na™] showed significant
and exponential increase with time, ¢ (r> = 0.45, p < 0.001). Note ¢ is the elapsed time (day) after
the first sampling of July 26, 2013.

[Nat] = 0.11e%007 (5)

As mentioned above, Na™T is a typical component originated from sea-salt particles. This may
suggest influence of sea-salt particles from Tokyo bay or others is increasing, whilst the reasoning
of this significant increase should be carefully done considering the meteorological conditions and

other possible emission sources which should be explored.

4 Conclusion

This study aimed to characterize seasonal and yearly variations of PMs 5 in reaction to those of
water-soluble inorganic ions collected at Shibuya, Tokyo, Japan using the seven-year result from
July 2013 to Nov 2019. Analytical results showed the concentration of PMs 5 ranged from 2.4 to
39 ug/m3, with an arithmetic mean of 12 £5.9 pg/m? (n = 132) and higher in spring and winter.
No apparent increasing or decreasing tendency was found for the annual variation of PM 5 level

in this study. The PM, 5 concentration significantly correlated with those of NH4* (r = 0.63,

— 8 —
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p < 0.01) and SO42~ (r = 0.54, p < 0.01). This means the variation of PMy 5 was mostly de-
termined by the content of ammonium sulfate. However, slight decreasing tendency was found in
SO4%~ concentration for 7 years. Meanwhile, Na® concentration showed significant increase with
time. These findings suggest potential changes in the quality of PMs 5 at the sampling site, so we

have to keep watching.
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Abstract

The Occam’s razor is the problem-solving principle that “entities should not be multiplied
without necessity”. According to Occam’s razor, the so-called texture-zero neutrino flavor
mass matrices have been extensively studied in the literature. In this paper, we connect some
texture-zero neutrino flavor mass matrices with the extra Higgs sector as well as the dark
energy. We show that the compatibility of the texture-zero mass matrices with a two-Higgs
doublet model. Moreover, we present that an idea for connecting the neutrino sector and the
dark energy may be tested in the two-Higgs doublet model within the texture-zero scheme.

Keywords: Neutrinos; Extra Higgs bosons; Dark Energy
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1 BL&IZ

—a—tVJ, ey ZART, F—2r T AVF— TRSIFERTWHEERLTHEYHEOSE TR
BICHIZEENTWE FNEY 2 A THDH. FA4lE, ThoD 3250 My 7 22 BEMNT, HilzhmRz
25T L HCREZ 1T 72,

120D MY 7 ATHL=2— M) 2 LiE, BRINTWD 17T HEOERFOHPTH &S HEIE
HANEI, MOZWHER T TH5H. 3EHIHL=2— M) VIZETHFIREL TV L I EHPERT
HOEPIZR o TWEY, BIHISNTWERS ) BEEZHPANIIEL TS [Za— M) /DT L —I3—
B8] O 2 T 2HMET VA ELZRESIN TR V(L] £ OBHETIIET VITIRE
ENTWVLHT, [ LTHLELRDLDUINIAETH L] L)ty 20HTIHEEDOS & TD
W7Ed A TVS [2. SOF v I 2ORINHEZIE, 7L —N—HBHEHOHFIZEETNE 9 ODDOEFR
DY) 5, FHICEELZERIFMTH ), TNLUNOEZOMIIHED T/hEnhr bz, & LT
LEFRFICEETELRWEZOHEIINIVEZApPurdiingy., BERilYurshoa—bY
DEEATIIEIE [0 - 727 2F v —1 L XiENh, SRS HEA TW 5 [3).

20DD MY 7 ATHDLy FAKF L, BRENTWE ITHEOEZNFO—HTHL, v/
ARLFAZE D B RRRFEO O L D12 [y ZF AR T 1 BELIAFEL Z2Vor] Evw) [RER
vy FARTHE] BdDH. By ZFARTIE I EEOAPERLINTEY, 2ok vy Z7AKTIEA
BT —RFIGEINT VS, 7oV IF VIZGHEIN TV LEN TP 12 BEERINTEY, X7
MVRE I EN TR D 4 FBEBR SN TV L0 T, A7 T —RHTIZ0ESN T b RN
Tty FART L ROP o T, REROZA NI —HKT, $hbbly 7 ARTOMEE -
EHET AP AN,

3ODDIMNEY ZATHAHY =7 TAVF—LiE, FHOMEEEZFIZR LWL EAAHO T
INF—DZLTHD. FHOLINF—HEDR 69% BSIEEAHO Y — 7 A NVF—Th b I LW
B2 S PIo T 5 4], BERUMIEEIFOIINF—Th b LELLHUIETRTH -7z
A, AHTIE (BELEDT) HARIATOHLOWAD T =I5 — 7 TRV F—OFEmE L THE
ENTWS 5. =7 ZANVF =D L V) [F—7 AV F—[E] X, SHOFRTFHE
HRFEHBOBAOMED 1 D ThADH. b, Kk ZEBERRIIZWVD, FHOI AL F—%E
DK 5% DARD, HANPHTRAZ LD TELFEFTEXWE (IVIELLIENYEY) THY, &Y
DR 26% 1&5— 7 <y — L LIENTVLIEARHOENFETH L. ¥—r <5 —DOIEKICHET 54
BEPREINTVEY, TOFTLENLRHED 12IE, =<7 —DPREROFRTTHLELEZ
BRFEDFRTHTH B,

AKWFETIE, =a— 1) D7 L—N—EEBITHIENF v I AOHTI o TV EHEIIKITT, XK
SRy FAMER Y — 7 T AN T —WENO B A L7z,

KX OBHNILUTOE BN TH L. KO 2T, HTADPHEICH N Z2—1) /DT L—I3N—
HETHIBICOWTIHRG, 20HL D IHFHTIE, KEROFTLy by Z7AL M) Ty fev s
AbLzZa— M) EETIIEE DBBROVWTOERELZIT). SHICHAHTEY—7 A VF—L
Za— MY EEITINCET 2 MAZBRD. RED SFHTIEIRMAEDOT LOLSHOREIIOVWTE
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2 Ay AhrofNE=a— 1Y) HRITIIE

AR TIE, =a— M)/ O7L—=N=—BEITIIEI T v I 2OHTIOBBIZL72h o Tnb LE
5. REITIE, FADPTRICHV =Z2—18) 07 L—N—EHafT5IFIIDOWTiHRR5.
Za—=bM)IDBTA T IRTTHLD), TNEH~YITFRNTTHLINEHLNIZ L > TR
A, AR TIE=a— M) JiE~I T FRTTHLEEZDL. T, RETELTAY—V— A=
ALPHBERICEEN SN =2 ) VI TFRTICRLINPLTHDL, —a— ) /B85~ ITF
WFThredre, Za—F ) /OT7L—N—BETH M IZKRO L) ITFHITHITEST LTS
% [6-9]

e Mey, MET
= Udiag.(Al,/\z,Ag)UTa (1)

=

" o

M.
M=| M,
MCT MM’T M’TT

v
(v
A

)\1 = m162i°‘1, )\2 = mge%‘”, )\3 = ms, (2)
THY, m; (1=1,2,3)ld=2— M)/ OHEEEAETH L. L7,

6

Ut Uea Ues c12€13 512€13 s13e”
_ _ i i
U=| Un Uu Uu | =] —si2c23 —c12523513¢"°  c12c23 — S12523513€" 523C13
i i
Uiy Urz Uss 512823 — C12€23813€"°  —C12523 — S12C23513€"  C23C13

(3)

AR F VAR - I WHATHIE Kidh, =2 — M) ORGIREY —RIICETITNTH 5.
E72, ¢y =cosby; BED s;; =sinb;; (i,j=1,2,3) L I AELELTHNTH L. 0, 13=2—1+V )
DREA, §1ET747v 27 CPHM, a1 & axld~3a7F CPAMHTH 5.

Za— M)V OEBERREGALZEIZZ 2 — M) JIREERZ EECTHES N TS, BRATIE,
22—t/ OEREZOLDOOWEIIIRI LT <, B 2 %E Am; =mi —m3 7HES LT
LDHRTHL. =a— M) JIREERIOEONIEE 2 FELREM, 7147 v 27 CPAHOBIIE
HKO LB Th b [10]

A 2
SR = T30T3 (679 8.01),
A 2
10_?;\1/2 = 2.52870:029 (2436 — 2.618),

012/° = 33.8210 1% (31.61 — 36.27),
023/° = 48.6717 (41.1 = 51.3),
013/° = 8.6070 13 (8.22 — 8.98),
§/° =22173% (144 — 357), (4)
ZITxdlo 74 %EL, o lHNOHIEIX 30 T KL TWwDH. 375 CP AHIZOWT

EBER S CIIEEBAICKI L Cnhv, 28, wWbhbwb=a2— M)/ OEERBEMEDL FET 575
AR TIE=2— )  BIEREEEZ O LET 5. £  OERE RN EE &2 F Lo T
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WERPHLTHAL[11-13]. £z, =a— M) ZIREFERDINCS, FH~ A 7 0 s oslilie 5
—a—FM) OEEOHIZ

> m; <0.12 - 0.69 €V, (5)
L) BIRAE STV A [4,12, &510, Za— kY J LA 2 EA— ¥ HIEEERD 513
| M| < 0.066 — 0.155 eV, (6)

EVIHHIRBELN TS [12,14].

FEERT/EL L Am?jﬁijﬁ DEIZREEH L. Led->T, —2— M) JEHETH M OFBEFED
EIZHMESH Y, BEOEBRKETIZ=a— ) VHERITFIRIZEE > Tidw iz, KT, 3
EREIN TV BITFIEORTY, RLA Y B 2OFTTOBBIZEHL TV LTFHIEO—2TH S
zero-textures with zero trace ¥ [15] 2ZSIEL V=2 — V) OEEIHIE TH 5 LARET 5 ™.

Zero-textures with zero trace JE ClE, FTIEULDICHETHI M IZEENS 6 DOMV R HEER
DHD 1 OPEXATHHEEZER L. RO 6 HENH 5.

0 x X x 0 x x x 0
Gi:| — x x Go:| — x x Gs:| — x x
- - X - - X - — X
X X X X X X X X X
Gs:| — 0 x Gs:| — x 0 Ge:| — x x (7)
__ x _ _ x _ _

2T =] iEF MHPABATHCTH LI e OHPERLEREZERLTCE. FLTELIL, IhbHD
HEMHO ML — AL ¥uThHhELEHEZD.

IS 6 FHIHD zero-textures with zero trace JETlX, HEITFIO 1 DOBERPEUTTH D L)
i (M =0) 25, REMHIU L=a— 1)/ OBEm; B~ 375 CP A o ORI

Mi; =0 < UnpUjih +UpUjodg +UUjzAs =0 (8)
LWV BEASEANL. 512, PL—ARFOUTHLEILEHID
MAd+A3=0 9)

LED SIOLEN DL, R (8) £ (9) XD

¥ v B LOFTIDOEFIZHEZIE, one-zero textures 721 Tld 7 { two-zero textures X three-zero textures 72 &
FEZHIENTES. ThbonH L, ¥ans3 oL EOfTHIRIIERD SHREN TV 225, L H252 D0 two-zero
texutures (3 E ZEBED S 3P I N TR W3], Lo, (TTHIEZOTTRIEEZ S OLIMNIX T THA
I LI F Y B AORTIOFEEYBHIE, BTV EZEOFICEEIN E0OHOAICERT L L, THERZD
FIZ1 20X OdEEN TV 5 one-zero textures & D H, 2 00X UNEFENT V5 two-zero textures O )53
BRIZEV. SAUSH L CRIFFECTlE two-zero textures TldZe ., fTHIERIZEINL2 X UOHIL 1 D TH L HBTH| D
ML =23 XU THb L) one-zero textures with zero trace = WfZExt S & L7z, 2 ? one-zero textures with
zero trace JEIZH [ O] 272 0&HFEFNTEBD, two-zero texutres E[F LX)V TH v H 2OFT)OJFEE %72 LT
W EEZLNL, FEERIIZIE two-zero texutres XHERESNTIIVW R Wb DD, $sy — @ two-zero textures 7%
30 DEIFH THEEFES> TWIDADIKINTH L. ZD720, EERIZIE two-zero textures & 1) & one-zero textures
DFBERTHY, & 512 two-zero textures & [H L X)VIZH v B A DR %72 L T 5 one-zero textures with
zero trace & AW TIITAEN SR L L7z, 4B, AiTld one-zero textures with zero trace JX® [onel| % A0
L T zero textures with zero trace & LA TW5S.

13 —



AN, IR (Wu Jieyi), Jbtkidsz

A UpUjp —UpUjs A2 UpUjs — UnUjs

—_—— = 10
Az UnUjr —UpUje™ A3 UnUjr — UpUje (10)
MELNL. Ihhs, —2— M) JOEREOK
my A1 ma A2
SRR = —|= 11
ms )\3 ’ ms )\3 ( )
BLUO~3 7 CP M
1 A 1 A
a = jarg ()\;> , o2=garg (A;) , (12)

MRE L.

X (11) &R (12) 2 ERBAFR LB T2 LT, EREFHELZVWEBITIIEAFET 5 2 LA
WRETH A, Singh OETHIZEIC XU, 6 HHEHD zero-textures with zero trace JED % A>T, FEE
KRBT RRRATIIE Go B, Gs T, G, Gs TEDATHL (Za— ) J OEEREIEDNERE
ThdEVHBERITDLRVEGEIZIE, G BOFFSNS) [15]. AWFiE Go B, Gs B, Gy, Gs
EDHhEELZONRET 5.

3 =a— MY HEBTIEEARIER e v 7 AR 8

FREINTVDLAN T —fFIE 1 EEO v F AT DA TH L, MW A0 T —RFPHFEST L7
HY)LEZIEE, EHILH)—DAN T KAV HLLGENRS EMMIZETVERIETE L. B
NTWVB ey VAR TIX SUQ2) ¥ 7Ly & LTERT S, ZHIBLT, FHICIIRERD SU(2)
7Ly b (REROCy 7257 Ly M) 281 BEFET S L E X5 two-Higgs-doublet €7 )L 7%
e &N TWv 5 [16]. 2D two-Higgs-doublet E 7 IWVAIBAEAT D5 TR T-EEROMR & FIHET,
Ly ALy Y —RPIRLI2ETFTNE LCTEENRET VD1 DOTHA.

2L, Za— MY YEEOTE T, kb Y Y 7V 7% two-Higgs-doublet & 7V I8 S b FEAE
T5, TIUIY =V = AN Z ALV THL. —a— M) OEEIIMOFTRFOE=IZHA
THREWVIZN SV, CONSWEEEZ AR THRA AN ZZADPRESNTNLEY, TOHTH Y —
VAN ZANE LN TOLEEBERA N A LEFTERB AT ZALD1DTH5H[17]. ¥—V—2
HZAMEKRELFTTTY A TI[18-22], ¥4 7 11[23-28], ¥ A4 T 1IL[29] D3 2oDF A THdh5.
TAT T Y=V —= AN ALDHEEET D720 ELNSUQR) Y7Ly FOFED 7 2 )V I F 28
VETHAH., T2, FATUN =V —ETNVTIIRFERD SUQ2) N T Ly PAAT—PLETH,
FATUN Y=V =RAA=ZZALTIESUQR) MITLy DTV IF Uy HPRETHL. ZOLNb I,
Hiili7Ze two-Higgs-doublet E7IVICIEEEFN T, %2 T Ouazghour #id, SU(2) ¥ 7L v b A
NG— (F7Lv hewZR) ¢723ThLE, SUQR) M) TLy hAHT— (M) FLy by 7 R)

vy, vy
1 AT —V—AB=ZALICEh=a2— M) ) OEEERK
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AZBMLZETVERELZ[B0. ODOETNMIE M) TL Yy PAAT=DEEFNTVL7-0, |
LT 7 A YRYTAT T ITATRLIZIA TN Y=V = AN ZALIE b =2— M)/ O/NE R HE
DERATHEIZ % 5. Ouazghour 12 X % two-Higgs-doublet and triplet-Higgs & 7V DT IC L L
X, TOETIVIIREI Fo v Eeiln#Eis (Large Hadron Collider:LHC) THRGFEWHETH 5. €D
MEEREOHFIZ, VTP 7L —N—% WLy — eee X p — ey OB H L. T b IEENT
OEEBFHCIIERARNTRAFR TS TH 5720, IO OMBHEKPERIIUEL, REROFEK
T OHEAEDTRE SIS, Two-Higgs-doublet and triplet-Higgs €7 )V T, 728 213 u — éee DI
i

_ |yue|2|yee‘2 _
BR(yu — eee) = =F———BR(u — evv 13
(1 eee) = (5= BR(u — co) (13)
L5 [31-33)%). ZZT, oy @MYLy by FAEMEL Ty EOBIRES, GpldT7 o3
WEER, mpes MY T Ly My ZF2AOHMTEN £+ 2 FORTOEETH 5.

CIT, AT Y=V = AN ZXLDFD, Za— M)/ O7 L= "—8&E M,;; LHIKEy; O
B d 2 ROH 7 BR

_ M

Yij = \/QUA

ZRT 5 [31,34,35]. 22T, va i3 MU T Ly by ZAOHOPERSSA S DOHENTFETH 5.

CODEHIZ, AT Y=V = ANZALTIE=Za— M) JOTL—N—B& M;; LHIFEE yi; 7

13 ISR LTWwa, lio=a— M) OBEEAERA I = XATIE, 20X REMZRBERIE I

FESNEWF) . COFMLBEBRPS u— eee DHFIEIIZ=2— ) ) O T L—N—HEITHIEHK L

EFEICBRL T

(14)

1M 2| M P

B — eee) =
Rln = eec) = LT 4G2m1 ..

BR(p — evv) (15)

Lk,
ZZT, Za— M) J OEEITHIN zero-textures with zero trace TEDOBGEEEZ TCAH LD, 72& 2
¥ G BATELVEEE, M., =0 £ D
G2: BR(p—eee)=0 (16)

PEONDL. Thbb, p—oeelFRLTELTEZLRY. ZOZERL, BERENTWLLEY VR
KFoOUIMZLF T Ly ey 72 MY T Ly by FARERENLESE, LT T7L—=nN=0

*1) TL—N—%ZALEE5 LT by HBEOSE R T X (13) B LUK (17) 1F, 2009 4D Akeroyd 512 & % i
L[31] ThEEMm I N TV A L H 12 1 20 Higgs doublet & 120 Higgs triplet DA THK. T 5. ZD720, 47
Bl o (13) BLOK (17) OAEZ Z EARHTHRNTWS L 9 % 2 D0 Higgs doublet 1A TH Y, 1D
@ Higgs doublet DA T HfbR\y. EAKGHTIL, 2 2D Higgs doublet FTE L 72 & LTd TN F TOHEERE
BLERIFHEET, SHOMERERTHRIDTEETH S 2 & EEL TV 2019 40 Ouazghour &2 X 2 HTD
two-Higgs doublet and triplet-Higgs model [30] (275 H L7z, Z @¥HIE, Two-Higgs doublet Tid 1 ©® Higgs
doublet DATIFFHF SNV (KRG CTHERLTWI L7 MV HEBOUND) FRTHRLHFINDL LR D0,
WAL S OFRTFWIEEIER LT\ 5% Higgs ETNVENLTH 5.

*2) —a— M) OEEPEENLRL Y FAANZ AL TERSNDIHEILL, 2= 1) /07 L—nN—HEimL il
AT LA LIS T 5. ZAZOHREIIMO TS — M) OEEZEANT-OIEIEFIT/NS WY
NHEEPRETH L. Thbb, —a—tY /ey 7 ARTOHIEAPMOERT L vy 7 2T OB A
EHARTHHECINS K R AR BHA WY, =2 — 1) OBEEFBEFOL v 7 AX N ZALATELTWY
BLIFZEZIV. 07w, Za— M) OEHBRIEEEOL v S AXA A ZALTIE R, MOXH = XL THERK
ENTVDLEEZLENTVD.
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REEBELIED 1 D THD p— eee bR ENT25, zero-textures with zero trace @ Go JTEIIHERE
INLZT LIRS,
FICLT, LT P 7 L= N—DREFEZHE LMD IS IS % kO 55k
_ 1 | Mer |*| M| .
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BR = K1 P BR 17
(= ) = gy e LR o) (1)
4 zero-textures with zero trace XD 2 EHT 4. Gz BHBIE L WAL M., =075, Gy EAIE
LWIEIZIE My, =025, Gy TEDPIELWIEEIZIE My, = 00980 LOUEPH L. hrb

Gs :BR(r — eee) =0,
G4, Gs :BR(7 — fpup) =0, (18)

WY SEOVEDBH D, TDOZEND, T — eee BBUA S AL Gy RITHEBR S L, 7 — Gup DB
ST Gy B E Gy BIdHEE S S,

Doz s, =a—8) D7 L —N—EETHIH® zero-textures with zero trace X TH 1, »»
ORFEROST Ty bev ZAL M) TLy My FARFET D56, 4 EELEETHIEIE

o - Gee BB ENAHEE Gy . Gu T, Gy I
o7 — cee BHM S NH AL G o, Gu . Gs B
o7 - fpp BB S NEEE G T, Gy B

ThHhhEIERTES.
4 Z—a2—M)HEREITIIBE Y — 27 A NVX—E

Y= LA NF—DFERFEHICRERD AN G — IS S EZRBLTWVSE. ZOANT—
Y5137 7 L1~ (acceleron) [36] & 7° quintessence [37] & XIZN TS, ZOT 7L Oy PB=a—
N DOEREESETOLTRESRH SN TVA[36]. 771l Ory A 2G8GEF LT a—
M) VDEEGSA T Y=Y — A S = AL TERENDHE, =2— 1) ) OERIINEE M,;; &
BIREE vy & OBIFRIE %I

 2yu(4) (¢°)°
Mij = T om (19)

ERDBITEDPMOENTVS[38,39]. 22T, (¢°) 3F 7L v ey Z AORERSOBEZEFHETH
D, meg, PUT Ly by FAOHERGOEETHSL. 22T, ¥7by by 7 AE M) T Ly b
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AT —=NrbHETREVme bFHESINL. BIEHAT U POLETRELIANVEF AT — V353,
SRIZETH ST 2 TR AR TR TOMGES WHETH 5.

Z 2T, Za— 1N ODEEFTHII zero-textures with zero trace EOEEE2EZ TAHALH. 2L 2
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Go: A (20)

Mg,

Thb. ZIT, ¥7Lv by 7 2AOBEEMHFHEIBIHILGS (V) A0 THH, M) Ty ey s
ADEREBT me, #0 ZM72SHFEE SRV (b Lme, =07ET 28, SRALTICRD S
L CLEY. 72, ZLEIEEFEPOTRLZV NI TLy by ZADEAICL>TH A 711
V=V —ETNWIEEZ a2 M) VOEEEREERLTVS). L7257, Gy BAIELWIEAIZIE

Go:  Yeunt(A) =0 (21)
DY L7 TR S\, T bbb,

(D) Yeu =022 p(A)#
(i) Geu #0220 p(A)

(i) You =022 p(A) =
DOTRPPEREND. 209 b O (ii)(iil) TERAEE w(A) PHA TEL 22 LEDPDD. 1205, K
WCpu(A)=07232LK(19) £V, =2— M) VHBITHOETOERSHLLTLE). Lo,
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2
AL — Wit (A) (0°)
74] - mg M

0
0
0

(22)

LR, HEOTL—N—BRTOMAEDLETOR 1 (A) DHEZTEL 22 2 EHTREE 2 5. B
2L Gy EAIE L WIEAIZIE

Ga: yeuﬂeu(A) =0 (23)
WY 2T L Vs,

(1) Yep =022 peu(A) #0

(i) Yeu #0 D2 pren(A)
(il)  yep =022 peu(A)
DVBFTNPHPEY L TULTL ., BEOIA T V=V = A B = AL T, Gy BEAFIELWVE XIS
FEE yep BETICHRZ L, ZHUE (1) OBEICHS TS, LrLadS, —a—h) /Hy—7
IANF=LT7 7L ryaBLCHELTWVT, Za— M) JOEEPIA TN Y=V —AH=X
LTHL AT, (i) OHED L) IZHINFKEIESTED, e, (A) =012 5> T M, = 0 HRFE
SNTVDLREMED AT 5.

bEAA, TITOHEMEBL ST L7201, #E u 7 L —N—IKEEEFORRTET VO
VAR TH L., T2, 7L rOZALIIS U THA 2ELZHEE 1 D155 T, pe(4) =0
MEBREINLOIIMEPDT 74 v Fa—Z 0 FHPLBIC LD ENTFHENS., ZOHIEIRER
EDITHMR LD, G BAIEL K THBNEG ye, BESEND V) HEIZH L. 21350
RAEETLHE, Za— M) HETHOROXOEROPEIGINFHETERL, F—F7ZAVF—I1lH
LRI HHZ EERLTWVD.

BIFEEEIL TP 7 L= N—% W25 = ece R p— ey R EICHEEL Tz 72E 213K
(17) &Y

=0
=0

17—



AN, IR (Wu Jieyi), Jbtkidsz
BR (1 — eee) o |yuel*[yee|? (24)

ThHolz. TOZEDL, FHRkO=Za— 1) VFERT G BAFELWI EPHLRPIZRY, 72D u — éee
BERINZESTDE, M, =0 Z2ELEPHERERZ LN TGN E yep = 0 TERL,
pep(A) =0 Ziii7zd ¥ — 7 T ANVF— (Tr2Luy) THLHURESD 5
CZTRLEEGIBRELVT P T L= N—% B HED 1 DTH 5 p — eee ICHT HEEIL, Mo
BT L VT by T L= N— %D RIS 2 ERILINATE L. 20EELE0L L

e G EHMIEL L, 2D p— eece BIERIND
e Gy EDIEL L, D71 = eee WHEHEINS
CGuEMIEL L, 27— fup BRSNS
e Gy EMIEL L, 27— pup BHERIND

DTN DNFROER CHRINGE, F—7 T ANF—OIEEKF =2 — N/ EBEHEICERLT
WLT 7L arThHLURNEESLEEZ 5.

5 Fi¥

KIFFETIE, =a2— M)/ O7L—=N=BEITHIEIT v I L OFTN > TV HHEIIRITT, &
FERY v F AMBER Y — 7 TAVF—ENORBE 2 A Lz, 12, BERESI N TV 1750 H
TH, &4 v I L2OFTIOBIZEBEL TR 2ITHIED—2Td % zero-textures with zero trace 1%
BIELW=2— M)V OERETHIETH S EIRE L7z, ZOEETHIIIIEENICEER 6 DOEDS
HBHY, FATHRIZE o TG G, Gy, Gy IEO A DDEOARMN= 2 — M) JIRE)ERE FIE
MW EDPREINTV D,

9, KERe Y FAMEIIT 70 —F7570, BUERERINTWL ey F 2R TFOMIZH, 577
Ly bew 7R M) T Ly Ny ZAWHFELET S EFEZ S two-Higgs-doublet and triplet-Higgs &
TNVEESE LI, ZOETVPIELWYE, £EKL 22— M) OBHETHIRE (1) p — eee 23
SNTHEIL G, Gy, GsETHY, (2) 7 — eee DB SNTGAEIL G B, Gy, G5BT
HY, (3) 7 — pup VBN SNGEL G, G ETHD I LWL IR o7

WIS, =7 T ANVF—REICT 70 —F 3578, ¥F—7TANVF—DIEEFE=2— ) 7 LR
EROT 7RI U THLETNVEERE L. ¥F— 7 ZANF—-DIEFITEITHE TV 528 (1)Gy oA
ELL, 2D pu—eee W END (2) Gy ESIEL K, 7D 1 — eee 35ERENS (3) Gy TEASIEL
<, o7 = app BFEREINDE (4)Gs EARIEL L, 222 17 — pup BFERINDL, OWTIrhIFEE
DEBRTHRINIGE, ¥F— 7 ZANVF—DIEpy =2 — M) EERZICEKRL WL T 7Ly
THLREMENH D EPHS IR 572,
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Abstract

We developed a cylindrical electrode with a semi-cylinder outer conductor to achieve pre-
cise dielectric measurements under high pressure up to 1 GPa. As feasibility tests for the
electrode, complex capacitances of ice Ih, II, V, and VI at 1 MHz and at 230K in a pressure
range from 0.05 to 1.0 GPa, and the frequency dependences of the permittivity of ice II at
230K and 0.20 GPa and ice V at 230K and 0.62 GPa were measured. According to the re-
sults, it was suggested that the sample in the newly designed electrodes is under high-quality
hydrostatic pressure.

Keywords: High pressure; Dielectric spectroscopy; Electrode; Ice
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B LW YR G E A O B 5E

1 # =

RIENFERE, WFEEEE BB PE— LT 5 L) BERT, PHERICBWCIERICE T
THb. BENTICBT2PMHETE, 1JEOEBETHONL L 0T (XMW, P
L, o) 2 M) -, BRESIERTE, BRI, SRR L) PHwLRTWwS [1]. FES
IR OBREFEROREBKGEEZMET 2 FHETH Y, <A 78 VI HPETIAVY FTO
MR WBIERBEEZ RS, 2070, FESGELHVS 2 & TIRL R (X 78256 ¥ afibft
) CTRILZEHMABREABINT AL TEL 2. L2L, BENT COREREHEREOFES
JE T, TH—7 L% 2 BBOLTERLEMNTOEHKEEDOREDRK & %> T, BWEFEEL K
BICHET A EIIBESH TR,

INFETIC, BENTTOFEDLEDOODOEMMPLHMFE SN TE . FIZE S N EMIIEEH
fai B & SPATSEAR 0 2 DI KRBT S A, [l P {7 8 FEAS L PO IR 0 PRERSELAAR & P fT IR D AR E A S ] L
WCEESINHBETH ), WERER & AEEROBEICTE SN R OFEXR L MET L. ZOEMK
VR L R85 L DSHEECTH 2 DT, EIEL R OREMERE LA X 2 BROTLIR~D %8
o Lo, BHANEOGEOFEKERIZE. B2 1%, Johari 2 & 2[R R B & Fv 7z
BIES T COROFEEMCET A TIE, BEHDTTHEIEK (ce V) 25ROBEEKM (ice VI)
W AHEERE § 2 IR O 2 L 72 2 LM ST 3 3] ZHIEEBAEEOHKE 2
CENFERTHLEEZEZONL. —F, TATTREERIE 2 ORAT 2 T E EME L CTHY, ER
A % SIS T S A O RFER L MET 5. ZOBEME M L 72BEEE T T K
BB 2 B OBOKIEED R 5 NS, Lo, A OBRHMERR O ZALASPAR M O i 12 e B % K
IELRTV. 200, BEROFNZ —BICEOLZENTEY, BENT CHBELEZFERONE
CIEAMETHSH. Yamane 5137 v I~ VEIOFEITERBIEM % 72 ice VI OFFFER T
FELTWAHY 4], HFEEOME (1.1 GPa, 297K T 105) (& #lH AR 2 F v CHlE S 7z ice
VI O HFES (1.1GPa, 297K T140[3]) £V 25% /N& 2@ LT3

FRRO L2, BENTTOFESTHEIHCONTE BRI, BESLENOEIZL ) I
BB Bk, ERMEIREZ 25 S8 5 2 LD TE R WIEZEIREICH 2 B ORE 2 IEICIE
BTV, KIFFETIE 1 GPa B E E TOBIET) T TORBE LR FESCIE DM CH#L %
TWIROBEMZFFE L, KOERFEROFEIARAE O TR KD S EOBMOVERE % 5HE L 72

2 PHZE LMo FER & Gl 5 1k

RIFGCH L < B L7 T 7 B TR A % S5 MRS & LT, AMERIEIR T do 2 PO 61 R0
D RGZIGRE L7 %L 2 EARO FERA 1 (a) 12, EERZR L(b) IR, BRI, P
SRR ES 3mm, 1) K HOIMBEAKOIMED Tmm, WEIX 5mm, 260 12 8mm Th
B SMEREG YD K L CERNEE TRFABAKERSE SN 2 LA RN G, JOBEE
)R EEE] LIRs. EEOWETIE, 3 BREERNCHE SN 2REOAE R CEDIT
V27, RLLER R R, SR EREEE S L H1(c) KA Ry YY) vy —
L7 8210000 & M- TBRE, BV, BURA R0 MR % R+

BI% L2 BRSO 72012k £ ¥ U 773 AR L 72, KIS RS H0 2 L4315
NTHD [5], M EICERN RN RE 2720, BEN T CORBSMEOBEE L LT LIZ
LIV 55 [4] HIEHE 18.2 MQem Ok L BRE £ > ¥ AL F 70 2 b 2 SEZECH A



e e R, SARTF IR

(a) (c)
; ¢ 7.0 mm R i
A " A ER LY
bl @50mm Uk K
i 'i i aﬁ*—ﬁ 1 cm
[l = SV
i fu7 474 F
— &
3 §¢3.0 mm
) -
8.0 mm
=
Yy E— KR by

B1 B2 RS BRED () LHE, (b) FHEEE (c) EX b o) > & —BIEHERIZND b - B,
BB SEAROBREL 00 MO BEAHLLEE, SMIOMEE S T OBESIRER TS 5.

L7z, BEREZEA N2 v —BIORENEEICND, WMETLVAZLIYEZX P VIZMA AHE
Zay ba— VL CREHIEDZMA 7z BARMIZIE 230K I2B8WT, E% 0.9MPa/sec D#EE T
0.05GPa 72°5 1.0GPa FTIEAF v >~ L, 0.5 HE L%, FL#HST1.0GPa 225 0.05GPa £
TWEAF Y Y Lz, EHAF Y i, CANCOBMEENEE (f) 1MHz TOA Y E—=F v A %58
BIHIE L7, 4 Y E—% v 20#HI%E 121 Solartron #H34o SI1260 # i L7z, WEILRAEE L
L—%— %mwf2mKiO?C®ﬁl JHEE L W) REBEOLBOS S E LCRLES, WHE
OB, PEEEAONMEENET, Y1) R E D WEEMENER L W CHBEOERE 772 U
Mtés@tcw B [FEEmS] LIER F72, FHEZAXvy U3 HEICMAT, ) REEMHEH
WT 230K, 0.62GPaliBif%ice V &, 230K, 0.20GPa B35 ice 1 DA ¥ ¥ — 5 ADHHEEK
A% 1 Hz 5 10 MHz CRBEEIFT 1 LillE L7

B 2 \OKDIEIREMM 2779, RKIEBIEHER SN TV 2 7200 T 17 BE O S ST 5 [5].
AW TIE 1 SETOREMTH 5 ice Th L ELFEMTH 5 ice lc DO % BHIK LIPS, ABF
RCEMLIZA Y E—F Y ADETAF v ¥ JlEOREHZ R TR L. 230K TEEEHIEIIZIG
TiceIh, icell, ice V, ice VIIZ72 2 Z &I NS, EBEKE 1 KE! {U@EL’CH%?(LZﬁkilce
2B ZEFMBENTVEA, 230K Tidice [c IRNLETH L 720HEHIZ ice Th IZHEFET 5 [6].
LoT, WD L THEHS ice Th 1272 5.
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300 .
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= 250 —
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E —
] -
= i

200 —

C 1 'I 1 1 | 1 \I 1 1 | 1 1 1 1 ]
0.0 0.5 1.0 1.5
Pressure (GPa)

2 KEKOMM. [5] FHUTARIEDOLETI A F v VMEDREHEZR L T b, FERORMIILMIC L 2IRED
FRAEBERIOR L.

3 WRLEE
YR EBEMOE S HMICEE W OBR M %2 BMETEICL VRS, ZORKEERK 3 IR L.
My o osrEsEmir, BaoifshEBituThs. AEARISEETHY, BERWITHER S
NTWabo, ZoHmdBBMXOE LTEHELE. T2 19— N"—0OHHEIITEEHEMNTH 5. 3
Xy, AulER E ARER ORI OB FRESMBOMEB E KK L CE L BV EXbRb, T2 &

5, YD REEMEHD L THULER L SEREADI I ALE S 2 3B 0 1 > ¥ — 5 v ZH55FH
ENDHEEZEZOLND.

0.18

0.09

0.00

gL

X

X3 FIELZWYRESEMOERDMOLTN. HETRLIZBIPEENL, ROOMr»EBELLXOTH L.
BOIVEHOBREBOTFIIERNIIHED L 2SR ROBRTHL., 77—\ —OEIIEEHNTH 5.
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I % RUEVE, SEARITIR

WIS, AWEEY ) R EEMD L AIZMFEEBDHE A S NHEER OB OE RO W TR
5. [M4() ICENAZY VHIEICEVESRAEER DO (d) OEIRELEZRT. d 0%k
AEOFREEMICERL T2, HAES ) R EERE MNEEBRCRR L7290, MO — L%
A3 8070f L. BarHEFEEo 7oy b, #Exx 70y PCRL. 2HEEE 508
WEAVTHIZZFA CENCTRBRICEZRT 2 L5, d DFETKGFEIZ OV TEBOECITHER L
o,

FPIEEARICER T 5. 0.28GPa, 0.41 GPa, 0.79GPa TE7% d OZALAERI S 7z, KIZHK
EBEBIZIEET 4. 0.54GPa, 0.27GPa, 0.15GPa TE¥ 7% d oZ LBl E Nz, SnosD d o
B BRIGET A% d PORDIEBIEIE LT Py LERTAH. HKEDOEL2S, &
% d OFALIE, IEBERE BEBEOLESIZBWTY, KIEMA D ice Th & ice 1T DB, ice IT &
ice VORI, ice V & ice VI OMOHEZBIZXIE L TWAE I E2b2s, INEERE L HEEET Py
PELELDIIEATN D) VT —DBEBRIIEIZDOLEZOLNE, NEBELFLEBEED Py 205
(P + Pyyn)/2 £ LCHEIE N 23Rk 7z, £ 1ICIE#RE, BEBEO Py L 2050 ES,
MR HRD AL, Prx e RLIRT IO, Py OFBEEND Pr & BBLh—3

C'1 vu. (pF)
)]

.“O“.......W

4L J

3 i L L L L =

00 02 04 06 08 10
P (GPa)

REB/BMR, FEOTF—FIZMEEmOM
T — & OO 2 — VB PR
L7

e yen

TE AT

L7z,
WIS, WY REEBD L CZHEEBTIE S 7ok 0RO RGN L B HH
201 @ - ‘ 1-19
-19 + y 17
Tl ﬁ 1-17 o
E 17} ///ﬁgy///” 16 g
E g
M 1-15
— Yy REEMm 14
sl — s | |
-14 & I L : : - o
TR T ‘ ‘ ‘ i
(b) - .07 ﬁ“:“
ST L ppbott 1
S e

M4 (a) YA YZEME (b) IMHz IZBITDHHRF ¥ /30 ¥ v AOEJIOEIMKEE. BRo7— 51390
ExRT. CANEMOT =5 ERRLTEDD 200
A F ¥ v Ol e ZNZNERE 0N E x 70y TR
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®1 YR MroZ, MR, HEF v/T Y L AOEBHOAERE 2L 5RO AR T,
HHERIES (GPa)

P fe
¢ Pr 5] o 5 Y1) K X A
E  BE A E BE IE E PR

ice Th <» ice II 0.28 0.15 0.22 0.20 0.26 n/a n/a 0.28 0.13 0.21
ice Il <»iceV 041 0.27 034 048 0.56 0.26 0.48 0.42 0.29 0.36
ice V4 ice VI 0.79 0.54 0.67 0.62 n/a 0.51 n/a 0.79 0.52 0.66

ET—FIZG R BBV THERT S, M4 (b) KENAF ¥ YHEICL SN2 1MHz TDA ~
E—F Y ANORDIERF v /30 8 AOEHE (O] \yg,) PHEIVEEERT. O IIEEFEX
DFEHHS () LITHAMERICSH L. M4 (a) EAKICERIEKEOTT Y b, #ERiEx 7Ty
~TRLZ

)R EBEOWEEEIOVTHENS. MEBRIZBVT, Oy, & 0.28GPa, 0.42GPa,
0.79 GPa TABIZA(L L 72, BUEBITIX O]y, 12 0.52GPa, 0.29GPa, 0.13 GPa TAMIZZ(EL

C MR ERERIT O g, DS E K —EL 72,

wiz **é‘-éﬂ@(ﬁl ERRIZ OV TIEAD, MEBRIZBNT, Oy, 1 0.26GPa & 0.51 GPa T/
BICEAE L7z, EBITHET % LRI O gy, EHEIN L 725280 2Bl S e o 72 T
BT chH I 0.51 GPa & 0.26 GPa TAMIZEIL L7z, B LT Oy, D—B L e oo 72,

2ODEMTH LN C) ypy, PRI E BT 2 &, YY) REEBWD Cf g, PEHIF I FHERO
C v, PWER & B L CTHEL ORI 0L ) SR 2L ICHIN 2. 4 (b) OERFEERDOFEH
(O] yp,) OEMBEAHD SROIEBIET % Po LEHRT 5. WY REEMD Po & Py, ice I
Mo ice VAOBBIENZRWT, BBUA—H L7z ice I 75 ice VAOBRIEIA—F L \WEL
HiL, %TiEamT 525 ice Il ice VANRELZZENFERTHZ EEZONS. —F, MEEHD
Po & Py i3, WIEBRED ice VA5 ice IO ZRWT, —HLaho7z. 72, M4(a) &K
4(b) 05, YY) REEBD C iy, PZEALIIHBGEBRD O\, PEALERZ Y, d DZALIZ K <BHE
LTWwaZenbhsn, ZhonZ brh, Y) REEBATEOFEHIFEEBANIMOZE & EL T
FETIDOZALICHBIIIEE L TV 2 HE»bh oz, TR ) R X EBISMEER L D b B2 HKEE
ERTIEERERL TS, F72, MEBEKETO 0.9GPa 5 1.0 GPa OENHPT, 4] K X Bt
THIE L7z O\, 1FIEIE—ETH o720 TIUINMIEBFED ice V 225 ice VIND Po (0.79GPa) ff
P CTEBANTOREP T TMER L2 L2 BR LTS, (ERHAV 5T & 72 I R I EmE Tl
EARANFBOD ice V A% ice VI NFEEIHMEEE T 2 720 IR ORFBRHZZE L Tz 3] okt L, 1)
) R & M TR B R AR |24 2 L AVR S NTC.

RIS, BAROFFEME L LT R EBMOBMAER (Cj gy px) EFEFR (Cypoy yyix) &AM
b2, M5 ORI EEEFER (eon) OIHET, HEMIZ Cf iy, 278 L7 Ice Th, ice II, ice V,
ice VI D g (ZIREE, ENCHEVKGE LW LG SN TS [7,8]. 70y MIEFHFEERM2

SEF I ice Th, ice II, ice V, ice VID T =% TH L. Bl 7y MIMEERE, BT &I

BT, HEPTPIHER L2 ERONDLENTO Oy, € 7H Y b L7z, FoOTO v Mice
IT & ice VDA Y E—=8 2 ZADRBEEIKEEDS Cf g, THEHL 70y P L2 MEBIED ice IT D
T &ZBRNT, IRNTOT=FP—20EMEIZTHy bah/, Lo T WE#EED 7Ty MM

BE#REHN =TT 4074 Y TR, BONTCEROMES LORD5, C)gyxx (& 0.56pF,
Cutray y iz & LTPF ERGEL 72, —HT, FALHA ZOMEESR GHPEAEONE a = 5.0mm,

B

&

E
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CEAOIMED = 3.0mm, HE 1 =80mm) OFMEE (C) ) ZEHETHE Cp ey = 0.87pF &
%, Y1) REEMOAR L WERE S HEMOWEFHHE OS5 THL I &L, G REEBDOID
BEROEHOWMONEP AR TE RN L2 E UL, C) gy rx P Cy gy OED 1/2 L AL
REWMETHZ Z LIEFIHEL TR, JIEERO ice IT O O\, PHEMH? S IS BN
LT, BMREMIC X 5B X ) B ICEBRNBORB ORI Z2imEs LA (M3 h, HE
DEADIM) L, e D/INE 7 ice IL HERTHIN 0o DRE % ice VICHEER L2 EDE 2 HNA.

4.8~ T T T T T |
44 a
o
3 t J
s 400 ]
=
_— ice Ih —
© 3.6 e it

I O fEEfE ||
32 X R

L L L L L m
30 35 40 45 50 55
Ex
K 5 iceIh, iceIl, ice V, ice VI ® 1 MHz IZBIF 2 HEFX v /83 ¥ v AOFEHH L BENFETOMMKR. B
o, i, Ftho7oy MIFNFIUNEERE, MEERE, BEEEFEI N LV EsNT— 5 2RT. R

BOEFITHREBEDO T — 7 120h L, /A FEIZL D fTv7e.

RS, VD REEmE S SICFEL KT %729, ice IT (0.20 GPa, 230K) & ice V (0.62 GPa,
230K) 122w, HEERINCE VB LA Y E=F Y 28 Cpyynx. Cypay iy sz POHEML
PR FEROREBRGEE AR 6 1R L7z, 6121 230K, 0.61 GPa T ice V OFEMITHRE, #%
FIRER, ®REEMOFEROSCHE [9] 205 B L 2 ERZFEEROBEEKFE L, 230K, 0.23GPa
T ice II OFEERD JH WP BUKAFED SCHE [8] Z M T/R L7z M6 1IRS N5 & 912, 300Hz 25
5 MHz O J& 3 55 P C il e fif & SCikiE DS & < —F L7z, 300Hz LT O R PEE T ORIEE & SCHE DA
—EL, EEGRE ERERED L L, WEREISEMICESL L TOTr — 7 VEGFISERT % ¥
ATFITA VI BRIT—ICEAHbDEEZENS. 5MHz MLEDEEE T O EM & STk O R —3k

r T T T T]
100 | ie ks

F 7u oy b FEIE 5
i Sk ]

. 10¢
% i

« 1 E 0% QQ‘O E

T %o ]

[ : , 0 ]

01 ?/,o OOOOOCCOOWOO Ooot?\\i) ]

E O~ 3

i ! ! ! S

2 4 6 8

log [ f(Hz)]

6 230K, 0.62GPallBl}3 ice V & 230K, 0.20 GPa |28 % ice I OMEFER O FBEIUKAME. M
1X 230K, 0.23GPa l281F % ice I1[8] & 230K, 0.61 GPa IZ3B1F % ice V[9] DHEEFEZR O FHE IR
FHOHMETH S, BYO>RLoT 0y P EERITERR, HkEo7oy b e AR LRy,
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FHERED»SBMICEL T TOTr =7 VEHPISER ST LV AT T4 v 7 27 —=PEKRTHL EE
AoNb, Fiz, ice LIIFBMIIAE U TH 5720, HRFBFROBHEOLIME [7] 12 0 TH 5725,
WEMIX 0 Tidero/z, ZOAR—HIT/ A ARERIORFEHITERT LIV AT YT A v I/ RILT—
CEarbnsEzoNs, HHEN7zice VORWHEER (117) (3CBME (131.6) [9] L BT 5 &
10% NS BMETH o 72, AWFZETHFE L 729 ) R 2 ERIE Yamane 5 D35S L 72 AT AR R O 54
72 (25%) LD /NS RBETHFEETMWETEZLI RSN Lo, H1GPa FTOEENT
T, JC)W)K%%Tﬁﬂi%ﬁfaﬁﬁéﬁ@ﬂ(ﬁiﬂﬁﬁIEE@(EJ WKHERTHAZ EAVRENT. £z, TOREDR
5Cogprz & Curay iy iz TRET 2BISEEIKOE AW FERIINZ THFELLMEN T2
LT, SHICIEMRIENTRRIZZL EEZEZLND,

4 &

EE T COFEDCRED 72012, [FEHEIEEROIEREERZ ) ) R\ 7cEM #7212k L
72, ThEFHEYT 572012, 230K, EDHEM 0.05GPa 2>5 1.0 GPa I251F k4 229k 1 MHz TO
Ar¥=5r2k, 230K, 0.20GPa T ice I, 230K, 0.62GPa TP ice VDA ¥ E—% Y ZADJH
WK 2 WE L7z, ZORER, KRIFEThgE L-EmIE, TERMH SN T & 7-FiM&EREMR L 1t
B L CTEBNTOFKEESEL2Z L, 8 1GPa £ TOEEN T TORFFEERO BREARAE

TR 10% IEETHIETE 5 2 EAVRENT.

IKDFEETEERIZOWTEE % < 728 - 2 EN TR TR AWE - MR O = BB RICE#H
5. AKWEFeo—iiE JSPS BHf# 16K05522 OIh % =1 THATE 7z,

BEXE
1] FF E5 HME H= R Bl &F 8 E s BTy 27 B, 2007.
[2] F. Kremer and A. Schonhals (Eds.), “Broadband Dielectric Spectroscopy” Springer, 2003.
[3] G.P. Johari, Dielectric properties of ice VI at low temperatures, J. Chem. Phys. 64, (1976), 4484-4489.
[4] R. Yamane, K. Komatsu, and H. Kagi, Note: Development of a new Bridgman-type high pressure cell

for accurate dielectric measurements, Rev. Sci. Inst. 88 (2017), 046104.
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Abstract

To study the dynamics of ice, broadband dielectric spectroscopy measurements were per-
formed on partially crystallized bovine serum albumin (BSA)-water mixtures with BSA con-
centrations of 2-10 wt.% at temperatures between 123 and 298 K. Three dielectric relaxation
processes I, I, and H were observed. The process I originate from ice and, the process II seems
to originates from two factors of hydrated BSA and interfacial polarization. The process H
has extremely low activation energy and it cannot be identified. The relaxation process of ice
is composed of three processes in 5 wt.% and 10 wt.% BSA-water mixtures and that composed
of four processes in 2wt.% BSA-water mixture. The activation energy of the ice process at
the lowest frequency side did not change at temperatures below 233K in 2 wt.% BSA-water
mixture. However, the activation energies of other ice processes at higher frequency side
change at a temperature lower than 233 K. The variation of water BSA interactions bring
about a variety of ice mobility and different temperature dependence of relaxation times.

Keywords: broadband dielectric spectroscopy; bovine serum albumin; relaxation; ice
1 # 35

WRICHED L LT DA TH LK, BAbOHGETEIIEFICEEREHERZL TS, £
725 O HROMEHIIH) 60 % DK EAEEETFTHD Y /87 EDBKI 15 % THY), K&y Y87 ET
3/4FEEHOTND T EP— BTSN T W5, KIFEERESTTHAZRITCHEEZ RODICEE R EEHZ
HoTWAB EFBRC, BEROKOPIHEET S 2 L2 & » THEAES T ORE I BGER)IC L A& S
ERESTCEFOWENEHTLIENTEDL. T00, BEBGTTO12TH D5 /37 BIIhik s
NIZIRETITABM 2R 2 ZHL L v, ARG T O/E ERREOBRIZE SIS N TV 525, K
TEE), F X BEORERS X, BXUERERSHOBRIIERAEIA LR ENL V.

3 FIRVE O 53 F- BB O B T T P T EGELE R R IR, SO TR, LR &
Ab0O0HL. INoOBMFEOR TR A D 2L EEE S L (broadband dielectric
spectroscopy: BDS) (38 & Ji W #iFH O s, R EE A lET 52 25 T& 5. BDS 1, uHz
76 THz QIR EBHFHOFEEZWET S 2 EOWEETH Y, BHIEEH & L Tldds L2 108 B2
51072 B F CORVEMFER CHERMZ BTS2 LA TE 5 (1], Z OFBMIEMEUL RS TKE
M CIEARFNEEH AR & W5 T O 5 FE ) & R 2N S VKO FEB O 5 %2, [FIREIZIA W IR
HFHCBINT 2 2 L TELE—DHETH .

MR OIKOFERANCE T HUEIIIL TN TS, MUKOKOFEFMIIFEBRIE -1 2
B S 5. RO DR OIREERFEA 4 B 2 REWLZBNGIAS 2 25 5. 121
Auty 5D L 720KDFEMTH 5. Auty S A L 729K O#EFN ORI H LB S 117z 273 K208 K
DI EF P T AT OWEHAL T AV F—, E, H—ED Arrhenius B O ERFEZ RS [2]. —77,
Johari &SI L 72K O OMEAEEM 1X, 240K DLk, 240-170K, BL 170K LT D 3 20
W% 572 By %R L72 (3], 240K Bl Eo# b &5k E, 13 53.2k] /mol, 240-170K O i
R CIE 18.8kJ /mol, 170K BLF OIS TIE 46.4kJ /mol ¥ #5272 [3]. ACTik B, 21
L WK OB ORRIB I O MEKRTEE % Auty B, B, BT 2K ORI O5RA1R I 0 AR
% Johari Bl & 3% . FR A 1K OREF] OFRAIRE [ O EEAKLE DK O T FNAMAF S 5 2 & 2 i
L7z [4]. BEABRICHIAKZ GO/ IRECIRE % 5K /min T FFKE S 872K ORI ORI [ o i EEAKAT
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PEIE Johari BITH o7z, —77, #K%E 265 K THIE L 22 A 5 IKAS S & 72K ORRFI ORI 0 i BEAK
FYEE Auty BUZIR L7z, SIE OFEFIR R OIRFEARGEED @, KO ORAIR G &K RAES
BAK % EORFWIN L IEFRIADENDIEKRTH B EE 2 5T 5 [4]. Bjerrum (ZKDRELIA
KiaL LCHED & o722 DOKG T OMREMIC 2 MOKEPFELET S D RigL, KESHFLELZWVL
RBGIZ & BT REGASHBARFIBEE SRR L T 2 L3 L 72 [5]. KOFOKSTORERIZE S D, L
REGDAWIHBD B, 1% 54.4-56.1kJ/mol & BAED H5NTHED, Auty 2545 L7z E, X Johari Bk
D 240K L EIZBITD B, & & <—3T5. —F, KOH X HCLA F— 7 EN/KOFERACET S
W% TId, KOBHOBERIER O B, 13 31kJ/mol Th 2 2 L BHESN/[6. ThbDEZI2ED
&, KEHBEET D EERALEEM % 220 THEIT T 2 2 & TR OE S O R EARE TR S, Kk
DAEINZE EN DA DD 7% 72 5 2 & T Auty BIORBHIFEHE OREMRFEZ R I KPER S D &
FRIA]. —7, BRI &) A AIOKOFE 2 SPER S AU WS, A 4 LI K BT
KWaAaKIZE S EFEN, PTROIRERT E, #V/& { % % Johari B o> 41 o il AR % 7R 37K
DR EID &2 B [4,7).

F 4 1 Poly-vinylpyrrolidone (PVP) #13 U &3 5 5HES T [8-10], KiFHLUT CHED F 17
55K (RHK) OREBENPLVE T F 0 R REERE Lz EELFOGETE OSHINTW S 7 Ul
H7 V73~ (bovine serum albumin: BSA) 7 EDAMKE7F [11-16] DKEE D 273 K LUF THIM
SN EBINCETAME LT TE 2, T VMETNT I VIZERIRY s BT, Wiy, #
FEDHAMT, RSN 2 AT TEL I 0D, FRIKY VY BOGTEBOIZIZ VS
NTELREHLRERIRY Y2 BD 12 TH 5. 273K LT OWE O KERILELIRED ki 5
F L BEBIREE VKK L 2 \WRISHT 2 2 SRS . kEE L 72 KIS CTLak A5k L 72kHH &
KAE L TR WA O 2 DOMICHEET 5. ki LB a TKBHROFERE BDS THlIET 5
EFRITEGT O, KOMEM, FHKOFER O 3 FEEOEMAEI S 5. KOFBRIIKOHTEZ
D, @5 EABURORERNIIKAT L T Wi Ec & T2 &m0 EKISGERS 5 [7-16). &5
(ZEEMBRR B L UOKAR L IRMEEAR O 2 AR T 5 2 LI L 2 RS BRR, HRERRE (do) W
e EORED FRICBII S L. KR L7z BSA IR 40 B L 020 wt.% @ BSA KW [13]), €T F ~
HEEE 10-50wt.% DX T F VKB [11] 1I2BWTh, FikIK, BETHL BSAREITF, BLY
IR D53 F BB ALK T 5 3 FFHOFEFIAEIM S 17z, BSA AKIEWIZ BV TOKO R ORI 1%
Johari OB EZ R L7z, £2ETF ViRED 10wt.% b0 ¥ T F LK T S 72k
DOREAN, H— O CHEZFERELY — 751 B S, Auty BIOAEFIREH o I B AR % 7R
L7z, #iKkoK, b L IEZRIEEH OIK ORI O M AREH O EEARAF %1 Johari B 7% 2 56 A3%
B, X ITF VEE 10wt.% D LY 5 F LK OKDOEMEEIL Auty I TH B 720, Y5 F Vil
10 wt.% LLF DAY T F 2 i FEKE T %2 FOK ORI O #RF1 R O 1R FEARAE DS Auty B> 5 Johari
BNZZALT Bt 2 7z, 15wt % €T 7 KB D BDS Mg 21T o728 2 A, IKOFEMAS 4 S
B2 N7 [12]. 4 DOKOEMOHT, fig bARSE WA O IK O FEH O FEFIEE M O T EERAE L Auty B %
AL, M0 Johari BlZ/R L7z, THHOMFEICZED 10wt.% P EDOXTF VEOEXY T F 2 IKERT
IR DK DARAEEH OIS DS Auty BARTHEE LT, ¥FF D75V Ay M7 — 27 HKDHL
BEHET 2720KP@ o ) EREL, AWOD R IRDSER S N SRS 7z (11, 12].

DIRTEHI L 72 20 B X UV 40 wt.% BSA KEH TIlX, WHIEZKOFEHNOE =213 1 2 LBl sh<
WA, OB ZE L BV EKOEME ) FCHBTLIENTE o7z (13]. T/, KR
TIKAG L2 PVP IREE 60 wt.% Lh b, B X UUKEE L7z 50wt.% LT @ PVP JKEE DK DFEF & A
HUKDREM 2 i L, 180K PAE Ik L 72 PVP K& TIIK DA & ABHIK OFEFN D3 F 72 % JE WL
BB S DA%, 180K LUF TEAHBKDBEHNIKOEANIN TR AR 2D 2 EBHLMICE
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N7 (8], 2 HICHEROE T F Y IEE 5wt.% T 0¥ 5 F o KT Tk BRI EEEN 2 T
212, ZOMEE ST 2B & DRTHE S N7k L7 BSA KSR CRIUKICEE T 5 L R S 1
I [13] AKOBHITH D TRNN DD EE LD ENTED, F72 1 5wt.% €5 F 2 kG & [k
12 BSA ZKIETHIZ b I EECOROBRA BB S N2 = E AP SN2, KBTI BSA AR
BDS il %17\, HHOKOBAZBINL, = OEMOKOFEROWHHE S 12T 5.

2 Bk

BSA KB IX, BEIC Sigma Aldrich #H# 0O 5-F &A% 66,000  BSA, #A#1Z Merck Millipore
T OBHK I R & Simplicity UV I & o THE S 72 P 18.2MQ - cm D #iK % v 7.
BSARAFLZOOZZ0F FHKEEAL, 2,5, 10wt.% BSA K& FHE L /- MBI E
MM OEMEZ HH L7 FEFENEEHMO Air, Acetone, Methanol, #iK%Z Hy, BROZMAR
Co =4.80 £ 0.05pF &, Fi#EAE Cyray = 2.73 £ 0.07pF Z K72, BDS %% 1 Novocontrol
8 Alpha-A Analyzer % FVvy, B %% 10 mHz—10 MHz T BSA KB R OERFEE L UE L
7. HETRE SN CEM E 10K degree/min DG EIHEE TR 2 NIF, BDS HlEZ217T ) imEISEL,
+0.01 K DN iR EREFHOZEB) TR 20 4-RoE U724, BDS M2 BiA L7-. 2908 K123 K O#ipHIC
BT 5K A THIAKSE L O BSA KB BDS Mg %175 7.

3 RIRLEH

112 10wt.% BSA K& O 298 K-123 K DI FEHIFH D 5 K OB FFERO BB BURGAE 2R
T L72IREE Ol b SR TR S 7z 208 K OB EFEELSE M CROFEREOK & 2% 7R
L, 1MHz LT O R Es CRBSBASBH S, mEOET & & b IEBREMICY 7 M35, fFICK
LA 263K & 258 K O CEIM SN 5. 263K 128V, 40mHz 5 30 mHz O R THEED
KREET L2, ShidBERERE T BDS HIEZ1T- T h 720, BSA KEHSBESHNZZ Y, 263K
2BV T 40mHz 75 30 mHz OFERMEF KK L2 EZ 2 6N b, 72 BSA KIEWAIKA L7z
258 K DT O &S CIXFEREO F BRI S LERNTH Y, FAKREOFEEOMICKE 2EE
Ze CHEAEICEL L TV B 720, 6745 2K S o Tz v, BSA KEWAIKAS L 72IRED
258 K 1238\ C 10kHz f13T & 300 Hz 3512 2 D OMEMIAEE S, @AM S THEM, TEmE 3
5. EICBWT BRI EE BT & & IS SICHFRFIRE L R L0 LEMRS
WTHD, [FHEME TEANTREORT & & ITHERMICS 7 b5, 2512 168K IZBVTHEIZE
BB CRlRE LT WA TR OB AN B S 7/ S e difil 2 HfEME § 4. HEME T IR
EERY, REOKTIZE b % ) MEERMA~OBE DI IT/NS v, 2wt.% B LU 5wt % BSA KiE
WORBFBERICBVTH I, O, HEMZEE L2 S5 TERN & BRSBIZZNZNATHET
X2, BEFROMKEMMNIL de B & BRSO ENIRKE L MEMOFEHRLE — 7 1IN
NTHERT LI D TER . 200K LT OMRETIE IRNOFEHRELEY — 7 PR TE 55, 200K
A5 258 K TIERE % de U R BB EOLEIC LY, IHRMOFERIE -7 2R T LI L
DRz,

WIZ, 173K DUF CHHEICBII S e THRIICER T 5. 212 BDSMIEZ AT o 72§ RTCDRED
BSA KEHRE L KO KkD 168K, 158K, 148K OBEHRFBREHO BEIRO R BIKAE L RT.
IKOKDOFEANTIREORT & & S ITHMDIEAY A SLNE, —T, BSA KEE B S 5 /AT
168K Tl Ai vk 1 DOFEBRLY — 7 B S5 A%, 158K TRAFEM OB DILAY, 148K
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—2—1012345675
log,l frequency (Hz)]

1 298K-123K (5K %lA) @ 10wt.% BSA KBEMOBRFEHRD (a) FEEBB L O (b) BEE O KL
A, BRI I mES SIRES TIF2 8B TIT o7z &, & HORENIZNZITHER, IHET,
H ABFI2SBHH & 5 il & 7R T

TRESIIHHEDIED S L LS ITHEBOFEEIE - Bl Sz, ZOBEBOFEHEIE — 213,
10wt.% & 5wt.% TIHRE M A <, 2wt.% TIE R A .

SO LB ST 5 TR Z 8o 5700, Bl ShzBmEFERCs LT (1) 0RT &
) D Cole-Cole DR [17] & de G DHFG DR LEDEEMREL, H—T7 14 v FEifro7e.

Af;‘k g
c €oo - 1+ (fwTg )Pe + iweg (1)

w TR, 0 1P = 1 CRAT BB, o WHZEOBER, coo AAIOFIRHM OB,
Ac EREAIBREE, 7 \SHEAIBEM, 3 ISRMORNRIES) 28587 A =8 (0<B<1), o GHHE
SURIHE, k AUE L 740 &R

K (1) %D S 2 TRTORES & OB TR S 172 BSA KEHOMRFER L WIT 22 &
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T T T T T T T
168 K
40t ]
: Purelce
i —: 2wt % |
20k 5wt %
10 wt. %
0_ I I 1 I I 1 I
40
w20}
0_
40t ]
20F .
0_ 1 1 1 1 |\ 1 1

2 1 0 1 2 3 4
log [ frequency (Hz)]

X 2 BSA KEHED IHENB L OHAKD 168K, 158K, 148K 2B 2 HHEFERD BEE O BRIk EBAEG .
fisto iz sk Okf) BELY, 2wt.% ), 5wt.% (1), 10wt.% (k) BSA KBHETH 5.

ATE F1IT0K DT O T LM Z BT 5 720138 BoORM 2 ET 2 LEhrH 5. 58
LU 10wt.% BSA KA TIE 32, 2wt.% BSA KIBH TIZ 4 2OBMEMWET 52 & TIRHEME
HH L, ZoIEMEHERT 2 EE0BM 2 BRENA»S 1a, I, Ic, Ip EHT 5. M3 ICH—7
T4y FOBERT. THEME TEMOBEIEIE LT 258K %, F72ARIRKT [N OB % K
ELHBIE LTI48K 2R L7z 10 B LU 2wt.% BSA KEW CEM S N-ERFEERT oy bT,
X (1) THONZEBROBME X O de B OFS % MR TR L. 258 K 1238\ T I AR O
WZHAET DM % K TR L2 AR IEER OB CH 5. 148K I2B W TIE 10 B L U 5wt.% BSA K
WCTIXIa, Ig, Ic @32, 2wt.% BSA KBHE T 14, Ip, Io, Ip D 420% IIEMEHRT 5N &
A L7z FELCEUTTHIT 28, NS OBHOMEDOEGE NS IO L) IR, ZOREHK
HOIK O iR IE THERICERT 2 b0 Tldk  REamICRER T 2EM0THh 5 LR L7

412 148K TEIll SN2k OKDOEA L, ZOBAMEFM L2 =T 714 v VOB ZRT. #
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"(a)10 wt. %(258 K) |

"(b)10 wt. %(258 K)

210 1 2 3 4 5 6 7 -2 0 2
log,, [ frequency (Hz)| log [ frequency (Hz)]

3 10wt.% BEU 2wt.% BSA KEHED 258K B LU 148K THOLNZEREFEE (Fwravy b) &,
MWHFERIH L Cole-Cole DRXFREL72A— 77 4 v b TESN/H#MG. B, heommiizzn?
NI, HEMCTHAS. 258K TIEEBBKMNIIATUK (F) e Lz & 8, & Koozl
BHITHD, BOOWRIIEREREERS, KEOMBIIARTMETH L. BomMidkE LT
DEZOEETH D, £/XHR VD BSA L RER (a) 10wt % (258K), (b) 10wt.% (258K), (c)
10wt.% (148K), (d) 2wt.% (148K) Th 5.

KT FEIRELE — 713 1 DDA, HEFEFEOBREEBIRGEELHBT 5720121 3 2Of%
MERET HLENS L. BEEMPSHEMN D, m, 1 T4 LarL, SEEEHEEEEE 2 2
OFFAT EFEA h M m OIEEICHFEL, M h & 1OFERBRE -7 IHRT LI LN TE R\,
BDS IS CHEONIEHZFEELZHUT L7203 DOBHEZIRE LA, TIN50 3 DO/ 1
DOBAITHANIED 072 b DL AL T IENPRYETHLLEEZLND.

7B 5 AR O TERIN S L7z 3 DDA OFRFNRER], FAGREE, MR RIADY 2EKT /8T X —
5 B OURFEMAF 7R, LIAT Sasaki & [4] VBRI L7z, $E3E L 223 540K 2 k#S S & TR S 720
P AV F—DZAL %2 & £ 2\ Auty IO OIRERGFEE 2 FooK The &, #H#EZR L THIK %
KA S TR O NIE AL AV F— D2 L% & T Johari B ORISR OIREERF ML FoK Tha
FEFNRE R 2 LB D 72D 21K 5 IR S, ARWFZE TBUA L 724K DK D ¥ — 7 % 7R 35 F1 O RIS o 1 B2
KAFPEL Johari #U % 7R L, Sasaki & DK Tha OFEFIFEH OMERFEL BRI L7z, A m ORI
JEIZREDORT L L BIZHA L, h & 1 OBMHEED LA L TW5, ZIUIKOER D546 HNmE DK
TLEBEA>TVAEILERLTWE, HO7Oy Mih, m, | OFBAHEEOERIZ/RL, RED
BKFE L DIRAEEOAFHI LA LT A,

6 12 10 wt.% BSA KIS OFEFIEER, BHGREE, WP RILA) 2RI /8T A =% 3 OMmEK
FlERY. ERTORT v THHMETE L, FLFEREY -7 bBllsNTwiw)s, BEFE
HrHBTLDIELBMNEZAKEO 70y b CTRY. T EMORMIER A 100s 127 2 REDS
200K THh oz, ZOWREIZEIECTBIl S /- BSA OF 7 AR [18] L13T—3% L, /%<
DI T AT E DOREREREFNZ BT b RFIRER 25 1008 225 1000 s 12 7% 2 i EABGE E THRE L7 7
T AMRIREE & —3 T 5 [12-18]. 20 3B £ U° 40 wt.% BSA /KB [13] TH ARWFFED T EFICH ST %
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150 T T | T T T
i (a) )
100F ]
W i ]
50 :---u------n---..;‘.q."..’ :
=00

. o
logo [f(H2)]

B4 148K THEIM S N7cMAKOBERFEERD () EHHEB LU (b) BEF GRw7o vy b) 1068 LEKD
Cole-Cole DR EEL 7 —7 7 4 v b THESMKL. B - % - HEOBHIIME L /2RMBIETH 5.
F 2B OMBIGE L 2B O TH 5.

GBI SN TE Y, ZOEROBRIFEA 100s 127 2 REH 200K HHETH 72 7 LEMO
B L AGIR OOk L 2\ PVP KO & N7 PVP ORERSERIOEAITRE [8] £ 0 ok E v
BRIV L7z PVP AGEHCIOKES L 729k & ki LU A VIl Al A fE L, PVP e
(U LR DB G D IR O G IHEN - & AR SN (8] 7 PVP D 40 wt.%
Fifli ) PVP KW T, KOMOBEHE < NS RIS ERHAKE ORI, 20 R
T U % RIS BA TS T OMAERH & AR RBEBEICHRD & & 25 Ic Shrz (8] KkesL7
2-10wt.% BSA KIEHT b KA L 0 D EGHK EFzbd, RESHAKA L 72 BSA O & 77
BRI L, 02 0OBMAER VKEZRELRT L EAONL. U EOMEICL ) %
FIEAH L 72 BSA ORERGEA] & RE D 2 S OBEEIZHRT 2B Th o EEL TV,

10wt.% BSA KWEETIE, 9 180K X ) i Tid Cole-Cole B % 1 S5+ 5 2 & T LA
FEBTLIEATEL, L, ZOmEETI TR E T EBH% R8O B 2 8 i3k A0E
C LMY 2 BB A MRS 52 LA TE LV, 180K £ 0 KR T LS 2 FH8T 27
WIZ 3 ODMMELET 2 BEN B 2. O TERE BT 2 WHOBHOREIERT 2 &, ik
CIRGE L7238 T OBEAREDIT X & 1AL, BHl T, L Ip ORESENLZ. 20320
FEHOBMBE L L LEDEHEEHO T Ty FORT. B, LEET 58 Io OB IZHA
TH S N2KOFEHE I I 1TV S &5 S TRAIKICRAT 2@ THH L ELLND. ¥
Fo AR O 1-5wt.% 5 K [12] & RS, 10wt.% BSA AW BV T bk OB LR
THEBMN Sz, ¥ 5 F KRR PVP KER T T ERNICAHY T 2 1550 T ORESRA & T
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B5 HACHEI SNk (a) S, (b) BABRE, () BRIOEAY 2 355/55 X — & ORI (4],
ARSHOERCHN S LRHO 7Ty L Cho. Ae OTFOTT v N THERBM S L0 &5t %
R EEE Ty MEE— 2 R AT R AR BB 2 720 LR Th D, x & %1
Ref [4] T S M7KkOBHIER O 70y M Th 2.

ZHRS S 2K OB S 1, IKOFEF O B R RN AFKOEFAEIM S T 5. KT
2-10wt.% BSA /K& T H BAABIA & 72 B EdeiE 200 K LL o iy i ¢ i i o K i
RHIK OREAAEL S 7z B PEE L —33 545, KIEREIT I H B OB EIIARSUK & IAIEF I
NSV F 7, RBUKOBANLRE O T IR EHIA~NKE Y7 ML E, b HERIZHRTRE
V(8 11]. AR S AL7z H AR O FEFIEE B Ol BEARSE PR A SR DOREFIRE R I R TIER I & <
E, BIEFINEV, ZOOHERBMSNTELAHKRERZE ERLREKFETHLI 0D
ANHFHRIER T LHEMTH S L1F3E 212 HENOEFEZHO 22T 5720121, AR O#RS%
HCEATSTH Y, HEMOBERRERTFEY L VFEL RS L L DI, RERENITEET S
PRDERIR S > 787 BIKIEER B TR T O MRS 2L EDH 5.

7122, 5, 10wt.% BSA K& TR & 7z TR OBAIRER OMREKAEEZRT. £ To BSA
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6 10wt.% BSA KW (@) THIM S/ (a) FEHIEER, (b) RAIBREE, (c) MHMDIED Y #HEF /8T X —
5 OREREE. IKEOHKE 70y MIREHBTH S, HIREOT Oy MIE =27 205/1 2 TWiangs
FEELFIT L 7OGE L8R, BoESIT D EHOEHNER 2 100s 1GELZRES R, 5O
Ty METEMEZERT 2BMOMEOEFT2RT. AlZSHOEBRTHN S N MAKOEMO 70 v
FCHhD. x bk Ref[4] THE SN/OKOBAIER O 70 v b Th 5.

KB TH 170K LUTF OGRIE T I #fl &2 3 5 20 I 3EBORM e ES 52 LE P H L. 5B
LU 10wt.% BSA KEH TIE 3 2, 2wt.% BSA KEH TIX 4 DOMA 2 E L7z, BEEH Sk
IKDFEANEE R DI AR B, OZLZ & OEMAMERTFTZ R L. 2 14wt% €7 F 2K
VI [12] 12 3 W TR IS TR S 7K DR AN O fie b ARE 0 B TR S M7z iRATE, 240K P b
D E, DR E iR OEMIR 2 R SMHE L 72 EEH EICFET 5. 2 OR S IREERMOKORE
&, Sl 5 E, 25K S 20 2 M LA ORI L 2 v Auty BEOFRATRE R Ol
FEARAEAE DIRDFAE T B Z L 2R L T 5. 2O &) KDL BSA KBEED 1M TILHES
Nhholz, EIF KEBIZBNTET VA Y M7 — 7 BROFZET Auty T OEHRH Ol BEAKLE
P R$ LR S AL72 [11,12]. FHUSH LT BSA KBRIZTZ VA Y T — 7RISR L R\ iz0,
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7 (a) 10wt.%, (b) 5wt.%, (c) 2wt.% BSA KM CTHIM & A7z TR % M3 2 REAN DA AR ] O i EE
A, IRBORRE 70y NI TRANCEE S 2 RIGHBTH 5. BRSO Ty MIE—-277RRT
WRWHTEERE BT 5 2OIBOE LRI TH 5. x & *1d Ref [4] THE S 7K OBAIFEH O 7
Oy FThb.

W o {0 LAEERALT 2KDPFAEE T Auty T OBHIRFR O 2 RO KA ER L v & # 2 72
KOFEA 14, I, 1o, Ip OFEMIEEEI AT BSA /KIETIZE T T > KA v FE 1 [ o #E PR L2 A7 AE
T 5. FIKOMERM I, Ip & BSA KEWR TEUH S 11720 DIZHARE T F 2 KB O F7 25 25K
EV. ZHEBSA LD ETF U ORDKICEZBHENREL, EIFrOTr VA NI =212k
BIKDILH DO BEHIIKD BRI L TRV B E 5 2 BRI OK S VOKAER IND EEZTWA.
NS DRERD SARSEWANAFTET BIKDBEN I, Ip IZBWTIFHICAEORE 2R 2T TER L
72KTHBEEZ D, F7z, BSA KEH CBIE S NKOEM 1A, Ip 13X T F L IKEH TR S 7z
DO LB OMEAN. D& ) ISEREEN LT 2 KO 15, I 1d BSA KL £S5 7>~
KB D HIEE DG TSR TEBOREN LR WKk TH L LEEZ LD,

B 8122, 5, 10wt.% BSA /KIEWD 1 BAIOFEAIRE OIRERAF M2 RT. 10wt % & [k S
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8 (a) 10wt.%, (b) 5wt.%, (c) 2wt.% BSA REW THBIM S 7z TR 2 MR 2 M A R H1E B 0O B
B ARE D70y MIE=2 PRI TO AR WD HEXR 2T T2 7-0E LB TH 5. IKE
ORKE Ty NI THEHICHET 2 RESBTH L. FOTEy MITEMEERT 2BMOBEEDOH
FHERL, KO 70y M TR ZERT 20 L RESBORM % 7R T.

MOFET D 2wt.% O Ig & 5 BL U 10wt. % DM [o I2BWTH ZOMEHREDHAT 5 imE
BT, RIRHCHO TR Z KT 2B, ZOMESEMLZz. Fho7ay MIK 6 &Rk
VCHBUGE L7 TRAMOREO AT 2R L7z, THRMOBED G % /5 & 200K LUT ClEiRE KRS
T —EIl %> T 5. 2wt.% BSA KBEBOMEN Ip OEWEM &, 58 L0 10wt. % BSA KEHD
F Io OB 7 B L O 8 ITIKEBOHIKE 70y b TRLUZEMEZIREL TV 5. Z O
VT NORED BSA KERTD 210K LT ORETHBl SN Tw5, ZO#EHIE 200 K £ TiEH
52 TR AN AE L TW52Y, 170K LUTF TR Ip 7203 Ic IS WENEEcEl s
TWw5,

912 T RAOMEHATELEE, AR OREKAEEZRT. K 318 L7 & 912 TR O BRI A%
A AE L 2 OFBHIOFEHIGRIE & AFHIER 2 X 9 THIKEOHEE 70y FTRLZ. ZOREBOHK
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9 143K TEIM & 17z BSA KIEH O THRMZ T 2O (a) BAGREE, (b) KRAIREH O K.
IRELOHIRE 70y ME LRSS T 2 REABTH L. HO 70y M LEMERERT 20 M
DEEERL, RGO Ty M T2 S 2 %M & RO BN 2R

& 70y MR L7ARADSBIA S 05 R s TARRIAYE S L2 RIS E W L6 2O D
KICERTAUREERH L EEZONDL. LAL, ZOKMOMEZ TEMOBEICNZ S EIKED T
Oy boEB) THEMOMEZEDOHAFADEE L) KE 25, BSAREDOHIME &b IIKERY O
KOEEDWY S5 L %EE L, BSA KB OKDBENFRAOKDOMREZ B L L idhnwE
WEST DL, 2O TEMOBEEMAGE L 2ERIIOKTIE 2 RAESBOFGTHLEEZHND.
B IA~Ic 2\ L Ip OFBFREOGFHIFAD S 10wt % (22 TUTIZERAISED Lz, 2hud
BSA REOME & b IKBEBF OKDEEG WA L T2 2 EAIKIZERT 2 THRMOEFTTREC
HNTwas, ZOBEPOSBN Iz ~Ic 2L Ip 29KICERET 2EMTH S LR LTnE, 20X
I TR AT 2 8H 1A, Ip, Lo, Ip EKISER L, 10wt.% LUFOMREE O BSA KEE T b KR
W CKDOBADPBEBAAAET 5 2 L 2R L7

K 9IRS £ 9 IKDFER 14, I, Ic OFEMEFRIE 2wt.% 205 5wt % 12T T/REL o T 5.
C AT &) IRIRERE 2 K OIK ORERI O T HRIREE DB % 2T 9 <, BuB 40K X ) KD &
A 2 DFRAF LRI DN S WK SN LI L T 5. F 72, KOBEREM O LA,

40 —
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Ip OFEJEIX BSA BEEA 2wt % 205 5wt % (27 5 LA 5. —J7, REEMOKDFEM Ic 1& BSA
WD 2wt.% 25 bwt. % OMICEBUIITREDSIENT 5. ZOZ &b, 2wt.% & 5wt.% DR DK
DFEFIGHEEE DI ERIFEDOZEALIE BSA AVKIZG- 2 5 HEDPEAL Tn D720 L EZ N0, O
BERAGEHICOWTIE, X ) MIA CIREEZL S OKDEME AL LEN D B, F 72 Rl &
WCHTES 2 IEE ORI o EHEW L 7RO 1y, Ip, REERAHFET 2HEEOEEEKREL
2T B EHER L 7K DR I, Ip OFEFREH ARG A SKOBIOFER % S 5 ICFHE L CHFHET S
7eONIIEE M OBRIK Y v 37 BRAKE S F 2 VD 2 & TEIKOERNZ G- 2 2 EE DO BEDEN
DR CTEDLEEZ D, FLERVIRETRVIEE 1wt.% DT OAEERLIEE 40wt % ML E2 S %
fE BRI & T OMEE ORIE R 2 SMRIL VIR CREEEMIE 2179 2 & C, RESMAVKOEMIZG 2
R, OKDFEFIREH R ARARE OB R OB OND EE X 5.

KB DK DFHEAFFNIKDIEHD DT LB AR OMMICKE CHEL, HIOKOKROKE
WARCKOBH OISR LY 5 2 2 ERNEFE LN HE L 2\w2 L12iE, Koz +5 1 mH
T50IHREETH L. T RSB X OKOBHOREE A RE§ 2 LRSS TR S LT n
O, BB CHE 2 AKX TE TS b TldZa .

4 L

208 K-123 K O E #iFH ORI 12 B 1T 5 KfE L 724Kk B L 082, 5, 10 wt.% BSA KB O EE
F1% 10 mHz—10MHz o J& % B P Bifl Lok R 2 T, K L7z BSA O41#E8) & Fifisr
FRASE 22 o 72 AR, 3B X O TRAO @A AN S R OIRERAEENIIEFF IS W H
BN L7z, 203 20BMofTRICERT 2 TRANER L CEmz1T- 72

1. BSA KEBIZBWT 180K U EORERT 1 DOFREIELY — 7 TBI S 72k 0N,

180K LT OIRIH T 5 3 & O 10wt.% BSA KIFE TiE 32, 2wt.% BSA KEWTIE 4 DDk
DREFBEA S 7z,

2. B S NROMEANIAERI B R O IR EAR A ED 170K fHETEET 2 (A2 okt v

¥—, B, DWEALT %) BB OEREKEEA R L7

3. MBI SNz TR OEEORANL, ZOMEOMEMAKDS O LI L, % 1A, I, Ic, Ip

VOKISHER L 2 QAR AN S AL S 5 &R L 7z,
4. JREEWH OKIL BSA & O EBRLCHENEHOREN S TH 5720, HEAFEH B L 20l
JEARAEVED N 7 B MK DT S BB OB BB S Nz ZE 2 61 5.
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