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Ultrashort Pulse Generation by Active Mode-LockingBased on 
Impulse Modulation 

Dang Trang Nguyen and Akihiro Morimoto 

Femtosecond optical pulses are generated by an actively mode-locked fiber ring laser. Modelocking is 

realized by a fiber ring cavity which includesan optical intensity modulator and an internal erbium-doped fiber 

amplifier. To generate femtosecond pulses, impulse modulation is employed. The physical mechanism is analyzed. 

The mode-locking generates the optical pulses with a pulse-width of about 500 fs. Furthermore, by applying an 

external erbium-doped fiber amplifier at the output of the fiber ring, the output optical pulses are simultaneously 

amplified and compressed to a pulse-width of about 310 fs. 
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1. Introduction

In recent decades, with the development of various erbium-doped fibers, fiber lasers have received much attention,
because of the numerous advantages such as simple doping procedures, low loss, and the possibility of pumping with
compact, efficient diodes [1]. In addition, enhancement of the fiber nonlinearity owing to long interaction lengths and
large signal intensities is an additional advantage of fiber lasers. Some different cavity configurations can be built with
fibers and fused-fiber couplers, including linear Fabry-Perot, ring, and combinations of both. Among those
configurations, fiber ring lasers have been widely investigated [2-4, 9-11].

In addition to offering continuous-wave operation, fiber lasers can be mode-locked to generate ultrashort optical
pulses. Mode-locked fiber lasers are valuable sources of high-quality ultrashort optical pulses. Passively mode-locked
fiber lasers can generate femtosecond pulses [4,5] or very low repetition rate [6,7]. However, the passively mode-locked
fiber lasers are sensitive. By slight changes in surrounding conditions the passive lasers can generate multiple pulses per
a round-trip at random times [8]. In addition, once the stable passive mode-locking is achieved, a relatively narrow
parameter range is acceptable.

Actively mode-locked fiber lasers are capable of producing transform-limited optical pulses with variable pulse-
widths in the picosecond range and multi-GHz repetition rates [10-14]. Recently, the employment of all-fiber acousto-
optic modulator [15], which was based on intermodal coupling induced by standing flexural acoustic waves, or electro-
optic modulator [16], which incorporated a poled twin-hole fiber as the active element, in the fiber ring laser cavity has 
been reported. These modulators work at the round-trip frequency of the cavity and allow the mode-locking to generate
relatively long pulses in subnanosecond range. In addition, the actively mode-locked fiber lasers can generate
femtosecond pulses by the use of a complex phase-locked loop technique [17] or a Sagnac loop with an internal phase
modulator driven by short voltage pulses from CMOS circuit [18].

In this paper, we propose a simple method to generate femtosecond optical pulses by an actively mode-locked fiber
ring laser, which includes an intensity modulator and an erbium-doped fiber amplifier (EDFA). The intensity modulator
is driven by an electrical pulse generator, which produces effective short open-time windows. As a result, ultrashort
pulses can be generated inside the fiber ring cavity.

2. Experimental setup

The experimental setup of the actively mode-locked fiber ring laser is shown in Fig.1. The fiber ring laser consists
of a guided-wave dual-electrode Mach-Zehnder optical intensity modulator (Sumitomo Osaka Cement T-DEH1.5-20-
ADC), an EDFA (Fiber Labs AMP-FL8013-CB-13), a polarization controller (P.C.), and a 10/90 output coupler. The
output is characterized by an optical spectrum analyzer, an autocorrelator, and an oscilloscope.

In actively mode-locked fiber lasers, to shorten pulses, fast and large modulation is required. Here, we employed
impulse modulation. The impulse modulation operates based on driving two electrodes of the intensity modulator by
two electrical pulse trains generated by an electrical pulse generator.
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Figure1.Experimental setup of the actively mode-locked fiber ring laser.

Figure2.(a) Measured result of two driving signals fed into two electrodes of the intensity modulator. (b) Modeled
effective driving signal.

The electrical pulse generator consists of a function generator (Agilent 33250A) and a power amplifier (R\&K
AA180-RS). The generated electrical pulses from the function generator are amplified by the amplifierworking in
saturation mode. By using a broadband power splitter, the output of the amplifier is divided into two arms with one is 
delayed by a variable delay.

In our experiment, the function generator produced the shortest electrical pulses, which have a pulse-width of 8 ns
and a risetime of 5 ns. Fig.2 (a) shows the measured result of two driving signals fed into two electrodes of the intensity
modulator, where the delay-time is 1 ns. It can be seen that the electrical pulses are amplified and shaped to the driving
pulses with a risetime of about 2 ns.

3. Impulse modulation for mode-locking

The physical mechanism of the ultrashort pulse generation will be described in detail by characterizing the impulse
modulation. The effective driving signal is the combination of two driving signals in Fig. 2 (a). According to operation
characteristics of the dual-electrode Mach-Zehnder optical intensity modulator, the effective driving voltage applied to
the intensity modulator can be generally modeled as Fig.2 (b).

Fig.3 (a) shows measured transmission factor of the intensity modulator as a function of applied DC bias. The
modeling effective driving voltage is applied. The inset shows the modeled temporal transmission profile of the
intensity modulator with two ultrashort pulses. Theexperimental result of the temporal transmission profile is shown in
Fig.3 (b) when DC bias was set at 2.5 V. 

The operation of the impulse modulation inside the fiber ring cavity is similar to that described above. However, if
two output pulses are different amplitude, only one pulse survives in the laser cavity after many round-trips. In contrast,
if two output pulses are same amplitude by tuning the optical bias, two pulses exist in the laser cavity. These analyses
will be experimentally demonstrated in the next section.
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Figure3.(a) Measured transmission factor of the intensity modulator as a function of applied DC bias; the applied
effective driving voltage modulates the transmitted intensity about the bias point. The inset shows the modeling
temporal transmission profile of the intensity modulator. (b) Measured result of the temporal transmission profile of the
intensity modulator as DC bias at 2.5 V.

4. Results and discussion
a. Mode locking

The round-trip frequency of the employed fiber ring cavity in Fig.1 is fm=9.188 MHz. In our experiment, the
impulse modulation carried out at this fundamental frequency. The variable delay was set at 1 ns. The DC bias of the
intensity modulator was set at 2.5 V. The output power of the internal EDFA was about 20 mW.

The output ultrashort pulses were measured by an autocorrelator (Alnair Labs, HAC-150). Fig. 4 shows the
experimental autocorrelation trace of the actively mode-locked fiber ring laser.The autocorrelation trace width is about
770 fs (FWHM). By assuming sech2 pulse profile, the pulse-width is about 500 fs.The output spectrum of the actively
mode-locked fiber ring laser is displayed in Fig. 5. It can be seen that the 3 dB spectral bandwidth is about 0.38 THz.

A fast photo diode connected to an oscilloscope was used to characterize the output pulse trains. Fig. 6 shows the
pulse trains of the actively mode-locked fiber ring laser at different bias points of the impulse modulation. As analyzed
in the last section, two pulses with different amplitude would be generated when DC bias was set at 2.5 and 2.9 V.
Therefore, after mode-locking only one pulse exists in each round-trip of the laser cavity as shown in Fig. 6 (a) and (c),
respectively. Meanwhile, two pulses with same amplitude would be generated when DC bias was set at the minimum
transmission point of 2.7 V. As a result, after mode-locking both pulses still survive in each round-trip of the laser 
cavity as shown in Fig. 6 (b).
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Figure4.Experimental autocorrelation trace; the pulse-width is about 500 fs if assumed pulse profile is sech2.

Figure5.Output spectrum; the FWHM spectral bandwidth is about 0.38 THz.

Figure6.Output optical pulse trains with DC bias was set at (a) 2.5 V, (b) 2.7 V, and (c) 2.9 V, respectively.
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b. Using an external EDFA

The output pulses of the fiber ring laser will be simultaneously amplified and compressed by using an external
EDFA (Fiber Labs AMP-FL8011-CB-22). In the external EDFA, the pulse energy increases and the pulses evolve into
fundamental solitons [19], which carry out pulse compression.

The experimental autocorrelation trace after the use of the external EDFA is shown in Fig. 7. It can be seen that
owing to the effects of the external EDFA, the optical pulses are compressed to an autocorrelation trace width of about
480 fs (FWHM). The pulse-width is about 310 fs if assuming sech2 pulse profile. Fig. 8 shows the spectrum after the
use of the external EDFA, the FWHM spectral bandwidth is about 0.49 THz. The average output optical power of this
setup is about 50 mW.

Furthermore, the influence of the delay-time of the variable delay on the pulse-width of the output pulses in two
cases, without and with the external EDFA, is also studied. The relationships between the delay-time and pulse-width
are shown in Fig. 9. As the delay-time increases from 1 to 4 ns, the pulse-width of the case without the external EDFA 
increases from 500 to 800 fs. This increase can be attributed that the peaks of the effective driving signal will widen as 
the delay-time increases. As a result, the mode-locking will generate longer pulse duration. Because of stability
characteristics of fundamental soliton inside the external EDFA, the pulse-width of the case with the external EDFA 
slightly increases from 310 to 370 fs as the delay-time increases from 1 to 4 ns.

Figure7.Experimental autocorrelation trace after the use of the external EDFA; the pulse-width is about 310 fs if 
assumed pulse profile is sech2.

Figure8.Output spectrum after the use of the external EDFA; the FWHM spectral bandwidth is about 0.49 THz.
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Figure9.Relationship between the delay-time and pulse-width of the output pulses, with and without the external EDFA. 

5. Conclusion

We have proposed a simple new method to generate femtosecond optical pulses by actively mode-locked fiber ring
laser. The operation of this laser is realized by an optical intensity modulator and an EDFA. Impulse modulation is
employed to generate femtosecond pulses. The experimental results show that the ultrashort optical pulses with duration
of about 500 fsare obtained by the actively mode-locked fiber ring laser. In addition, the output pulses are
simultaneously amplified and compressed to a pulse-width of about 310 fs by applying an external EDFA at the output
of the fiber ring.
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A product expansion for Drinfeld discriminant functions
 

Yoshinori Hamahata1)

Abstract. The classical discriminant function has a product expansion

where . In a previous paper [10], a product expansion was given for the Drinfeld discriminant function 
over . In this paper, a product expansion is given for Drinfeld discriminant functions defined by certain 
isogenies over an arbitrary function field.
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1 Introduction

Notation
: the finite field with q elements 

: a function field in one variable over the field of constants 
: a fixed place of 

A : the ring of elements in that are regular outside 
: the absolute value at 
: the completion of K with respect to 
: the constant field of 
: the completion of an algebraic closure of 

: equal up to an element of 

The classical discriminant function has a product expansion

(1)

where  . In a result analogous to (1), Gekeler [3] gave a product expansion for the Drinfeld 
discriminant function of rank two over a rational function field. This result can be generalized 
in two respects. On the one hand, the result was expanded for the Drinfeld discriminant function 

of arbitrary rank ([10]). On the other hand, let us consider Drinfeld modules 
over a function field rather than over a rational function field. For every non-zero integral ideal n of

, we can define the discriminant function from an isogeny between certain rank r
Drinfeld modules. If we see that hence 

is a generalization of in a sense. In [4], Gekeler gave a product 
expansion for . The purpose of this present paper is to give a product expansion for 

. The remainder of this paper proceeds as follows. Section 2 reviews some facts of 
Drinfeld modules. Section 3 presents the main result, after some preparations. Section 4 proves the 
theorem.

2 Preliminaries

The exposition in this section is based on that of Gekeler [4].
Let be the endomorphism of the additive group scheme over defined by . Let 

denote the polynomial ring over with the commutation rule ( ). For each 
with , put and .

Let the ideal class group of be denoted by . For each ideal class , take a 
fixed rank one sgn-normalized Drinfeld module, denoted by , and define as the 
corresponding -lattice for . When is homothetic to , define by 

. Put . Then we see easily that 
For -lattices of the same rank, let be the corresponding morphism. Take a 

Yoshinori Hamahata
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non-zero integral ideal a and fractional ideal b of Put Let denote 
the rank one Drinfeld module associated with Then, there exists a morphism

corresponding to the morphism of A-lattices given 
by . We now have the following properties about :

1.

2. If then  (see the proof of Proposition 5.4 in Gekeler [4]).

The next two lemmas can be verified easily:

Lemma 2.1

Lemma 2.2 

The -lattice corresponding to is homothetic to and so is isomorphic to 
. Comparing the leading coefficients of and , we see that is 

sgn-normalized. Since and are sgn-normalized, there exist isomorphisms
given by elements of , and these isomorphisms differ at most by 

elements of 

Example 2.3 Let and If is the Carlitz module, then every is 1.

Until the end of this section, let and be an integral ideal and fractional ideal of respectively.

Lemma 2.4 If , then
(2)

Proof. Using the results of Gekeler [4], Ch. IV, the left-hand side of (2) becomes

Definition 2.5 For a fractional ideal of , define

Lemma 2.6 Let . For put Then
(3)

A product expansion for Drinfeld discriminant functions
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Proof. The left-hand side of (3) can be written as , which is equal to 
(4)

up to an element of . By Lemma 2.4, (4) becomes the right-hand side of (3).

Lemma 2.7 Let and be non-zero integral ideals of , and let be  a fractional ideal of .
Take a non-zero , and put . If , then 

(5)

Proof. The left-hand side of (5) becomes
(6)

where . By Lemma 2.6, the right-hand side of (6) can be expressed in the form
(7)

up to an element of . Using 5.4 in Gekeler [4], Ch. IV, (7) becomes

which is equal to the right-hand side of (5) by Lemma 2.4. 

3 Main result

Let be an -lattice in , and let be a non-zero integral ideal 
of Let be the isogeny corresponding to the inclusion 

Definition 3.1 We call the Drinfeld discriminant function 
associated with .

Remark 3.2 (i) is the restriction of a modular form of weight in the sense 
of Goss [7] and is defined on the Drinfeld symmetric space 
(ii) If for then is valid.  

Example 3.3 Let and Take a rank Drinfeld module 
corresponding to the -lattice and write 

It is known that is a Drinfeld 
modular form. A product expansion of was discussed in a previous paper [10]. In 
view of Remark 3.2 (ii), we see that .

Certain polynomials that are similar to cyclotomic polynomials will now be introduced.

Yoshinori Hamahata
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Definition 3.4 Let be fractional ideals of , and let be integral ideals of .
Define 

We call this polynomial the -th multiple inverse cyclotomic polynomial. When ,
we write for .

Example 3.5 Let and . If is the Carlitz module and 
, then by Example 2.3, and holds. Hence, we have 

,

where the right-hand side is in [10]. 

Proposition 3.6 The following are valid. 
(i) .

(ii) has degree 
(iii) If then 

Proof. (i) and (iii) are clear from Definition 3.4, and (ii) follows from (i).

Let and put . For each , set

Let be a non-zero integral ideal of , and put 

Take a non-zero element write and set

Then, we see easily that each can be represented by for a certain 
. Let be an element of represented by . There is a 

bijection between and given by . For we put .
Then we define

The main result of this paper will be presented.

Theorem 3.7 We have
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where

for each ( ).

Remark 3.8 For , let

where and the sum is over all integral ideals in that belong to . Then, each is 
written as

Using the notation in Example 3.5, Theorem 3.7 yields the previous result [10].

Corollary 3.9 Let and . Let denote the Carlitz module and set
. Then

where
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Remark 3.10 In the case where and , Breuer and R ck [1] gave a product 
expression for in terms of ( ), which is a local 
parameter “at the cusp”. It is possible to give a similar product expression for . In this 
paper, we are interested in the product expression in terms of for use in 
future work.

4 Proof of Theorem 3.7

Step1. Let ( ). Then,

is indepenent of the choice of a representative of . Let be the isogeney corresponding to the 
inclusion . We write 

Then we obtain

which yields 

Lemma 4.1 Assume that Put

Then

This is verified by induction on .
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By Lemma 4.1, we obtain

Thus, it follows that

(8)

(9)

Step 2. Invoking the right-hand side of (8) becomes

(by Lemmas 2.1 and 2.2)

(by Lemma 2.4)
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                                                         (by Lemma 2.7)

Step 3. Invoking (9) becomes

(by Lemma 2.1)

(10)

(by Lemma 2.6)
For each non-zero element we multiply both the numerator and the denominator of (10) by

to obtain
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where

( ).

Step 4. The in Theorem 3.7 is given by

which completes the proof.
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A note on finite Dedekind sums in function fields
 

Yoshinori Hamahata1)

Abstract. We introduce higher-dimensional Dedekind sums in function fields. Our Dedekind sums, which are 
defined using finite-dimensional -linear spaces, are different from those defined in our previous papers.
We establish the reciprocity law for these Dedekind sums.
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1. Introduction

For coprime integers and with the classical Dedekind sum is defined by

(1)

The transformation formula for the Dedekind -function yields the reciprocity law

(2)

The Dedekind sum was generalized by Rademacher, who introduced the homogeneous sum 
in which the fraction in the right-hand side cotangent function above becomes with 
an integer coprime to . For pairwise coprime integers Rademacher’s reciprocity law is 
expressed as a three-term reciprocity law given by

(3)

Zagier [7] generalized this by considering sums of the form

(4)

where the integers are each coprime to the positive integer . He proved the -term 
reciprocity law for these sums (see [5, 6, 7] for basic results).

In previous papers [1, 2], we introduced higher dimensional Dedekind sums in finite and function 
fields, respectively. These sums are similar to Zagier’s Dedekind sums. In this paper, we introduce 
another type of higher dimensional Dedekind sums in function fields. Our Dedekind sums
are defined by using finite dimensional -linear spaces, where is the finite field with elements.
The remainder of this paper is organized as follows. In Section 2, after presenting some notations, we 
introduce a new type of higher dimensional Dedekind sums in function fields, and we state its
reciprocity law. In Section 3, we prove the reciprocity law. In Section 4, we consider two dimensional 
Dedekind sums associated with the -linear space , and we establish their explicit reciprocity laws.

2. Higher-dimensional Dedekind sums

Let be the finite field with elements, and let be an indeterminate. Let denote the 
completion of an algebraic closure of . Let be a non-zero finite-dimensional -linear 
subspace in . For such , we define the product 

(5)

The product has the following properties:
(E1) The map is -linear and -periodic;
(E2) has simple zeros at the points of , and no other zeros;
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(E3) 
For a positive integer ,

(6)
is called the Eisenstein series of weight for . We use the convention The function

is expressed as a formal power series by

(7)

For further properties of , we refer to [3, 4]. Choose such that 
where denotes the field generated by over .

Definition 1 We define the higher-dimensional Dedekind sum by

(8)

The sum is a mixture of Dedekind sums defined in [1, 2]. The reciprocity law for 
this sum is expressed as follows:

Theorem 2 If ( , then

(9)

3. Proof of Theorem 2

Put

(10)

The set of all poles of is . Since if has a simple 
pole at each non-zero element in For 

(11)

The equality implies that
. Hence, we have

(12)
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By Lemma 5.1 in [2], it holds that

(13)

which is rewritten as

(14)

Since we obtain

(15)

Therefore, the residue of at becomes

(16)

This completes the proof.

4. Two-dimensional Dedekind sums

Let such that The Dedekind sum

(17)

is called a homogeneous Dedekind sum, which is similar to Rademacher’s Dedekind sum. Note that by 
the property (E1), is zero if . Hence, we assume that . We present an explicit 
expression for the reciprocity law of this sum. Since we have

Hence, it follows that

(18)

By Theorem 2, we have obtained an analog of Rademacher’s reciprocity law:

Theorem 3 For such that

(19)
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The Dedekind sum

(20)

is called an inhomogeneous Dedekind sum, which is similar to the classical Dedekind sum (1). From 
Theorem 3, the following result is obtained.

Theorem 4 For such that 

(21)

This is an analog of (2).
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Development of composite abrasives considering stagnation of abrasives and 
their polishing characteristics 

Naoaki ICHINOHO 1), Junji MURATA 2), Yasuhiro TANI 2), Yu ZHANG 2) 

The composite abrasives have been developed for improving dispersibility and cleanability of conventional 
abrasives which are cerium oxide for glass polishing. The composite abrasives consist of polymer particles as mother 
particles and abrasives as child particles. Child particles are attached to the surface of mother particles by mechanical 
force. In this study, the effects of stagnation of abrasives on the polishing characteristics are investigated through some 
experiments. First, polymer particles that include silica particles and polymer particles that have nonspherical shape are 
employed. When using nonspherical particles, removal rate of polishing using composite abrasives is 50 % higher than 
that of conventional polishing. Second, the effects of polishing conditions on the polishing characteristics are 
investigated. Finally, WO3 particles are added into slurries of composite abrasives after classification. As a result, 
polishing characteristics of composite abrasives after classification were increased because stagnation of composite 
abrasives was improved. 
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US-645T US-660T US(30) US(45) US(60)
1.37 1.53 1.63g/cm3 US(30)

1(a) 1(b) 1(a)
1(b)

 
SHOROX A-10 12

1 4 TDR-100 1M

一廼穂直聡・村田　順二・谷　　泰弘・張　　　宇

－26－



200 1(c)
230

1(d)
215

230
US(30) US(45) US(60) 230 4  

 
(a) US(30)          (b)Magnified image of US(30)           (c)200                  (d)230  

Fig.1 SEM images of SiO2 mixed mother particles and composite abrasives, the insets in Fig.(a) shows section figure of US(30) 

(a)UD1                     (b) UD2                   (c) UD3 
Fig. 2 SEM images of nonspherical mother particles 

(a)UD1                      (b)UD2                    (c) UD3 
Fig.3 SEM images of composite abrasives using nonspherical particles 

 

1 m

5 m 5 m 5 m

Table 1 Characteristics of mother particles and abrasives 
Particle name PU US(30) US(45) US(60) UD1 UD2 UD3 CeO2 
Model name U-600T US-630T US-645T US-660T FF-611T FF-613T FF-621T A-10 

Mean diameter 
[ m] 10.0 10.0 10.0 10.0 10.0 10.0 10.0 1.37 

Specific gravity 
[g/cm3] 1.19 1.37 1.53 1.63 1.31 1.38 1.16 6.96 

Material Polyurethane Polyurethane 
Silica 

Polyurethane 
Silica 

Polyurethane 
Silica 

Polyurethane, 
polymethylm
ethacrylate

Polyurethane, 
polymethylm
ethacrylate 

Polyurethane, 
polymethylm
ethacrylate 

Cerium oxide 

Characteristics - SiO2 content 
30 wt% 

SiO2 content
45 wt% 

SiO2 content 
60 wt% 

Nonspherical 
surface 

Nonspherical 
shape 

Nonspherical 
surface - 

 

5 m 5 m 

5 m 5 m 5 m 

5 m 
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Fig.4 Polishing characteristics of composite Abrasives with US 
 particles
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Table 2 Polishing condition 

Polishing machine Lapping machine SPL-15 
Okamoto machine tool works, Ltd 

Workpiece Sodalime glass:  20×t10mm Surface 
roughness: Ra 0.4  

Pressure 20kPa 
Work/Lap rotation 60min-1 
Polishing time 30min 

Polishing pad Cerium pad KSP-66A 
Kokonoe electric Co.,Ltd.. 

Abrasives Composite abrasives, CeO2  
(SHOROX A-10, Showa Denko K.K.) 

Concentration of slurry 3wt% in deionized water 
Supply rate of slurry 25mL/min 
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Fig.5 Polishing characteristics of composite abrasives with UD          Fig.6 Sliding angle of composite abrasives 
Particles 

Fig.7 Power spectral density profiles of polished glass surfaces  Fig.8 Improvement of edge geometry using by composite abrasives 
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Fig. 9 Relationship between removal rate and rotation rate     Fig. 10 Relationship between removal rate and pressure 
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Fig. 11 Relationship between removal rate and Fig. 12 Effect of dispersant on removal rate 

concentration of abrasives 
 

 
Fig. 13 Characteristics of precipitation of composite abrasives      Fig. 14 Effect of Supply rate of slurry 
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Fig. 16 Effect of slurry classification on polishing characteristics 
 

Fig. 17 Polishing characteristics of composite abrasives after   Fig.18 Polishing characteristics of composite abrasives after 
classification added CeO2 particles                           classification added WO3 particles 
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Table.3 Characteristics of mother particles 

Pariticles Mean 
diameter[ m] 

Specific 
gravity [g/cm3] Material 

A-10 1.2 6.96 Cerium 
oxide 

WO3 0.8 7.16 Tungsten 
trioxide 

Composite 
abrasive 
FF-621T 
before 

classification 

2.58 4.96 

Cerium 
oxide 
and 

polymer 
particle 

Composite 
abrasive 
FF-621T 

after 
classification 

10.6 2.84 

Cerium 
oxide 
and 

polymer 
particle 
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(a)Conventional polishing (b)UD3+WO3

Fig.19 Polishing characteristics of WO3 particles             Fig.20 Improvement of cleanability by composite abrasives 
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Atomic Structure and Lattice Dynamics of Cu(001) Surface Studied  
by High-resolution Medium Energy Ion Scattering 

 

Taishi Matsuda, Yuta Aiba, Ryota Ichiba, Akio Hayashi, Akihiko Fujii, 

Jyunki Morimoto and Yoshiaki Kido 
 
 

 

 Molecular dynamics (MD) simulations for Cu(001) surface using the embedded-atom method 
predicted a significant top-layer contraction and second-layer expansion as well as strongly enhanced 
thermal vibrations in both surface normal and lateral directions. In this study we analyze the relaxation of 
the Cu(001) surface together with the enhanced and correlated thermal vibrations by high-resolution 
medium energy ion scattering (MEIS) using 120 keV He+ ions. The relaxed surface structure is determined 
by a simple trigonometry using the shadowing effect. We also measure the MEIS spectra under the 

conditions of [ 100 ]-, [ 110 ]- and [ 111 ]-incidence and random-, [101]-, [111]- and [221]-emergence. 
The surface peak observed is decomposed into each scattering component from the top-, 2nd-, and 
3rd-layer atoms using asymmetric line shapes given by the coupled channel method. The close encounter 
probability (PCL) for each layer atoms derived in such a way is compared with that calculated from the 
Monte Carlo simulations of ion trajectories along the above major crystalline axes by varying the 
enhanced vibration amplitudes and correlations. The simulation continues until the calculated PCL values 
coincide with those derived from the layer-by-layer analysis of the observed MEIS spectrum. The results 
obtained are compared with the predictions of the MD simulations and the Debye model. 
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1. Introduction 
     The (111) surface of a crystal taking a face-centered cubic lattice (fcc) is close packed and thereby 
most energetically stable. Therefore, another one such as (001) surface generally tends to be relaxed 
significantly and sometimes reconstructed to lower the surface energy. The Cu(001) has a typical relaxed 
surface without reconstruction. According to previous investigations based on spectroscopic 
techniques[1-5] and theoretical calculations[6], the top inter-layer is contracted, while the 2nd inter-layer 
expanded. In addition, strong enhancements of the root-mean-square thermal vibration amplitudes take 
place in both lateral ( //u ) and surface normal ( ⊥u ) directions compared with the bulk thermal vibration 
amplitude ( bulku ). For precise analysis, however, correlated thermal vibrations should be taken into 

account in any techniques. Despite that, in many cases, the correlation effect has not been considered. 
Only the previous MEIS analysis[4] employed a simple reduction factor which took account of the 
correlation effect to some extent. 
     Previously, we determined the top interlayer distance as well as enhanced and correlated thermal 
vibrations of the close-packed Cu(111) surface by high-resolution medium energy ion scattering 
(MEIS)[7]. It was revealed that the top interlayer distance is slightly contracted by 0.5 % and the thermal 
vibration amplitude in surface normal direction ( ⊥u ) is significantly enhanced by 70 %, while only 
slightly enhanced by 10 % in the lateral direction ( //u ). The results presented above are in agreement with 

the molecular dynamics (MD) simulations using the embedded-atom method (EAM)[7]. However, the 
correlation coefficient determined by MEIS to be +0.24 is considerably smaller than that (+0.40) estimated 
from the MD simulations for the nearest neighbor atoms in the [101]-string. The correlation coefficients 
for the atoms located in other strings were not analyzed because of some experimental constraint.  
     In this study, we determine precisely the top and 2nd inter-layer distances for Cu(001) by the 
shadowing effect resulting from a particle nature of medium energy He ions, which indeed makes shadow 
cones behind surface atoms. Monte Caro (MC) simulations of ion trajectories along some major crystal 
axes allow for calculating the close encounter probability PCL for each layer atoms by varying the 
enhanced thermal vibration amplitudes and correlations. The MC simulation is continued until the 
calculated PCL values coincide with those derived from the layer-by-layer analysis of the observed MEIS 
spectrum. In such a way, we determine the enhanced thermal vibration amplitudes ( //u , ⊥u ) of the 

top-layer atoms as well as the correlation coefficients between the 1st and 2nd nearest neighbor atoms in 
the [101] and [001] strings for the motion perpendicular to each string. Therefore, it is essential to employ 
a reliable line shape for each scattering component. The previous MEIS spectrum analysis[7] used 
asymmetric Gaussian shapes. It was found out later that the line shape for the scattering component from 
the top layer atoms was well reproduced by an exponentially modified Gaussian (EMG) profile[8,9]. This 
EMG line shape was also applied successfully to analysis of the MEIS spectra observed for Au 
nano-clusters[10,11]. Thus we employ the EMG line shape to deconvolute the observed MEIS spectrum in 
the present analysis. The results obtained here are compared with the theoretical predictions by the Debye 
approximation and the MD simulations employing the EAM potentials[12]. 

Taishi Matsuda, Yuta Aiba, Ryota Ichiba, Akio Hayashi, Akihiko Fujii, Jyunki Morimoto and Yoshiaki Kido
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2. Experimental  
     Copper is a typical well conductive metal taking a fcc crystalline structure with a lattice constant of 
a = 3.615 Å (Debye temperature: DΘ  = 315 K)[13]. We purchased a disk-shaped and mirror-finished 

Cu(001) substrate with a purity of 4N from Surface Preparation Laboratory (SPL). The clean Cu(001) 
surface was prepared by many cycles of sputtering with 0.75-1.5 keV Ar+ followed by annealing at 650°C 
for 10 min in ultrahigh vacuum (UHV) and then a (1×1) clear image was observed by reflection high 
energy electron diffraction (RHEED). No surface contaminations of C and O were confirmed by Auger 
electron spectroscopy and high-resolution MEIS. Then the sample was transferred to an UHV scattering 
chamber and mounted on a 6-axis goniometer. A 120 keV He+ beam was incident on the sample surface 
and scattered He+ ions were energy-analyzed by a toroidal electrostatic analyzer (ESA) with an energy 

resolution of 3101E/E −×≅Δ  (full width at a half maximum: FWHM)[14,15]. Such an excellent 
energy resolution allowing for layer-by-layer analysis was achieved mainly by making a well collimated 
beam size of 0.18 mm in the horizontal plane and a good spatial resolution of 40 m of the position 
sensitive detector connected to the toroidal ESA. The detection efficiency and the solid angle subtended by 
the toroidal ESA detector were  = 0.44 and  = 7.64×10–5 [str], respectively. It is crucial to measure 
precisely an integrated beam current. For this purpose, the sample was positively biased by +90 V to 
suppress secondary electron emission and the beam current was conducted to ground via an ammeter. In 
order to avoid radiation damage to the sample surface, we shifted the beam position after accumulating a 
beam current of 1 C.  
     Figure 1 shows a typical MEIS spectrum (circles) observed for 120 keV He+ ions incident along the 

[ 110 ]-axis and backscattered to the [101]-direction. Two surface peaks correspond to the scattering 
components from two Cu isotopes, 63Cu(69 %) and 65Cu(31 %). The thick and thin solid curves, 
respectively are best-fitted total spectrum and decomposed scattering components from the top, second and 
third layer Cu atoms. The close encounter (hitting) probabilities for the 2nd- and 3rd-layer Cu atoms are  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1. MEIS spectrum (circles) 
observed for 120 keV He+ ions 
incident along the Cu-[ 110 ]-axis 
and scattered to 90° ([101]-axis). 
Thick and thin solid curves denote 
best-fitted total and decomposed 
spectra, respectively. 
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deduced to be 0.24±0.02 and 0.05±0.02, respectively by deconvoluting the surface peak. How to 
decompose the MEIS spectrum will be described later in detail. 
 

3. Monte Carlo Simulations of He Ion Trajectories 
     The scattering yield from the n-th layer atoms, nY  is expressed by 

inCLn cos/)n(PxN)d/d(QY θηεΔΩΔΩσ += ,                                        (1) 

where )n(
outE  is the emerging energy of He+ ions scattered from the n-th layer atoms, Q number of incident 

He+ ions, Ωσ d/d  differential scattering cross section, xNΔ  number of target atoms [atoms/cm2] and 

+η  He+ fraction. The close encounter probability for the n-th layer atoms is denoted by )n(PCL  and inθ  

is an incident angle with respect to surface normal.  We employed the scattering cross sections proposed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
by Lee and Hart[16], which gives good approximations for relatively low Z-number atoms. Figure 2 shows 
the scattering cross sections calculated using ZBL[17], Molière potentials and the Lee-Hart approximation 
for 100 keV He+ ions scattered from 14Si, 28Ni and 79Au as a function of scattering angle, which are 
normalized by Rutherford scattering cross sections. Here, the scattering cross sections labeled by HF were 
calculated using the potentials which were derived by solving the Poisson equation assuming the 
Hartree-Fock-Slater atomic model[18,19]. It is clearly seen that the scattering cross sections calculated 
from the Molière potential agree well with those derived from the HF potential in spite of slight 
underestimate. The simple Lee-Hart expression gives good approximation for Si and Ni in a wide range of 
scattering angle. In the present analysis, we employed the Lee-Hart formula to calculate the scattering 
cross sections. In this MEIS spectrum analysis, we used the asymmetric line shape expressed by the EMG 
function, which was proposed by Grande et al.[8]. The EMG function is given by 
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where 0σ  is an asymmetric parameter calculated by the coupled channel method[20,21] and nσ  is the 

energy spread of emerging He+ ions backscattered from the n-th layer atoms. The square of the energy 
spread is expressed by 

}cos/1cos/K{ndN outin
22

LS
2
0

2
n θθΩΩσ ++=                                           (3) 

where N and d are atomic number density and inter-atomic distance, respectively and K is a kinematic 
scattering factor. In the present case, the system energy resolution (standard deviation) is  
 
The energy straggling LS is given by the Lindhard-Scharff formula (v: ion velocity)[20], 
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If the line shape is exactly given, the MEIS spectrum for He+ ions scattered from the top layer atoms 
should be uniquely synthesized. The line shape for each scattering component from the n-th layer atoms 
was obtained by calculating the energy straggling using the Lindhard-Scharff formula. Using such well 
defined line shapes, we can decompose a MEIS spectrum uniquely into each scattering component from 
subsurface atomic layers. Decomposing the observed MEIS spectrum shown in Fig. 1 deduced the close 
encounter probabilities of 0.24±0.02 and 0.05±0.02 for the 2nd and 3rd layer atoms, respectively, the He+ 
fraction of 0.55 and enhanced energy loss, 1.4 times that given by Ziegler’s semi-empirical formula[17]. 
     The enhanced thermal vibration amplitudes of the top-layer atoms as well as correlations between 
the first and second nearest neighbor atoms can be derived by calculating the close encounter probability, 
PCL(n) for each layer atoms. We performed Monte Carlo simulations of He ion trajectories and calculated  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Ion trajectory along a string. The ion undergoes a series of small-angle collisions from thermally 

displaced lattice site atoms in the string. 
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the close encounter probabilities by varying the //u  and ⊥u  values and the correlation coefficients until 

the calculated PCL(n) values coincide with the observed ones. Note that the close encounter probability is 
normalized by that for atoms undergoing no shadowing effect, for example, top-layer atoms. Figure 3 
shows the schematic of a trajectory of an ion incident along some major crystalline axis. In the case of 
medium energy He+ incidence, the time for passing close to a lattice site atom is ~10 17 s, while the period 
of the thermal vibrations of Cu at room temperature (RT) is estimated to be ~2×10 14 s at least from the 
Debye cut-off frequency ( /k DBD Θω = ; Bk : Boltzmann constant, : Planck constant). Therefore, the 

lattice site atoms can be regarded to be at rest during the passage of He ions. The ion incident along a 
crystalline row taken as the z-axis undergoes a sequence of discrete small-angle deflections by the 
screened Coulomb potential of the atoms along the string. The incident position in the 1st layer is denoted 
as   , which is generated by uniform random numbers. The position of the atom in the n-th layer nr  is 

given taking into account the enhanced thermal vibration amplitudes and correlation coefficients assumed 
appropriately. The normalized close encounter (hitting) probability for the nth-layer atoms located in a 
crystal string (z-axis) is calculated assuming a single-row approximation[23] by 
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Here, A is an incident area, n0nnn R)Y,X(:R Δ+≡  the ion crossing position in the nth-layer, N the number 

of incident ions, and S is the correlation matrix given by             (< > means a time average), where 
≡ξ ( )1n(221 ,...,, −ξξξ ) is the correlated 2(n-1)-variate normal distribution. The normalized and correlated 

position vector  is expressed by ηξ 1T −= , where )...,,,( )1n(221 −≡ ηηηη  is the normalized position 

vector generated by assembling the normal distribution of the 2(n-1)-univariate independent random 
variables and the transformation matrix T is given by 1STT~ −= [24]. A nuclear encounter would have taken 
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place if the atom residing in the n-th layer were located exactly at                 . Note that only the 
coordinates in the (x, y) planes are relevant to the problem. We also assumed no correlations between the x 
and y positions. We determine the enhanced thermal vibration amplitudes, //u  and ⊥u  and the 

correlation coefficients, Si j in such a way that the assumed values reproduce the close encounter 
probabilities derived from the observed MEIS spectrum analysis. 
     The relaxed inter-layer distances, enhanced thermal vibration amplitudes of the top-layer atoms and 
the correlation coefficients for the first and second nearest neighbor atoms derived from the observed 
MEIS spectrum analysis are compared with theoretical predictions calculated from the Debye model and 
the MD simulations using the EAM potential of the FBD (Foiles-Baskes-Daw) type[12]. The bulk and 
correlated thermal vibration amplitudes are simply expressed by the Debye approximation. The 
time-varied atomic displacement can be regarded as a wave function, which is expressed by superimposing 

the standing lattice waves as follows ( l : lattice vector): 

)]lqiexp(a)lqiexp(a[e)
NM2

()l(u qqq
2/1

q q

⋅−+⋅= +
σσσ

σ σω
,                          (7) 

where σ , σqe  and q  represent a vibrational mode (longitudinal or transverse, acoustic or optical), the 
unit vector directed to wave vector q  and the corresponding angular frequency of the mode, respectively. 
The atomic mass and atomic number density are denoted by M and N, respectively and aq  and aq

+ are 
creation and annihilation operators satisfying the exchange relation. The correlated vibration amplitude 
between the n-th nearest neighbor atoms is expressed as the following expectation value. 
 
 
 
 
 
 
where d and BZ are the inter-atomic distance in the string and the volume of the first Brillouin zone, 
respectively. The correlated thermal vibration amplitude for a monatomic crystal is given by 
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3/1 πΘπ= .  If one lets n = 0, the root-mean-square bulk thermal vibration 

amplitude (three-dimensional) is obtained. For Cu at RT, the Debye approximation gives the bulk thermal 
vibration amplitude of 0.084 Å. Figure 4 shows the correlation coefficients for the motion perpendicular to 
the [101]-string calculated from the MD simulations[7] and Debye model. The bulku  value of 0.085 Å and 
the correlation coefficients for the nearest neighbors derived from the MD simulations coincide well with 
those calculated from the Debye approximation ( 84.0ubulk =  Å), although slight deviations are seen for 
the nearest neighbor distance longer than a26 × . 
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4. Results and Discussion 
     In the present study, we determine the relaxed inter-layer distances, enhanced thermal vibration 
amplitudes and correlation coefficients between the first and second nearest neighbor atoms for the motion 
perpendicular to the [001] and [101]-axis. To do that, MEIS spectra were measured for various scattering 
geometries, as indicated in Fig. 5. First we determine the relaxed interlayer distance between the top and 
second layer 12d  and that between the 2nd and 3rd layer 23d . This can be made by a simple 
trigonometry. We performed polar scans around (i) the [101]-axis at the [100]-azimuth and (ii) around the 
[ 211 ]-axis for 120 keV He+ ions scattered mainly from the 2nd layer for the case of (i) and mainly from 
the 3rd and 4th layers for the case of (ii) and from deeper layer atoms (see Fig. 5 and Figs. 6(a) and (b)).  
In the case of (i), the angle giving a scattering 
yield minimum shifts by +0.46±0.05° from 
the [101]-axis for the scattering component 
mainly from the top-4th layers and that for 
the scattering component mainly from the 
3rd-4th layers in the case of (ii) shifts by 
+0.1±0.05° from the [112]-axis. 
 
 
 
 
 
 
 
 
 
 
As the results, 12d  and 13d  are determined to be 1.779±0.005 and 3.602±0.007 Å, respectively and thus 

Fig.5. Side views of various scattering 

geometries in (010)- and ( 011 )-plane. 

Lattice site atoms denoted by solid circles 

and dashed circles belong to a different 

scattering plane.  

Fig.4. Correlation coefficients calculated 
from MD(open squares) and Debye model 
(full circles) for neighboring Cu atoms in 
the [101]-string for motion perpendicular 
to the [101]-string. 
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the top-layer contraction of 1.6 % and the 2nd-layer expansion of 0.9 %. This result is consistent with the 
data given by the previous MEIS analyses[3,4] and significantly different from the SXRD data (160 K)[5]. 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. (a) Polar scan spectrum around [101]-axis observed for scattering components mainly from 2nd layer 

(triangles) and from deeper layers (circles). (b) Polar scan spectra around [ 211 ]-axis observed for scattering 

components mainly from 3rd and 4th layers (triangles) and from deeper layers (circles). Solid curves denote 

polynomial least square fitting. 

 

     Next, we derive the enhanced thermal vibration amplitudes of the top-layer atoms in the vertical and 
lateral directions. The root-mean-square bulk thermal vibration amplitude bulku  was determined 
previously for Cu(111) by taking a polar scan around the [001]-axis for scattering components from deeper 
layers (mainly from 5th and 7th layers). The simulated polar scan profile which was obtained by 
calculating the close encounter probabilities for deeper layer atoms was best fitted to the observed one by 
assuming an appropriate bulku  value. Figure 7 indicates the observed (squares) and simulated polar scan 
spectra as a function of polar angle around the [100]-axis. Obviously the assumption of 085.0ubulk =  Å 
gives the best-fit, which coincides with the value of 0.085±0.002 Å calculated from the MD simulation 
and agrees well with the value of 0.084 Å derived from the Debye approximation. 
     We measured the following four MEIS spectra for 120 keV He+ ions (i) (ii) incident along the 
[ 111 ]-axis and scattered to the [111]- and [221]-direction, (iii) the [ 100 ]-incidence and scattering to 80° 
about 3° off from the [100]-azimuth, and (iv) the [ 110 ]-incidence and scattering to the [101]-direction. 
The close encounter probabilities obtained by the observed MEIS spectrum analysis are indicated in Table 
I. In the case of (i) and (ii), )1(

//u  and )1(u⊥  for top-layer atoms are the fitting parameters, which are 
determined by best-fitting both the surface peak involving the scattering components from the top-, 2nd-, 
3rd- and 4th-layer atoms. We neglected the correlations between 1st nearest neighbors because of the small 
values, 145.0S 111

12 ≅  and 079.0S 221
12 ≅ . The close encounter probabilities for the 3rd and 4th-layer 

atoms are deduced to be 0.30 and 0.17 for the ions passing along the [111]- and [221]-axis, respectively. 
Here, we assumed the approximation that the scattering event happening in the incident path is 
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independent of that in the exit path and time reversibility holds for the emerging path. Figure 8 shows the 
combination of ( )1(

//u , )1(u⊥ ) which reproduces the close encounter probabilities for the 3rd and 4th-layer 
atoms measured under the conditions (i) and (ii). The crossing point for the two curves gives the actual 
values of 0.136 and 0.129 Å for )1(

//u  and )1(u⊥ , respectively. The result obtained here reveals strongly 
enhanced thermal vibrations, 1.60 and 1.52 times the bulk thermal vibration amplitude of 0.085 Å for both 
lateral and surface normal directions, respectively, which are significantly larger than the previous 
reports[3-6]. Interestingly, the enhancement in the lateral direction is larger than that in the surface normal 
direction, quite different from the (111) surface[7]. This trend is consistent with the MD simulations[6] 
and previous MEIS analysis[4].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Then we determine the correlation coefficients between the 1st nearest neighbor atoms for the 
motion perpendicular to the [001]- and [101]-strings from the close encounter probabilities derived by 
decomposing the MEIS spectra observed under the conditions of (iii) (see Fig. 9) and (iv). As the results, 
the correlation coefficients are determined to be 26.0S 001

21 =  and 30.0S 101
21 = . In the analysis of the 

Fig.7. Observed polar scan spectrum 
(squares) around [001]-axis in ( 011 ) 
plane for scattering component mainly 
from 5th-7th layers. Solid curves denote 
simulated polar scan profiles assuming 
1D-thermal vibration amplitude of 0.065, 
0.075, 0.085 and 0.095 Å. 

0.10 0.11 0.12 0.13 0.14 0.15
0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

Cu(001)
u
bulk

 = 0.085 Å

 

 

Ve
rt

ic
al

 V
ib

ra
tio

n 
Am

pl
itu

de
 u

 (1
)  (Å

)

Lateral Vibratioin Amplitude u
//

(1) (Å)

u
//

(1) = 0.136 Å

u (1)  = 0.129 Å

Fig.8. Points ( ⊥u,u// ) satisfying the close 
encounter probabilities, 0.30 and 0.17 for 
the 3rd and 4th layer atoms for incident 
along the [111]- and [221]-axis, 
respectively. The crossing point 
( 136.0u )1(

// = , 129.0u )1( =⊥  Å) gives 
just the real enhanced thermal vibration 
amplitudes of the top layer atoms. 

-3 -2 -1 0 1 2 3
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

[001]

120 keV He+     Cu(001)

Polar Scan : around [001] in (110)
 Observed
 0.065Å
 0.075Å  
 0.085Å
 0.095Å

 

 

Sc
at

te
rin

g 
Yi

el
d

Incident Angle (deg)

Taishi Matsuda, Yuta Aiba, Ryota Ichiba, Akio Hayashi, Akihiko Fujii, Jyunki Morimoto and Yoshiaki Kido

－46－



11 
 

[101]-incidence, we assumed that the thermal vibration amplitude of the 2nd-layer atoms is equal to bulku . 
In order to reproduce the close encounter probability for the 3rd layer atoms, the thermal vibration 
amplitudes for the 2nd and 3rd-layer atoms should be also enhanced significantly, particularly in surface 
normal direction. We roughly estimated the enhanced thermal vibration amplitudes of 

01.012.0uu )2()2(
// ±=≅ ⊥  and 01.009.0uu )3()3(

// ±=≅ ⊥  Å and also anticipated the correlation 
coefficient between the 2nd nearest neighbors, 101

13S = 0 ~ +0.1. Then the 101
21S  value is corrected to be 

0.36±0.05. In the previous study[7], we estimated the correlation coefficient of 08.020.0S 101
12 ±+=  for 

the Cu(111) surface, considerably smaller than that predicted by the Debye and MD simulation. This is 
certainly due to neglecting the enhanced thermal vibrations of the 2nd-layer atoms. Note that the 
enhancement in the surface normal direction does not affect the close encounter probabilities for the 
[ 100 ]-incidence. The correlation coefficients estimated above are consistent with the results calculated 
from the Debye approximation and MD simulations (see Fig. 4). Of course, such strong positive 
correlations come from the nature of acoustic phonon modes. Only acoustic phonons appear for the 
crystalline lattice with one atom per primitive cell.  
 
 
 
 
 
 
 
 
 
 
 
 
5. Conclusion 
     High-resolution MEIS analysis for the Cu(001) surface revealed the top-layer contraction of 1.6 % 
and the 2nd-layer expansion of 0.9 %. This result is consistent with the data given by the previous 
MEIS[3,4] and MD simulation[6]. We also determined the thermal vibration amplitudes for the top-layer 
atoms in both lateral and surface normal directions, strongly enhanced by 60 % and 52 %, respectively in 
the lateral and vertical directions, which are in agreement with the data obtained by previous MEIS[4] and 
MD[6]. Interestingly, the enhancement in the lateral direction is larger than that in surface normal direction, 
quite different from the close-packed Cu(111) surface[7]. In addition, significant enhancement also occurs 
for the 2nd-layer atoms. Considering the surface relaxation and enhanced thermal vibrations, we estimated 
the correlation coefficients between the 1st nearest neighbor atoms to be 0.26±0.03 and 0.36±0.05 for the 
motion perpendicular to the [001]- and [101]-string, respectively. The correlation coefficient between the 
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2nd-nearest neighbor atoms in the [101]-string was found to be too small below +0.1. The results of 
correlation coefficients obtained here are consistent with the MD simulations using the EAM potential[7].  
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A Nafion film around a catalyst on carbon particles is observed by transmission electron microscopy

(TEM). The heating of Nafion in vacuum at high temperature (680oC) is hardly altered its external shape. The

effect of freezing using water drops on the catalyst containing Nafion (ionomer/carbon, (I/C)=1 ) using water

drops is resulted in the development of a new Nafion film around the catalyst. The small hole in the Nafion

film is covered with a more Nafion film layer by repeating the freezing and sublimation process of water drops.

The catalyst on carbon particles is altered the covering of the Nafion layer on the catalyst surface of a few

nanometer thickness. The presence of Nafion is prevented the oxidation of carbon particles owing to the

freezing effect.
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A Nafion film around a catalyst on carbon particles is observed by transmission electron microscopy (TEM). The 

heating of Nafion in vacuum at high temperature (680oC) is hardly altered its external shape. The effect of freezing

using water drops on the catalyst containing Nafion (ionomer/carbon, (I/C)=1 ) using water drops is resulted in the

development of a new Nafion film around the catalyst. The small hole in the Nafion film is covered with a more

Nafion film layer by repeating the freezing and sublimation process of water drops. The catalyst on carbon particles is

altered the covering of the Nafion layer on the catalyst surface of a few nanometer thicknesses. The presence of

Nafion is prevented the oxidation of carbon particles owing to the freezing effect.

Keyword: catalytic ink, Nafion, freezing effect, electron microscopy

1. Introduction

Polymer-electrolyte fuel cells (PEFCs) have

emerged as an eminent technology [1 and 2]. The

electrolyte is an ionomer that conducts protons. Nafion

is the best-known ionomer membrane for use as a 

solid, proton-conducting electrolyte in electrochemical

technology. To increase the contact surface between

electrode and the membrane on important proton

conductor used as the ionomer, catalytic inks, which

are mixture of Pt/C powders, a solvent and ionomer

have been used [3 and 4].

Along with their attractiveness as efficient and clean 

energy products generated by a PEFC system, may

provide energy sources for the energy sources of not 

only cars but also household applications. In

automotive applications of PEFCs, the behavior of

water drops below the freezing point in the catalyst

and the gas diffusion layer (GDL) is an important

problem [5 and 6]. During PEFC operation, the

oxygen reduction reaction in the catalyst layer

produces water.

At a normal operation temperature (353 K), the water

produced can be removed either as vapor or liquid

drops via vapor phase diffusion or capillary-driven

liquid flow. In a previous paper [7], we proposed the

use of water drops and an evacuation process to

investigate the freezing effect on the catalyst. By the

evacuation process, a water drop of about 2 mm

diameter was cooled to 243 K by forming an ice drop

at the triple point of water. The sublimation of ice 

rapidly decreased its temperature to 243 K within 60 s 

and keep it constant for 80 s. Subsequently, it became

room temperature in about 60 s and water drop
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disappeared owing to sublimation. By repeating this

process, the structure of carbon was markedly altered 

despite of the low temperature. Following to the

previous simulation experiment, a catalyst containing

Nafion was examined by transmission electron 

microscopy (TEM) (Hitachi H-9000 NAR).

2. Experimental procedure

The catalytic inks are prepared by mixing Nafion (a

Wakol 10 % Nafion (DE1020)) with Pt/C powders

(40% of Pt).The used Nafion is a water dispersion

system solved with isopropyl alcohol. The catalytic

ink (ionomer/carbon (I/C) =1) is also dispersed on a

holey carbon film. The commercial carbon holey film 

is supported by a standard copper electron microscopy

grid (3mm diameter). Both sides of carbon the holey

films are recovered with an amorphous carbon layer

by the arc evaporation of a carbon rod. A typical

example of carbon holey film is shown in Fig.1. The

small holes less than 5 m in diameter are distributed

in the 200 mesh copper grid. The 200 mesh copper

grid covered with the holey film is placed on filter 

paper and a drop of ink (I/C=1) is dispersed on the

mesh. The dispersed mesh of the specimen is dried

for more than two days at room temperature before the

observation by TEM. A water drop of 2mm diameter is

directly placed on the specimen on the electron 

microscope holder and evacuated similarity to the case 

in the previous study. The water drop on the specimen

holder froze near the triple point of water. The

temperature of the frozen drop abruptly decreased at 

243 K. The ice drop became smaller owing to the

sublimation and disappeared, as observed in the

previous study. One cycle of this process is carried out

and the same position is observed after one cycle 

experiment. The observations observed using electron

microscopes (Hitachi H-9000 and H-7100R) clearly

showed the size alteration caused by the freezing. The

freezing experiment is also performed in a

special gas reaction chamber of 170 mm diameter and 

300mm height. The experimental process is the same

as that mentioned al in a previous paper [7].

3. Results and Discussion

Fig.2 and 3 show the EM images and corresponding

diffraction patterns of the carbon particles as 

commercial catalyst in Pt-on-C. Vulcan and Ketjen

particles with a size of spherical of 50 nm order are

dispersed around on the carbon holey film. The

corresponding electron diffraction patterns show that

the particles are composed of a graphic structure. As

indicated in the enlarged image in Fig.2 and 3, the

particle structures are distorted onion structure based

on graphite (002) lattice planes. Onion structure

differences also show the central density difference.

Fig.1. Carbon holey film on standard electron
microscopic copper grid of 200 mesh. The holes
less than 5 m diameter were distributed, as shown
in the enlarged image. The specimen was placed 
on these holes
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.

Fig.2 Typical electron microscopic images of Vulcan particles (a) corresponding electron diffraction pattern (b) and 
HRTEM image (c).Carbon particles with a size of less than 50 nm were distributed. The ED pattern shows that the
particles have a [0001] preferred orientation based on the distorted onion structure shown in (c). The lattice fringes of
(002) of graphite (0.34nm) were clearly observed.

Fig.3. Typical electron microscopic images of Ketjen particles (a) corresponding electron diffraction pattern (b) and
HRTEM image (c). Carbon particles with a size of less than 50 nm are distributed. The ED pattern shows that the 
particles have a [0001] preferred orientation based on the distorted onion structure shown in (c). The particle central
region is composed of void layer due to the crystallization of the particle surface region.

.

Fig.4. Electron microscopic image of 
the catalytic ink containing ionomer

I/C and corresponding
diffraction pattern. Samples were
dispersed on the carbon holey film.
Arrows show the nafion film
surrounding the catalyst. The ED 
pattern can be identified to contain Pt,
carbon and nafion
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Fig.5. Typical catalyst and nafion film (a). Enlarged image of vulcan-Pt surface ((b) region) and nafion region (c). As
observed in (b), the vulcan particle surface was covered with an amorphous nafion layer of about 10nm. As indicated
by arrows A to C, thin nafion layer and no nafion layer are observed, these layers correspond to the three-phase
interface acts as the ionomer. As indicated by the circles in (c), fringes of 0.5 nm can be observed and suggest that the
amorphous nafion phase was composed of microcrystallites.

Fig.6. Nafion on the carbon holey film was heated up to 700 oC in vacuum. The external shape was hardly altered.
A new nafion layer was not formed by heating.

Fig.7 A water drop of about 2 mm was placed on the specimen in (a), (b), (c), and (d) showing the first, second and
third cycles. A nafion film was formed after 2 cycles. Arrows A to D show the formation of a new nafion film. The
freezing of water in nafion may have accelerated the dispersion of nafion.

 5

Freezing Effect for Catalytic Ink Containing Nafion

－63－



Fig.8 A. nafion film was formed in small holes in nafion in the area indicated by the circle in Fig3 (a).

Fig.9 The alteration of the nafion film observed in the third cycle shown in Fig.6 (c) by arrow D changed further in 
the fifth cycle. The holes disappeared.

Fig 4 shows the dispersed catalyst (N/C=1) on

carbon holey film. In addition to the catalyst of Pt on 

vulcan particle (Pt on C), a thin Nafion film is seen as 

indicated by arrows. The corresponding electron 

diffraction pattern indexes by Pt carbon, and Nafion as

well as identified x-ray diffraction pattern[8].

Fig. 5 shows the HRTEM image of the present

catalyst. Nafion is bridged between the catalysts. The 

carbon particle surface containing Pt clusters is

covered with a Nafion layer of less than 8 nm

thickness as indicated by arrows A and B. The surface

layer is distinguished the characteristic distorted

graphitic structure resembling a distorted onion

structure by HRTEM image analysis [9]. The covering

of the Nafion layer suggests a three phase interfaces.

However, as suggested by the figure, the Pt and carbon
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surfaces without the Nafion can be observed. Nafion

film was determined to have an amorphous structure.

As indicated by arrow observed A in the Nafion film,

small round particles with a fringe of 0.5 nm can be

observed. This suggests that the Nafion film is also

partly composed of micro crystallites, similarity to

amorphous SiO2 glass [10]. The results of a structural 

analysis on the shot-range ordering of the Nafion film

produced from the ink will be published elsewhere.

When the I/C=1 samples are dispersed on the

carbon holey film round and whiskes spaced Nafion

are often observed regardness of the Pt catalyst as

indicated in Fig.6. Figure 6 shows the result of

heating the specimen using a heating apparatus to

800oC obtained with an electron microscope [11]. The

image was recorded by video taping. The fundamental

contrast of the whisker and its shape were hardly

altered by its shape were hardly altered by heating at 

8000C. Nafion structure is destroyed.

However, the basic carbon chain structure might be

maintained throughout this experiment. Nafion was

changed to a carbonaceous material with an

amorphous structure. Even when the nafion structure

was destroyed by heating, the covered Nafion layer

indicated in Fig.4 might be hardly altered and might

remain as the carbonaceous amorphous material.

Fig 7 shows a typical alteration of the Pt-on-C

catalyst (N/C=1) on a holey carbon film in the freezing 

cycle. A marked alteration was observed in the second 

cycle, i.e., the Nafion film newly appeared, as

indicated by arrows A to D. The negligible alteration

of the catalyst observed in the third cycle. This effect

was a result of the catalyst being covered with Nafion,

making it resistant to freezing and sublimation forces.

The macroscopic movement of the catalyst was 

observed, similarly to the case presented   in the

previous paper [7], but the water mixed with Nafion

was frozen. A new Nafion film ways produced around

the carbon holey film by the sublimation of the frozen

water. After more than two cycles using the water drop,

the marked alteration seen in Fig4(c) became

negligible. As indicated in Figs.5 and 6 , the specimen

dispersed on the carbon holey film negligibly changed

during electron microscopy in vacuum. Therefore, the

development of a new nafion film was due to the

freezing and sublimation of water mixed with Nafion.

Fig 8 shows the magnified image of the encircled

region in Fig. 7(a). After the first cycle, a new thin

Nafion film appeared with small holes, as indicated by 

arrows. This indicates that the water contained in the

Nafion film froze and sublimated with Nafion. Small

holes of less than 5 nm diameter contained water, as

suggested by the consult of the simulation based on

the fundamental structure of Nafion[12]. Fresnel

fringes indicated by a double arrow in Fig.8 are due to

the small holes in the Nafion film.

Fig 9 shows the alteration of the Nafion film

produced by the third cycle, as indicated by arrow D. 

By repeating the freezing and sublimation of water

drops, the small holes were covered. The remaining

water in the Nafion hole was also frozen and 

sublimated. This result suggests that the ice in the hole

of the order of 4 nm in Nafion was not completely

sublimated by one cycle. 

4. Summary

Following a previous study [7], the effects of the

freezing and sublimation of water drops were

examined using a catalyst containing ionomer (I/C=1).

A change in nafion structure was observed. The

development of a nafion film and the alteration of a

small hole in the nafion film were discussed as being

the effects of the freezing and sublimation of water 

mixed with Nafion or water in the small hole in nafion

film. No marked alteration of carbon particles was 
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observed owing to the thin nafion layer covering the

catalyst. The effect of the alteration of nafion by 

changing the carbon ratio will be published elsewhere.
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A Development of Variable Speed Charger  
Considering Battery Degradation 

 
Masahiro Fukui1), Satoshi Aoki1), Takahiro Hirata1), Keiji Kato2),  

and Yusuke Yamamoto2) 
 

 

Although the battery degradation is a very important issue of the battery charger, no conventional approach has considered it. 

Since the battery degradation has high dependency with the temperature, this paper proposes a variable speed charger that 

reduces the battery degradation by reducing the average temperature of the battery. An implementation of the variable 

charger by using PSoC is also shown. The experimental results show that the charger charges a battery in short time with 

smaller temperature increase compared with conventional CVCC charger. 
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SEI solid electrolyte interface
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3. PSoC  
PSoC (Programmable System-on-Chip )

IC C
[6] 

PSoC CY8C29866 PSoC1 SRAM 2KB, FLASH
32KB CPU Core  M8C (8bit, 24MHz) GPIO 64 3.3V (3.0V~5.25V)

AD ADCINCVR DA DAC8 PWM16 PWM8
 PSoC 4 PWM PSoC Designer

PWM PWM16 32KH 1
CPU32KHz

 

2   
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Newly Diagnosis of Malignant Glioma by the Expression of 

Metallothionein Isoforms 

 
Mai Kobayashi1), Kenji Doi2), Naofumi Kaneko1), Hitoshi Sasaki2), Koji Arizono3) 
and Nobuhiro Ichikawa1, 4) 

 

 

We investigated expression of metallothionein (MT)-1A, MT-2A, MT-3 and glutathione S-transferase  

(GST- ) in glioma patients to diagnosis the malignancy grade of glioma. MT-1A and MT-2A have been 

recognized throughout whole body including kidney, liver and brain, while MT-3 has been mainly detected in the 

central nerves system (CNS). The mRNA expression of each MT and GST-  in human glioma was detected by 

reverse transcriptase-polymerase chain reaction (RT-PCR) with the gene-specific primers. The expression of 

MT-1A, MT-2A and GST-  was found in all clinical specimens by RT-PCR. MT-3, which is known as a 

brain-specific isoform, was overexpressed in glioblastoma and anaplastic astrocytoma, but its expression was not 

observed in pituitary adenoma. MT-3 expression in glioma responds similarly to GST-  expression in glioma 

represents one mechanism of resistance to subset of clinically important anticancer drugs. The strong staining was 

especially observed for MT high expression tissues in segmentation cells and undifferentiated malignant cells by 

the immunohistochemistry. The MT high expression group was significant extended survival rate to the MT low 

expression group. From the research, it was evident that MT high expression reduced therapeutic efficiency 

compared with MT low expression. In conclusion, MT-3 expression was inclined to increase with the malignancy 

grade of glioma. 

 

 

Key words: Metallothionein, Glioma, Multidrug resistance 

 

E-mail: novichi@ph.ritsumei.ac.jp (N. Ichikawa) 

 
1)Graduate School of Science and Engineering, Ritsumeikan University, Kusatsu, Shiga 525-8577, 

Japan 
2)Department of Hospital Pharmacy, Nagasaki University Hospital of Medicine and Dentistry, 1-7-1 

Sakamoto, Nagasaki 852-8501, Japan 
3)Faculty of Environmental and Symbiotic Sciences, Prefectural University of Kumamoto, 3-1-100 

Tshukiide, Kumamoto 862-8502, Japan 
4)Department of Pharmacy, College of Pharmaceutical Sciences, Ritsumeikan University, Kusatsu, 

Shiga 525-8577, Japan 

立 命 館 大 学 理 工 学 研 究 所 紀 要　第71号　2012年

Memoirs of the Institute of Science and Engineering, Ritsumeikan University, Kusatsu, Shiga, Japan. No. 71, 2012

－73－



Metallothioneins (MTs) are a family of heavy metal binding proteins overexpressed in carcinoma cell lines1—4) 

and human cancers5—7) which are associated with resistance to cytotoxic drugs.8) The MT proteins are low molecular 

weight, cysteine-rich, highly nucleophilic, and have no sulfhydryl bonds. They bind zinc and copper and presumably 

function in metal ion regulation and detoxification in peripheral tissues as well as in the central nerves system (CNS). In 

human, four members of the MT gene family have been identified. MT-1 and MT-2 are virtually in all tissues, whereas 

MT-3 and MT-4 are mainly expressed in the CNS9) and squamous epithelium,10) respectively. In addition, MTs have 

been suggested to concern with chemo/radiotherapy resistance in certain cultured tumor cell lines.2, 11) There has been, 

however, little information about the MT isoforms expressed in brain tumors. 

We make the hypothesis that intracellular levels of MTs are investigated expression of MT-1A, MT-2A, MT-3, 

glutathione-S-transferase  (GST- ), and -actin in glioma patients. Moreover, we were observed the Immuno-

histochemistry and compared with the survival rate by MT high and low expression. 

 

MATERIALS AND METHODS 

 

Materials   ISOGEN™ was obtained from Nippon Gene (Toyama, Japan). SuperScript™ One-Step reverse 

transcriptase-polymerase chain reaction (RT-PCR) with Platinum® Taq was obtained from Invitrogen Co. (Carlsbad, CA, 

USA). Certified PCR LOW Melt Agarose was obtained from BIO-RAD Co. (Tokyo, Japan). All other chemicals were 

of the highest purity available. Vectastain avidin-biotinyl-peroxidase complex (ABC) kit was obtained Vector 

Laboratories (Peterborough, UK). 

Clinical specimens   Glioma specimens from 2 patients and pituitary adenoma specimen from 1 patient were 

obtained by surgery and immediately frozen by liquid nitrogen, and then stored at –198 ºC until RNA extraction. 

Gliomas were classified into anaplastic astrocytoma (grade III), glioblastoma (grade IV) according to the 2007 World 

Health Organization (WHO) classification. 12) All work with clinical specimens was performed with approval from the 

Nagasaki University Hospital Ethics Review Board and the Ritsumeikan University BKC Life Ethics Screening 

Committee.  

RT-PCR   Total RNA from clinical specimens was isolated using ISOGEN™. RT-PCR was carried out using the 

SuperScript™ One-Step RT-PCR with Platinum® Taq according to the manufacturer’s instructions. The primer sets used 

and the expected sizes of PCR products are summarized in Table 1. RT-PCR for -actin was also performed as an 

internal standard. RT-PCR conditions were as follows: cDNA synthesis, 50 ºC for 30 min; pre-denaturation, 94 ºC for 2 

min; 17-30 cycles: denature, 94 ºC for 15 sec; annealing, 55 ºC for 30 sec; extension, 72 ºC for 30 sec; and final 

extension, 72 ºC for 7 min. The RT-PCR products were electrophoresed in a 3% agarose gel containing 0.02 g/mL 

ethidium bromide. The fluorescence intensity of RT-PCR products was detected using FluorChem® Imaging System 

(Alpha Innotech). 

Immunohitstochemical staining procedure   Immunohistochemistry was performed using the ABC kit (Vector 

Laboratories). The peroxidase reaction was developed by placing the slides in 0.007% (v/v) hydrogen peroxidase in 

Tris-HCl buffer (pH 7.6) for 5-10 min, using 0.02% (w/v) 3.3’-diaminobenzidine tetrahydrochloride as the chloride as 

the chromogen. The sections were counterstained with hematoxylin. The slides were washed three times with PBS 
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between each step. The organization specimen of a thin earnest interception fixed the cerebral tumor organization 

(obtained by the operation and also biopsy) with formalin and did package by paraffin and produced. In the incipience 

example (treatment by the radiation irradiation of 40 Gy over), an organization specimen did immunohistochemical 

staining by using the anti MT monoclonal antibody (DAKO, MT-E9). 

Survival rate of glioma patients   Staining was evaluated to diagnosis and sections were classified as MT high 

expression (  10%) or MT low expression (< 10%). Results were expressed as percentage of positive samples out of the 

total number of investigated patients. The comparison of the survival rate of glioma patients were evaluating by the high 

expression group and low expression group of MT. 

Statistical analysis   Statistical significance was determined by the Fishers exact probability test. Survival rates 

were analyzed by the Kaplan-Meier method. 

 

Table 1. Primer sequences and expected size of RT-PCR products. 

 

  
 

 

RESULTS 

 

Expression of MT-1A, MT-2A, MT-3 and GST-  mRNA in human brain tumors   The 3 clinical specimens 

were assessed by RT-PCR for the expression of MT-1A, MT-2A, MT-3, and GST-  at mRNA level (Fig. 1). RT-PCR 

revealed the expression of MT-1A, MT-2A and GST-  in all clinical specimens. It showed that MT-1A and MT-2A 

mRNA expressions were slightly low in pituitary adenoma than in other clinical specimens. MT-3, is known as a 

brain-specific isoform, was overexpressed in glioblastoma and anaplastic astrocytoma, but its expression was not 
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observed in pituitary adenoma. 

Tissue samples of 7 tumors were analyzed by RT-PCR 

and showed mRNA expression of all investigated genes with 

MT-1A, MT-2A, and MT-3 (Fig. 2). The all data of 

expression in MT-1A, MT-2A, and MT-3 were percent of 

astrocytoma (No.7), respectively. No significant differences 

were observed in MT-1A expression comparing 

glioblastoma, blastoma, and astrocytoma. In the MT-2A, 

glioblastoma multiform (No.3) and a recurrence of 

glioblastoma (No.5) were observed in high expression. On 

the other hand, strong MT-3 expression in high grade tissues 

(glioblastma) is compared with low grade tissues (blastoma 

and astrocytoma). A glioma outback of except for neuron 

and glial cells were not expression of MT-3. 

 

Fig. 1.  Expression of MT-1A, MT-2A, MT-3, GST-  and ß-actin in human brain tumors.  
Three percent agarose gel containing 0.02 g/mL ethidium bromide electrophoresis of the RT-PCR product amplified from total RNA of  

glioblastoma (1), anaplastic astrocytoma (2), pituitary adenoma (3) with the specific primers. 

 

 

 

 

Immunohistochemistry   Immunohistochemistry was performed on MT low expression tissues (Fig. 3a) and on 

MT high expression tissues (Fig. 3b). Staining was present in cytoplasm and in nucleus for MT. The high grade tissues 

(Fig. 3b) were showed many MT expressions compared with the low grade tissues (Fig. 3a). The strong staining was 

especially observed for MT high expression tissue in segmentation cells and undifferentiated malignant cells.  

MT-1A 

MT-2A

MT-3

GST-

ß-actin

1           2          3

MT-1A 

MT-2A

MT-3

GST-

ß-actin

1           2          3

MT-1A 

MT-2A
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ß-actin

1           2          3
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MT-2A
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ß-actin

1           2          3

1, 2, 3 

Fig. 2.   Expression of MT isoform mRNAs  
for surgical specimens of glioma patients. 

column 1: MT-1A mRNA, 2: MT-2A mRNA, 3: MT-3 mRNA 

Fig.3. Typical examples of immunohistochemical  
staining for MT. 
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Survival rate   The survival rate of glioma patients 

relative to immunohistochemical staining for MT compared 

with MT high expression group and MT low expression 

group (Fig. 4). The MT high expression group was 

significant extended survival rate to the MT low expression 

group (p < 0.05). From the research, it was evident that MT 

high expression reduced therapeutic efficiency compared 

with MT low expression. 

 

DISCUSSION 

 

Overexpression of MTs in malignant tumors seems to 

have an unfavorable influence on the clinical outcome, 

presumably by a negative effect on cellular response to anticancer reagents. The synthesis of the MTs is induced by the 

ions of metals, hormones, inflammatory factors, free radicals, physical stress and some pharmacological agents.13—16) 

MT-1A and MT-2A have been recognized throughout whole body including kidney, liver and brain, while MT-3 has 

been mainly detected in the CNS. 17—20) The brain-specific isoform MT-317, 21) is known to be different from other MTs 

in several respects: it consists of 68 amino acids and its amino acid sequence is different from that of other MTs; the 

distribution of MT-3 is largely restricted to the brain, especially astrocytes; and MT-3 expression is not induced by 

typical MT inducers.22,23) Bruce et al. were also reported that protein levels of MT-3 were reduced in transgenic positive 

mice that show many characteristics of Alzheimer’s disease.24) However, the mechanism of MT-3 gene regulation is not 

clear. These studies indicated that transcriptional regulation of MT-3 mRNA could be different from that of MT-1A and 

MT-2A. Moreover, MT-1A and MT-2A were reported to scavenge free radicals and protect cells against oxidative 

stress.25) MT-3 scavenged hydroxyl radicals in vitro more efficiently than MT-1A or MT-2A.26, 27) The mechanism by 

which metals, glucocorticoids and oxidants activate MT-1 and MT-2 gene transcription has been reported to be 

mediated by metal response elements (MREs), glucocorticoid response elements (GREs) and antioxidant response 

element (ARE). 22, 25, 28, 29) 

Expression of GST-  has been reported in the tumor vasculature in glioma.30, 31) GST-  was detected in glial cells of 

human healthy brain by immunohistochemistry.32) Calatozzolo et al. were reported that glioma specimens analyzed by 

immunohistochemistry confirmed staining in endothelial cells for p-glycoprotein (Pgp), GST-  and MRP1, and showed 

also expression of MRP3 and MRP5.33) Therefore, tumor endothelial cells showed wide diffusion of investigated 

proteins compared to healthy tissue. Our data (Fig. 2) suggested that MT-3 expression in glioma respond similarly to 

GST-  expression in glioma represents one mechanism of resistance to subset of clinically important anticancer drugs. 

It seems to reduce therapeutic efficiency in the MT high expression, because that is contribution to MT-associated 

resistance of the radiation therapy (Fig.4). 

In conclusion, our data suggest that MT-3 expression was inclined to increase with the malignancy grade of glioma. 

Therefore, MT-3 was expected to diagnosis of glioma functional grade. 

Fig. 4. Survival rate of glioma patients relative  
to immunohistochemical staining for MT. 
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Statistical Theory of an Assembly of the Stokes Parameters

Hiroshi Kuratsuji
Faculty of Science and Engineering, Ritsumeikan University-BKC, Kusatsu City, 525–8577, Japan

A statistical theory is given of an assembly of the Stokes parameters for light polarization. The
starting point is the Maxwell-Schroedinger equation, which is reduced to the evolution equation for
the multiple number of Stokes parameters. On the basis of this, the statistical ensemble is introduced
to derive the Boltzman-type equation for the gas of Stokes parameters. Two specific problems are
considered: The first is concerning the pseudo-spin resonance. As the second problem, we treat an
optical ”phase transition”, so to speak, which is an analogue of the well known phenomena occuring
in spin and its analogous systems that one encounters in condensed matter physics.

PACS numbers:

I. INTRODUCTION

The light polarization has long been one of the major
subjects in optics. As for the general references, we men-
tion the classic monograph [1, 2] together with a modern
description [3]. In order to describe the polarized light, it
is known that the Stokes parameters and Poicare sphere
(which is a geometrical realization of the Stokes param-
eter) play a powerful role [1, 7]. The change of polar-
ization state in anisotropic media is naturally described
by the evolution of the Stokes parameters, which gives a
basis to design the variety of the optical devices[7]. In
our previous paper [8], we presented a concise approach
to formulate the evolution equation for the polarization
state by starting with the first priciple using the Maxwell
equation.

Apart from the polarization, the major progress of
modern optics has been achieved by the so-called non-
linear optics [4]. Its central idea is in the so-called Kerr
effect; the refractive index becomes a nonlinear function
of the wave strength, hence the basic wave equation is
written as the non-linear Schroedinger equation (see for
example, [5, 6]). The naive form of the wave equation is
written by a single component complex-valued function.
However, it is invevitable to deal with two-component
wave equation for the polarized light if one considers the
wave propagation in anisotropic media.

The purpose of this note is to put forward a new ap-
proach to the evolution of the light polarization by adopt-
ing a statistical mechanical concept with taking accout
of nonlinear effect arising from the Kerr effect. As is
explained below, the basic idea is as follows: By using
the paraxial approximation, the Helmholtz equation is
reduced to the two component Schrodinger type equa-
tion, which can also be reduced to the equations of in-
finite set of the Stokes parameters. In order treat this
set, we formulate the theory in terms of the Hamilto-
nian dynamics for the pseudo-spins following an analogy
with the theory develpoped for real spins [9]. It is thus
possible to fully pursue the analogous phenomena with
the real spin systems. In this way it is just suitable to
treat such assembly of the Stokes parameters by adopt-
ing the statistical mechanics. In order to carry out this,

we introduce the distribution function which obeys the
Fokker-Planck type equation. We address two specific
problems; (i): The one is to explore the pseudo-spin reso-
nance which is an analogue of the magnetic resonance [8].
This is formulated by the Bloch equation for the mean
value of the Stokes parameter including relaxation. The
other problem is to examine a statistical aspect of the
Stokes parameters in the framework of the “phase tran-
sition”, that is an analogy with a spin or pseudo-spin one
encounters in quantum condensate. This comes from the
cooperative effect between the linear and Fokker-Planck
nonlinear birefringence.

II. TWO COMPONENT SCHRÖDINGER-TYPE
EQUATION

First we start with a brief sketch for the two-
component Schroedinger equation for the light wave trav-
eling through anisotropic media [10]. The z-axis is cho-
sen as a principal axis of the dielectric tensor, namely, the
axis corresponding to one of the eigenvalues of the dielec-
tric tensor. In this geometry, ε̂ is taken to be 2×2 matrix.
Now we consider the wave field (actually electric field))
E to be the superposition of multiple modes: exp[iklz]
with kl being the wave number of l-th modes which is
an eigenfunction of the locally isotropic dielectric tensor
ε0ij = n2

0δij with n0(≡ √
ε0) the refractive index for the

isotropic media. Now putting

E(z) = ψ(x, y, z) exp[ikn0z] (1)

where use is made of the circular polarization basis: ψ =
T f = ψ1e+ + ψ2e− and f represents the amplitude writ-
ten in terms of the linear polarization; f = f1e1 + f2e2.
The relation between two basis is given by the unitary
transformation: (e+, e−) = 1√

2
(e1 + ie2) = (e1, e2)T †.

By adopting the “para-axial approximation” [10] for the
second order Maxwell equation for E; namely, ψ is
slowly varying function of z, we have the equation of
Schroedinger type for the modulated amplitude ψ(z):

iλ
∂ψ

∂z
= Ĥψ (2)
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The transformed “Hamiltonian” is given by

Ĥ = ThT−1, h = − λ2

2n0
∇2 + v (3)

with v = ε̂ − n2
0. If noting the hermiticity, the potential

term for the anissotropic potential

V = TvT−1 = v01 + ασx + βσy + γσz (4)

where α, β, γ representing the linear and circular polar-
ization birefringence. Thus we have a coupled equation
for the components (ψ1, ψ2.

The next step is to further reduce the above
Schroedinger type equation. For the time being, we re-
strict the argument to the case the potential term does
not include nonlinear term. We expand ψ(x, y, z) in
terms of the eigenfunctions ψ0

n(r, z) ≡ exp[−i εn

λ z]φn(r),
satisfying unperturbed wave equation without birefrin-
gence (−λ2

n0
∇2 + v0)φn = εnφn. So we have

ψ(r, z) =
∑

n

Fn(z)ψ0
n(r, z) (5)

Here Fn(z) ≡ (ψ1(n), ψ2(n)) means 2 × 1 polarization
state corresponding to the n -th mode. By multiplying
φ∗

n, it follows that

iλ
dFn

dz
=

∑
m

Mnm(z)Fm (6)

Here the matrix

Mnm =
(

(γ̄)nm (α + iβ)nm

(α − iβ)nm −(γ̄)nm

)
. (7)

III. STATISTICAL THEORY

A. The equation of the pseudo-spin

From the outset given in the above, we see that the
variable z plays a role of ”time” variable. This suggests
that the formalism is similar to quantum dynamics. In
order to describe the dynamics, we now introduce the
“quantum” Lagrangian leading to the Schrödinger type
equation, which is given by

I =
∫

[
∑

n

F †
niλ

∂

∂z
Fn −

∑
nm

F †
nMnmFn]dz. (8)

Indeed, the Dirac variation equation δI = 0 recovers the
Scrödinger equation. Having defined the Lagrangian for
the two-component field ψ, we rewrite this in terms of
set of the Stokes parameters for the n -th mode: which
is defined as [8].

2Si(n) = F †
nσiFn, 2S0(n) = F †

n1Fn (9)

where σi(i = x, y, z) stands for the Pauli spin. We see
that the relation S2

0(n) = Sx(n)2 +Sy(n)2 +Sz(n)2 holds

for each mode, so that the total light strength is given
by S0 ≡ |E|2 =

∑
n S0(n). Here we adopt the spinor

representation,

ψ1(n) =
√

2S0(n) cos
θn

2
, ψ2(n) =

√
2S0(n) sin

θn

2
exp[iφn],

(10)
we have the polar form for the Stokes vector whose com-
ponents:

Sx(n) = S0(n) sin θn sin φn

Sy(n) = S0(n) sin θn cos φn

Sz(n) = S0(n) cos θn (11)

which forms a pseudo-spin and is pictorially given by
the point on the Poincaré sphere. In terms of the angle
variables, the Lagrangian can be written as

L = λ
∑

n

S(0)(n) (1 − cos θn)
dφn

dz
− H (12)

Here the “Hamiltonian” is written as the functions of
infinite number of pseudo-spins. The equations of mo-
tion for the pseudo-spins is derived from the variational
equation δI = 0, which is rewritten as the Hamiltonian
equation of motion [9]:

λ
dθn

dz
=

1
S0(n) sin θn

∂H

∂φn
, λ

dφn

dz
= − 1

S0(n) sin θn

∂H

∂θn

(13)
In terms of the Stokes vector, it turns out to be

dSn

dz
= Sn × ∂H

∂Sn
(14)

B. Reduction of distribution function

Now it is too complicated to handle this infinitely cou-
pled equation of motion correctly, which is similar as in
the case of many-particle systems, so a statistical treat-
ment may be plausible; namely, this can be described by
the statistical distribution function for the assembly of
the Stokes parameters. Let ρ({Sα

n}) be the distribution
function , which may obey the Liouville equation

∂ρ

∂z
+ {ρ, H} = 0 (15)

where the Poisson bracket is defined as

{f, g} =
∑
ijk,α

εijkSα
i

∂f

∂Sα
j

∂g

∂Sα
k

(16)

We here give a concise sketch for the statistical treat-
ment of the Stokes parameters: The main idea is to
use the reduced distribution function which is obtained
as a projection to few degree of the Stokes parameters;
namely,S1, · · · ,Sm) where m is usually much smaller

Statistical Theory of an Assembly of the Stokes Parameters

－83－



3

than total number of modes N . Let ρ̄ be the reduced
distribution function defined as

ρ̄(S1, · · · ,Sm) =
∫

ρ(S1, · · · ,SN )
N∏

k=m+1

dSk (17)

Hence one gets the reduced equation for ρ̄

∂ρ̄

∂z
= Lρ̄ (18)

where L denotes a sort of Fokker-Plank operator [11]

C. Pseudo-spin resonance

We now consider the first topics of an application to
actual situation: The case we are concerend with is that
the linear birefringence is modulated such that it oscil-
lates as sin-oscillation: namely, the pseudo-magnetic field
is written as

a = c0 cos ωz, b = c0 sin ωz (19)

in addition to the uniform pseudo-magnetic field in the
z-direction; c = gB. It has been suggested that this sinu-
soidal pseudo-magnetic field which leads to an analogue
of the magnetic resonance or Rabi oscillation in other
words [8].

If we follow a close analogy between the spin system
and the Stokes parameters, as we see in the above argu-
ment, it is plausible to adopt the well established result
of the magnetic resonance theory; let f be the distribu-
tion function for an average of the pseudo-spin, which is
described by the angular variable (θ, φ); so we have

Λf = [
1

sin θ

∂

∂θ
{sin θDt(

∂

∂θ
+ α sin θ)}

+
1

sin2 θ

∂

∂φ
{(Dt cos2 θ + Dl sin2 θ)

∂

∂φ
}]f (20)

with Λ = ∂
∂z + ω ∂

∂φ . Here two parameters Dt, Dl de-
note the perpendicular and longitudinal diffusive con-
stants and α stands for the analogy with the factor MB

kT in
magnetic resonance theory. By using this, one can derive
the Bloch equation for the pseudo-spin for a single Stokes
parameter: that is the average such a form S = 〈∑n Sn〉
w.r.t. the reduced distribution function:

dS
dz

= γS × G(z) − τ−1(S − χG(z)) (21)

The last term of this represents the relaxation.

IV. OPTICAL PHASE TRANSITION

Now we restrict our argument to the specific nonlinear
media with simultaneous existence of the linear birefrin-
gence.

First we consider the nonlinear birefringnece induced
by Kerr effect; namely, caused by electric field of the in-
cident light or electromagnetic field. Following the well
known fact [2], the dielectric tensor is given by the ampli-
tude written in terms of the linear basis; (f1, f2). Here
we make modification slightly; namely, we adopt the non-
local form. In terms of the transformed basis, this yields
the Hamiltonian:

V =
∫

ψ†(r′)
k(r, r′)

2
Ṽ (r)ψ(r′)drdr′. (22)

with

Ṽ (r) =
( −(|ψ1|2 − |ψ2|2)(r) ψ∗

1ψ2(r)
ψ∗

2ψ1(r) (|ψ1|2 − |ψ2|2)(r)
)

(23)

Using the expansion in terms of the basis, φn, we have

V =
∑
nm

k(n,m){S+(n)S−(m)+S−(n)S+(m)−Sz(n)Sz(m)}
(24)

with

k(n, m) =
∫

φ∗
n(r)φn(r)k(r, r′)φ∗

m(r′)φm(r′)drdr′ (25)

According to the general formula defined above, the clas-
sical Hamiltonian for the spin field becomes

H = 2
k

2
{−S2

z +
1
2
(S−S+ + S+S−)} = k(S2

0 − 2S2
z ) (26)

We now take into account of the linear bifringence.
Here one notes the fact that the linear birefringence has
various origin, and we are here concerned with the effect
arising from the external electro-magnetic field; Kerr and
Faraday effect: we design the following :the electric field
applied in both x and y direction together with the mag-
netic field in the z-direction (propagation direction): so
we get for the deviation of the dielectric field from the
isotropic case: ĥl = aσz +bσx +cσy which is transformed
to Ĥl = aσx + bσy + cσz. The corresponding classical
Hamiltonian incorporating both the linear and nonlinear
birefringence becomes

H = (Gl + Gnl) · S (27)

with Gl = (2a, 2b, 2c), Gnl = (kSx, kSy,−kSz) being the
pseudo-magnetic field coming from the linear and non-
linear birefingence.

We now consider the other aspect of the nonlinear bire-
fringence. The problem is concerning an optical counter-
part of statistical spin systems. The starting point is the
distribution function of the assembly of the Stokes pa-
rameters that has been sketched in the above. As a spe-
cial case we consider the “equibrium state”; ∂ρ

∂z = 0 and
hence the spin system may be described by the Gibbs
ensemble [13]; ρ = C exp[−βH],for which we have the
partition function:

Z =
∫

exp[−βH]dS (28)
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where β is a substitute of real temperature. To use such
a ”temperature-like parameter” may be implied from the
fact that the spin under consideration is in ”statistical
equilibrium” with the remaining optical degrees of free-
dom. In any case, the temperature is used as nothing
else than the working hypothesis. Having mind of this,
we settle the problem: In what follows, we here restrict to
the special case of liear birefringence; b = c = 0 (the case
of b, c �= 0 may be straightforward), which represents the
external Kerr effect that is caused by the constant electric
field applied in the x-direction.

H = 2aSx − 2kS2
z (29)

Here the constant term S2
0 is discarded, because it is con-

served. This form of the Hamiltonian is a classical coun-
terpart of amodel which one often encounters in various
field of quantum physics; for example, the Lipkin model
[14]. Now, if the scale is made for the spin variable;
Sx = S0lx, Sy = S0ly, Sz = S0lz, the Hamiltonian is
scaled by the magnitude of spin;

H = S0(alx − kS0l
2
z) ≡ S0H̃ (30)

Thus the partition function is written as

Z/S2
0 =

∫
exp[−βS0H̃]dl (31)

where we consider the situation that the intensity of light
is strong; namely, S0 becomes large; so the stationary
phase is applied to give the extreme for the integral over
spin, which serves as the stationary phase condition; we
get the local mininum of H̃ is given by

∂H̃

∂θ
= 2a cos θ cos φ + 4kS0 sin θ cos θ = 0

∂H̃

∂φ
= 2aS0 sin θ sin φ = 0 (32)

from which one sees that two extrema are discriminated
by the variable φ: (1): cos φ = 0 , (2) cos φ = 1. For
the case (1), we have a simple solution: cos θ = 1. which
represents the left-handed circular polarization. For the
case (2), the solution are bifurcated: (i): if a

2kS0
< 1

holds, we have sin θ = −1 or Sz = S0 cos θ = 0, which
represents the linear polarization. (ii):If a

2kS0
> 1 holds,

it follows that sin θ = − a
2kS0

or

Sz = ±S0

√
1 − (

a

2kS0
)2 (33)

which represents the elliptic polarization. Thus, a
2kS0

= 1
gives the critical value for choosing which type solution
should give the minimum. This feature is similar to the
mean field solution of the many-body model (e.g. Lipkin
model). Indeed the change between two types of mini-
mum may be regarded to be similar to the phase tran-
sition between two types of mean field ground states, a
sort of phase transition. The crossover between two ex-
tremal solutions is controlled by choosing the value of
strength of the nonlinear birefringence and external field
strength [15]. Namely, for the fixed strength of light k, S0,
if the external parameter increases starting from zero,
and reaching the value of a = 2kS0, the polarization
suddenly changes to the elliptic state [16]. In particular,
for the case that the coefficient k is very tiny, this can be
realized by the strong field strength in order to overcome
the value a of linear birefringence.

The present work was carried out under the aus-
pice of the Grant-in-Aid for Scientific Research from
the ministry of science and education (subject number:
2456057).
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＜論文＞ 
1) Kaori Fujisawa, Asuna Kuranari, Koji Ota, Osamu Tsutsumi, “Morphological Control of Gold 

Nanoparticle Aggregates via Photoisomerization of Azobenzene Liquid Crystals”, Mol. Cryst. Liq. 
Cryst., in press. 

2) Kenjiro Uno, and Osamu Tsutsumi, “Crystal Structure and Phase Transition Behavior of 
Dioctadecyldimethylammonium Chloride Monohydrate”, Mol. Cryst. Liq. Cryst., 563, 58-66, 2012. 

3) Kaori Fujisawa, Yuichi Izumi, Akira Nagamatsu, Kenjiro Uno, and Osamu Tsutsumi, 
“Liquid-Crystalline Behavior and Photoluminescence Properties of Gold(I) Complex with Isocyanide 
Ligand: Relationship between Aggregation Structure and Properties”, Mol. Cryst. Liq. Cryst., 563, 
50-57, 2012. 

 
＜招待講演＞ 
1) Osamu Tsutsumi, “Tunable Full-Color Luminescence from Liquid-Crystalline Gold Complexes”, 

Photophysique et Photochimie Supramoléculaires et Macromolécularies (PPSM)  Seminar, École 
Normale Suprérieure de Cachan (France), 2012年 9月. 

2) Osamu Tsutsumi, “Liquid-Crystalline Gold Complexes as a Full-Color Luminescent Material”, 
UDS-IPCMS-JSPS Joint Seminar, Université de Strasbourg (France), 2012年 9月. 

3) 堤治，「ソフト・ハード融合材料の階層的構造制御による高機能化」，資源研セミナー，東京
工業大学資源化学研究所，2012年 11月. 
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＜学会発表（海外）＞ 
1) Osaum Tsutsumi, Masakazu Tamaru, Sho Tamai, Kaori Fujisawa, “Full Color Luminescence from a Single 

Material: Photoluminescence Behavior of Liquid-Crystalline Gold Complexes”, XXV International 
Conference on Organometallic Chemistry (XXV ICOMC), Lisbon (Portugal), 2012年 9月 

2) Kaori Fujisawa, Asuna Kuranari, Osamu Tsutsumi, “Aggregation Structures of Gold Nanoparticles with 
Azobenzen Liquid Crystals on Solid Surfaces”, The 16th International Symposium on Advanced Display 
Materials and Devices (ADMD 2012), Cheju (Korea), 2012年 7月 

 
＜学会発表（国内）＞ 
1) 津守達啓，堤治，「大環状ポリオキソモリブデートと液晶性有機分子の融合による凝集構造制御」，

日本化学会第 93春季年会，立命館大学びわこ・くさつキャンパス，2013年 3月 
2) 清原亜祐実，西田匠汰，津守達啓，堤治，「大環状ポリオキソモリブデート／有機分子複合体の電

気化学特性評価」，日本化学会第 93 春季年会，立命館大学びわこ・くさつキャンパス，2013 年 3
月 

3) 柴田佳典，河田悠紀夫，堤治，「共有結合により有機分子を導入したポリオキソタングステートの
合成と機能」，日本化学会第 93春季年会，立命館大学びわこ・くさつキャンパス，2013年 3月 

4) 田丸雅一，藤澤香織，堤治，「液晶性環状三核金錯体の相転移を利用した発光色制御」，日本化学
会第 93春季年会，立命館大学びわこ・くさつキャンパス，2013年 3月 

5) 西田匠汰，清原亜祐実，堤治，「大環状ポリオキソモリブデート／液晶性有機分子の複合体薄膜の
電気化学的挙動」，日本化学会第 93 春季年会，立命館大学びわこ・くさつキャンパス，2013 年 3
月 

6) 藤澤香織，泉裕一，奥田雄騎，堤治，「スメクチック液晶性を発現する金(I)錯体の発光挙動」，日
本化学会第 93春季年会，立命館大学びわこ・くさつキャンパス，2013年 3月 

7) 玉井翔，藤澤香織，堤治，「棒状金錯体をメソゲンに用いた側鎖型高分子液晶の発光挙動」，日本
化学会第 93春季年会，立命館大学びわこ・くさつキャンパス，2013年 3月 

8) 杉本菜々，玉井翔，藤澤香織，堤治，「キラル部位を導入した金錯体の液晶挙動と発光特性」，日
本化学会第 93春季年会，立命館大学びわこ・くさつキャンパス，2013年 3月 

9) 玉井翔，藤澤香織，堤治，「単一化合物で白色発光を示す高分子液晶性金錯体」，第 2回 CSJ化学
フェスタ 2012，東京工業大学 大岡山キャンパス，2012年 10月 

10) 津守達啓，清原亜祐実，堤治，「液晶性有機分子を利用した大環状ポリオキソモリブデートの自己
組織化」，第 2回 CSJ化学フェスタ 2012，東京工業大学 大岡山キャンパス，2012年 10月 

11) 永松彰，倉成亜沙，堤治，「液晶分子を利用した金ナノ材料の配列制御」，第 2回 CSJ化学フェス
タ 2012，東京工業大学 大岡山キャンパス，2012年 10月 

12) 田丸雅一，藤澤香織，堤治，「単一化合物でフルカラー発光を示す液晶性金錯体」，第 2回 CSJ化
学フェスタ 2012，東京工業大学 大岡山キャンパス，2012年 10月 

13) 田丸雅一，藤澤香織，堤治，「液晶性環状三核金錯体の発光特性と分子間相互作用」，第 61 回高
分子討論会，名古屋工業大学，2012年 9月 

14) 津守達啓，清原亜祐実，堤治，「大環状ポリオキソモリブデート／液晶性有機分子複合体の構造と
物性の相関」，第 61回高分子討論会，名古屋工業大学，2012年 9月 

15) 玉井翔，藤澤香織，堤治，「側鎖に棒状金錯体を導入した高分子液晶の発光挙動」，第 61 回高分
子討論会，名古屋工業大学，2012年 9月 

16) 藤澤香織，泉祐一，大西佑亮，堤治，「発光性棒状単核金錯体の合成と液晶性」，2012年日本液晶
学会討論会，千葉大学西千葉キャンパス，2012年 9月 

17) 清原亜祐実，津守達啓，宇野健二朗， 堤治，「有機分子／ポリオキソモリブデート複合体の凝集
構造と物性」，錯体化学会第 62回討論会，富山大学五福キャンパス，2012年 9月 

18) 藤澤香織，堤治，「三核金錯体の凝集構造に伴う発光挙動変化」，錯体化学会第 62 回討論会，富
山大学五福キャンパス，2012年 9月 
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回討論会，富山大学五福キャンパス，2012年 9月 

21) Tamai Sho, Fujisawa Kaori, Tsutsumi Osamu, “White-Color Emission from a Single Material: 
Photoluminescence Behavior and Liquid Crystallinity of Calamitic Gold Complexes”, 8th International 
Workshop on Supramolecular Nanoscience of Chemically Programed Pigments (SNCPP12), Ritsumeikan 
University, 2012年 7月 

22) Tamaru Masakazu, Fujisawa Kaori, Tsutsumi Osamu, “Full-Color Emission from a Single Material: 
Correlation between Emission Color and Aggregation Structure in Liquid-Crystalline Gold Complexes”, 8th 
International Workshop on Supramolecular Nanoscience of Chemically Programed Pigments (SNCPP12), 
Ritsumeikan University, 2012年 7月 

23) Tsumori Tatsuhiro, Kiyohara Ayumi, Tsutsumi Osamu, “Synthesis and Properties of Organic-Inorganic 
Hybrid Materials Containing Giant-Ring-Shaped Polyoxomolybdate and Liquid-Crystalline Molecules”, 8th 
International Workshop on Supramolecular Nanoscience of Chemically Programed Pigments (SNCPP12), 
Ritsumeikan University, 2012年 7月 

24) 田丸雅一，宇野健二朗，藤澤香織，堤治，「ピラゾール配位子をもつ環状三核金錯体の液晶性と発
光特性」，第 61回高分子学会年次大会，パシフィコ横浜，2012年 5月 

25) 玉井翔，泉裕一，藤澤香織，宇野健二朗，堤治，「単核棒状金錯体の液晶性と発光特性」，第 61
回高分子学会年次大会，パシフィコ横浜，2012年 5月 

26) 藤澤香織，宇野健二朗，堤治，「環状三核金錯体の凝集構造と発光挙動の相関」，第 61 回高分子
学会年次大会，パシフィコ横浜，2012年 5月 
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1. The Mechanism of Emerging Catalytic Activity of Gold Nano-clusters on Rutile TiO2(110) in CO 

Oxidation Reaction: 
  K. Mitsuhara, M. Tagami, T. Matsuda, A. Visikovskiy, M. Takizawa, and Y. Kido, 

  Journal of Chemical Physics 136 (2012) 124303 (1-8). 
2. The Source of the Ti 3d Defect State in the Band Gap of Rutile Titania (110) Surfaces: 
   K. Mitsuhara, H. Okumura, A. Visikovskiy, M. Takizawa and Y. Kido 

   J. Chemical Physics 136 (2012) 124707 (1-8).  

3. Cross Sections for Medium Energy He ions Scattered from Hf and Au Atoms: 
   T. Nishimura, K. Mitsuhara, A. Visikovskiy and Yoshiaki Kido 
   Nucl. Instrum. Methods B 280 (2012) 5-9. 
4. 3C-SiC(001)-3×2 Reconstructed Surface Analyzed by High-resolution Medium Energy Ion 

Scattering: 
  T. Matsuda, M. Tagami, K. Mitsuhara, A. Viskovskiy, M. Shibuya and Y. Kido, 

  Surface Science 606 (2012) 1942-1947. 
 

 
Invited Talk at The 6-th Int. Conf. on Gold Science, Technology and Its Applications, (Keio 

Plaza Hotel, Tokyo, September 5 - 8, 2012). 
Yoshiaki Kido, Kei Mitsuhara and Anton Visikovskiy, 

“ The Mechanism of Emerging Catalytic Activity of Gold Nano-clusters on TiO2(110) in CO Oxidation" 

Poster Presentation at The 25-th Int. Conf. on “Atomic Collisions in Solids” (Kyoto, October 
24-27, Japan). 
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T. Matsuda, N. Takai, Y. Yoshida, K. Mitsuhara and Y. Kido,  
“The structure of SrTiO3(001) surface analyzed by high-resolution medium energy ion scattering 
spectrometry” ( 

Poster Presentation at The 25-th Int. Conf. on “Atomic Collisions in Solids” (Kyoto, October 
24-27, Japan). 
K. Mitsuhara, M. Tagami, T. Matsuda, A. Visikovskiy and Y. Kido, 
“The mechanism of emerging catalytic activity of Gold nano-clusters studied by ion scattering coupled 
with photoelectron spectroscopy” 
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slow-movement, low-intensity resistance exercise and tonic force generation. J Aging Phys Act. 2013 

Jan;21(1):71-84. 
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1. Kenji Matsutani, Koji Sato, Motoyuki Iemitsu, Toshiyuki Kurihara, Tetsuya Kimura, Tadao Isaka,
Takafumi Hamaoka, Satoshi Fujita, Low-Intensity Resistance Training Using an Elastic Band 
Improves Muscle Mass and Function in Older People, American College of Sports Medicine 59th 
Annual Meeting,  San Francisco, USA, 2012 05 29  

2. Toshiyuki Kurihara, Takuma Morishima, Kazushige Goto, and Takafumi Hamaoka,  Effects of 

Normobaric Hypoxia Training on Changes in Whole Body Adiposity and Regional Lipid Accumulation, 

59th Annual meeting American College of Sports Medicine, San Francisco, USA, 2012 6 1  
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3. Kazuki Esaki, Koutarou Yamakawa, Toshiyuki Kurihara, Takafumi Hamaoka. The Effect 
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5. Shinsuke Nirengi, Toshiyuki Kurihara, Masako Fujioka, Takeshi Saiki, Takafumi 
Hamaoka. Relationship between oxidative capacity and work capacity with 3-week upper 
limb immobilization. 59th Annual meeting American College of Sports Medicine, San Francisco, 

USA, 2012 6  

6. Toshiyuki Kurihara, Ryuichi Sasaki and Tadao Isaka, Mechanical properties of achilles tendon in 

relation to various sport activities of collegiate athletes, 30th Annual Conference of Biomechanics in 

Sports,  Melbourne, Australia, 2012 7 3  
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