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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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Figurel.Experimental setup of the actively mode-locked fiber ring laser.
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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.l is £,=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 sech® 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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Figure5.Output spectrum; the FWHM spectral bandwidth is about 0.38 THz.
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Figure6.Output optical pulse trains with DC bias was set at (a) 2.5V, (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 sech” 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.
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Figure7.Experimental autocorrelation trace after the use of the external EDFA; the pulse-width is about 310 fs if
assumed pulse profile is sech’.
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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
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Abstract. The classical discriminant function A(t) has a product expansion
A@ = @y [a-am*,
n=1

where q = e?™7. In a previous paper [10], a product expansion was given for the Drinfeld discriminant function
over F,(T). 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

F, : the finite field with ¢ elements

K :a function field in one variable over the field of constants F,
o :a fixed place of K

A :thering of elements in K that are regular outside oo

| | :the absolute value at oo

K., :the completion of K with respectto | |

F ., : the constant field of K,

Co :the completion of an algebraic closure of K,

= :equal up to an element of F,"

The classical discriminant function A(z) has a product expansion
(00}

(1) a@ = @iyt Ja-am*,

where g = e?™7. In a result analogous to (1), Gekeler [3] gave a product expansion for the Drinfeld
discriminant function 4A(w,) 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
A(wq, ..., wy_q) of arbitrary rank r > 2 ([10]). On the other hand, let us consider Drinfeld modules
over a function field K rather than over a rational function field. For every non-zero integral ideal n of
A, we can define the discriminant function 4, (w4, ..., w,—,) from an isogeny between certain rank r
Drinfeld modules. If K = Fq(T), we see that A(wq,...,wy—1) = T4y ( Wy, ..., wr_1), hence
A, (wq, ..., w,_1) is a generalization of A(w;, ..., w,_1) in a sense. In [4], Gekeler gave a product
expansion for 4,(w;). The purpose of this present paper is to give a product expansion for
Ap(wq, ..., w,_1). 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 T be the endomorphism of the additive group scheme G, over C, defined by x = x9. Let
Cw{t} denote the polynomial ring over C,, with the commutation rule 7c¢ = c9t (¢ € C,). For each
P=Y",ctt €Cy{t} with ¢, # 0,put D(P) =c, and I(P) = c,,.

Let the ideal class group of A be denoted by Pic(A4). For each ideal class (a) € Pic(A), take a
fixed rank one sgn-normalized Drinfeld module, denoted by p® ., and define A@ as the
corresponding A -lattice for p®. When A is homothetic to (a), define &(A) € C, \ {oo} by
E(MA =A@ Put ea)(2) = e, @(2). Then we see easily that {(a)e,(z) = ey)((a)z) (z € (o).

For A-lattices A c A" of the same rank, let u(A,A") be the corresponding morphism. Take a

_10_
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non-zero integral ideal a and fractional ideal b of K. Put u = ,u(/l(b), a‘l/l(b)). Let a * p® denote

the rank one Drinfeld module associated with [(x)~"ta~*A®. Then, there exists a morphism

pgb): p® = axp®  corresponding to the morphism of A-lattices given

(b).

a -

by I(u) "1 A® = (W)~ ta~t A® . We now have the following properties about p,
L D(p) = 1.
2. If a=(f) # (0), then p((;’)) = l(p}b))‘lp}b) (see the proof of Proposition 5.4 in Gekeler [4]).

The next two lemmas can be verified easily:

Lemma 2.1 p®(X) = 1—[ (X — e (f(a)u)) :
uen—la/a
Lemma 2.2 1_[ e (E(@)u) = D(pI(la)).

o+uen—la/a

The A-lattice corresponding to a * p®) is homothetic to @a™'b, and so a * p® is isomorphic to
p(“_lb) . Comparing the leading coefficients of a* p® and p(“_lb) , we see that axp® is
sgn-normalized. Since a * p®and p(“_lb) are sgn-normalized, there exist isomorphisms

6(a,b):ax*p® — p(“_lb) given by elements of Fg,, and these isomorphisms differ at most by
clements of Fy.

Example 2.3 Let A= F,[T] and K = F,(T). If p™@ is the Carlitz module, then every 6(a, b) is 1.
Until the end of this section, let a and b be an integral ideal and fractional ideal of K, respectively.

Lemma 2.4 J[f a # 0, then

@ 6(a,b)p” (e (E(@2)) = e(1,)(E(@'h)7) (2 € Coo).

Proof. Using the results of Gekeler [4], Ch. IV, the left-hand side of (2) becomes
e(a-ip) (6(a,D)D(p? )(B)2) = e(y11)(§(a™"b)2).

Definition 2.5 For a fractional ideal ¢ of K, define

1 1
(2 =t e ~ e G@2)

(z € Cy \ ©).

Lemma2.6 Let a+# 0. For c € a, put @' = (c)a™. Then
3) ety EB)c2) = 0(a, ab)pt " (t(eip)@?) (2 € Cu\ o).

_11_
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Proof. The left-hand side of (3) can be written as pgb)(e(b) (é(b)z)), which is equal to
1o 'b

@ 8(a, ab)p " (0(a,b)p® (e EB)D)))

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

Lemma 2.7 Let a and n be non-zero integral ideals of K, and let b be a fractional ideal of K.
Take a non-zero f € n, and put m = (f)n~. If a € ma, then

O ey az/) = 6(@ma @ bple B (teim (DY) (2 € C).

Proof. The left-hand side of (5) becomes
(©) P& ey (E(b) 2/1)) = 0(ah, bh)pG (6(m, b)ply (ewy (£ (b) 2/1)),

where h = (a)m~'a™!. By Lemma 2.6, the right-hand side of (6) can be expressed in the form
0 6(ah, bh)pgy" (eqom (€ (bn)2))

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

6(h,a ' bh)p\" " (O (a, bn)p™ (em) E (b)),

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

3 Main result

Let A =a,w; + -+ a,_;w,_, + a, be an A-lattice in C, and let n be a non-zero integral ideal
of K. Let ¢ : ¢4 — ¢™ 4 be the isogeny corresponding to the inclusion 4 & n~14.

Definition 3.1 We call 4,, = 4, (wy, ..., w,_1) = l(¢p{2) the Drinfeld discriminant function
associated with n.

Remark 3.2 (i) 4,(w;, ..., w,_1) is the restriction of a modular form of weight g" — 1 in the sense
of Goss [7] and is defined on the Drinfeld symmetric space ".
(i) If 4 = Ag(wy, ..., wr—q) = 1(P) for a € A, then A, = a- Ay is valid.

Example 3.3 Let A= F[T] and K = F,(T). Take arank r Drinfeld module P A > Cu{t}
corresponding to the A-lattice A = Aw; + -+ + Aw,_; + A and write ¢p# =T + g;(wy, ..., Wr_1)T +
ot Groq(Wq, e, 0 )T+ A(w1, o, wp_q)TT. Tt is known that A(wy, ..., w,—q) is a Drinfeld
modular form. A product expansion of A(wy, ..., w,_;) was discussed in a previous paper [10]. In
view of Remark 3.2 (ii), we see that A(wq, ..., wy—1) =T * Ay (@1, ..., Wp_1).

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

_12_
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Definition 3.4 Let g4, ..., g,_1be fractional ideals of K, and let n,, ..., n,_; be integral ideals of K.
Define

r—1
(G1r0Gr—1) (9 _ degnq degny_q
Fonp ) (Xl,---.Xr_1>=<Z 0(n;, 9:)pm” (X 1))Xf X
i=1

We call this polynomial the (n,...,n,_q)-th multiple inverse cyclotomic polynomial. When r = 2,
we write EIV(X,) for F2Y(Xy).

Example 3.5 Let A=F[T] andK = F,(T).If p9) = p is the Carlitz module and n; =
(a;)) 1 <i<r—1),then 9((ai),gi) =1 by Example 2.3, and p(,;) = pg, holds. Hence, we have

e — _ _ degaq degar—1
F((;lq11,---.1;qr—11)) (Xl’ ’Xr_l) = (Zr:ll pai (Xl 1))Xf X;‘Z—l ’
where the right-hand side is fi4, .a,_,)(X1, ..., Xr—1) in[10].
Proposition 3.6  The following are valid.
. . _ ; degnq degmn;_4 degmnjiq degny_q
O (GO VR ¥y Al O S GRS IS
(i) P00ty e Xyr) has degroe qie0ms+deam-1 _ 1

(i) If r = 2, then
ol el degny r degnq degny—1
FIr90(x,, ., X,) = S0y, X DX+ BRIV )X e X3
Proof- (1) and (iii) are clear from Definition 3.4, and (i1) follows from (i).
Let A=ayw; + -+ a,_jw,_; +a,, andput ¢; =a; ta, (1 <i<r—1).Foreach w;, set

ti = tci(wi) =

= <ji<yr—
fcDeq@d  emGepay (=LSTTD
Let n be a non-zero integral ideal of K, and put
N;=n"la,/a, x---xnta;/aq; 1<i<r).

Take a non-zero element f € n, write m = (f)n~1, and set

M; =ma,/fa; X--xma;/fa; (1<i<r-1).
Then, we see easily that each u € N; can be represented by (by/f,...,b;/f) for a certain
(by, ..., b;) Ema, X --- x ma,;. Let b be an element of M; represented by (by, ..., b;). There is a
bijection between N; and M; given by u < b. For b; € ma;, we put h;(b;) = (b;)m 1a;™?.
Then we define

_ (€1r-r-1)
H(ty, o tr—g) = 1_[ Bty )y by) (E10 0> Er=1).
0+beEM,_,

The main result of this paper will be presented.

Theorem 3.7 We have

_13_
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-1
6(m, @)D (i) (@) by e

H(ty, o)

A, (w1, ey Wyp_q) =

(Cl ..... CT—l) rde .
ti, ..., t._q)q 4€9
((al)al_1""'(ar—1)ar—1_1)( ! " 1)

X
(€1)0nCr—1) !
0+a€cA, HbEMT_l F(hl(a1f+b1),...,hr_1(ar_1f+br_1)) (tl’ e tr—l)

where

ki — z q(r—z) degn qdeg(aif+bi)—deg aj—degm  _ qrdegn+deg a;j—deg a;
0+a;€a; b;ema;/fa;
+ q(r—z) degn qdeg bij—degaj—degm
biema;/fa;
foreach i (1<i<r-—1).

Remark 3.8 For (a) € Pic(4), let
S@(5) = Z@($) = ) fml™,

mcA
m~a

where S = g%, and the sum is over all integral ideals in A that belong to (a). Then, each k; is
written as

ki = (@ = D) (472992 100 (@) = 479201 (@) ).

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

Corollary 3.9 Let A =F,[T] andK = F,(T). Let p™ = p denote the Carlitz module and set
= E(A). Then
n4 ey, o, tp)d L
h(tll = tr—l)
f(al,...,ar_l) (tlt L tr—l)q
X 1_[ Hcepqr—l f(a1T+c1,...,ar_1T+cT_1) (tlt L] tr—l) ’

0acAr"1

A(a)l' e wr—l) =

r

where

_14_



A product expansion for Drinfeld discriminant functions

h(ty, .., trq) = 1_[ feermer) (s e o).

0%ceF, !

Remark 3.10 In the case where A = F,[T] and K = F,(T), Breuer and Riick [1] gave a product
expression for A(w, ..., w,—1) interms of ey _ (2)™' (A,—; = Aw; + - + Aw,_,), which is a local
parameter “at the cusp”. It is possible to give a similar product expression for 4, (w, ..., W,_1). In this
paper, we are interested in the product expression in terms of Fe (g v g " 1)(X 1, o, Xy_1) forusein
future work.

4 Proof of Theorem 3.7

Stepl. Let u; = a; moda; € K/a; (1 <i <r). Then,

r—1 r—1

i=1 i=1

is indepenent of the choice of a representative of u;. Let ¢ be the isogeney corresponding to the
inclusion 4 © n~'A. We write
N;=n"la,/a; x-xnta;/a;, (A<i<7T)

Then we obtain

d)rlll(X) = An((‘)ll e wr—l) 1_[ (X - eu((‘)lf e (‘)r—l))»

UEN,

which yields
1

A (W, ey Wyp_q) = 1_[ @ o)
u 1, -1

0+u€eN,

Lemma 4.1 Assume that v = 2. Put
AT = a1w1 + -+ ar_la)r_l + ar,

Ai=a; Xx-xa; (@A<i<r).

en @ =e0(® || e"f(z”ef‘( =1 %0)

_1 A;jW;
0£acA, )

Then

This is verified by induction on 7.
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By Lemma 4.1, we obtain

r—1
eu(wl' ey wr—l) = ear <Z U wj + ur)

i=1
ear(zl 1 Ui + ur) + ear(ZL 1 4w i)
0£acA, €a, (UiZ1 @)
Thus, it follows that
1
A, (wq, e, Wyp_q) = 1_[ -

(8) n r 0k e, O uyw; +uy)

y 1—[ 1—[ eq, (X121 a;w;)
©) eq, Cist ww; +u,) + e, X2 ajw;)

0+#a€Ay_1 UEN,

Step 2. Invoking ¢(a,)eq (2) = e(q,)(§(a,)z), the right-hand side of (8) becomes

r—1 -1
rdegn -1
E(ar)q | | ear (z U w; + ur>
0*urenla,/a,

i=1

-1

1_[ 1_[ €@y | $(ar) <2 ww; + ur)

0+ueN, u en—la,/a,

-1

r—1
= &(a) " 1D (plirH 1 1_[ P | ey | €(ay) (Z”iwl)

0+#u€eN, i=1

(by Lemmas 2.1 and 2.2)
r—1
O(n, ) en-1q, (f("_lar) Z ui“’i)]
i=1

(by Lemma 2.4)

-1

= £@)™ "y | |

0+u€eN,_,

= £(a)" " D)

_16_
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r—1
X 1_[ [B(n, a,)! Z 0((bIm™ ;™ €)pyY rg - (67D
0+£bEM,_, i=1
(by Lemma 2.7)
r—1)degn -1 rdegn e e o _
0(n, ar)q( Ddegn_y ) (pr(lar)) £(a,)" degn_q H0¢bEMr_1 thd ghi(b) tr—lqd g hy—1(br_1)

H(ty, o toy)

Step 3. Invoking §(a,)eq, (2) = eq,)(£(a;,)z), (9) becomes
e@) (£@)EZ o)
osaed_, uen, [e@) (§@IEITE ai0)) + e (§@I @It ww; + 1) )|

qrdeg n

rdegn

_ e(an (§@) izt ai)’
osaci,_, bem, ey (@) Tizt @) + e (§ (@) EIz biwi/f + E(apb /1))

rdegn

_ e (§@) i a)’
ozaca,; [lbem,_, P (e(ar) (f(ar)(zltf aw; + 2121 biwi/f))>

(by Lemma 2.1)
(10) _ €(ay) (f (a) izt aiwi))q

osaciy_: Tlyew,_, (ZI27 0C(asf +bom=a,c)p( s (671)

(by Lemma 2.6)
For each non-zero element a € A,_;, we multiply both the numerator and the denominator of (10) by

)

deghy(a;f+b1) deg hy—q(ar—1f+br—1)
| | th "'tr—lq

to obtain



Yoshinori Hamahata

t ki(aq) ... t kr—l(aT—l)F(cl'm'cr_l) i, e, b q"degn
: i (al)al_1""r(ar—1)ar—1_1)( ! " 1)
(€1)Cr—1) ,
0+a€cA,_1 HbEMT—l F(hl(a1f+b1)""’hr—1(ar—1f+br_1)) (tl, ey tT—l)
where
ki(a;) = q(r—Z) degn qdeg(aif+bi)—deg aj—degm  _ qrdegn+deg aj—deg a;
i\t
biema;/fa;
1<i<sr-1).

Step 4. The k; in Theorem 3.7 is given by

Z ki(ai) +q(r—2)degn Z qdeghi(bi) )

0+a;€a; biema;/fa;

which completes the proof.
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We establish the reciprocity law for these Dedekind sums.

Keywords; Dedekind sum, reciprocity law, function fields.

E-mail: hamahata@fc.ritsumei.ac.jp

DInstitute for Teaching Learning, Ritsumeikan University, 1-1-1 Nojihigashi, Kusatsu, Shiga
525-8577, JAPAN

_19_



Yoshinori Hamahata

1. Introduction

For coprime integers a and ¢ with ¢ > 0, the classical Dedekind sum s(a,c) is defined by

(D) s(a,c) = 4ic§ cot (nTka) cot (n_ck)
k=1

The transformation formula for the Dedekind 7n-function yields the reciprocity law
a?+c?+1-3ac
12ac

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

) s(a,c) +s(c,a) =

a? + b? + c? — 3abc
12abc

(3) s(c;a,b) +s(a; b, c) +s(b;c,a) =

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

1 nka, nka,
4) —Z cot( )--~Cot< )
c c c
k=1
where the integers aq, ..., a; are each coprime to the positive integer c¢. He proved the (d + 1)-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 F ;-linear spaces, where F is the finite field with g 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 F,-linear space F,, and we establish their explicit reciprocity laws.

2. Higher-dimensional Dedekind sums

Let F, be the finite field with g elements, and let T be an indeterminate. Let C,, denote the
completion of an algebraic closure of F,, ((1 / T)) . Let V' be a non-zero finite-dimensional F,-linear
subspace in Cy. For such V, we define the product

5) ey(z) =2z 1_[ (1 —g) )

0+VEV

The product ey (z) has the following properties:
(E1) The map ey: C,, — Cx is Fg-linear and V-periodic;
(E2) ey(z) has simple zeros at the points of V, and no other zeros;

_20_
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(E3) dey(z)/dz = 1.
For a positive integer k,

E. (V)= z vk

(6)
0£veV
is called the Eisenstein series of weight k for V. We use the convention Ey(V) = —1. The function
z/ey(z) is expressed as a formal power series by
z
7 = - > B
@ 0@ Lt

For further properties of e (z), we refer to [3, 4]. Choose ay, ..., ag € Co, \ {0} such that
a;/ag & Fg(V) (i=1,..,d), where F,(V) denotes the field generated by V over F,.

Definition 1 We define the higher-dimensional Dedekind sum sy(ay; ay, ..., ag) by

( 1= 2 (o) ()

Sy\Qg, A1, ..., A = — ey | — ey | — .

(8) vi¥o, 41y -y Uq ao v ao v a,
0+vev

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

Theorem 2 If a;/a; & Fo(V) (i # j), then

d
(—1)¢ . .

) zgv(ai;al, oy Qjm1, Ay, oees Q) = P ag'® - ag'dEy (V) - E; (V).

i=0 0 M+ Fig=a

io,...,idZO
3. Proof of Theorem 2
Put
F@2) .
zZ) = :

(10) ey(aoz) -+ ey(aqz)

The set of all poles of F(z)is U{Lya; 'V.Since a;"'V na;"'V = {0}if i # j, F(z) has a simple
pole at each non-zero element in U;-i=0 a;~V. For v € V \ {0},
a;v\~1
(11 Res, /q,(F(2)dz) = Res, q,(ey(a;z)"'dz) 1_[ ey (é—) .
j#i :
The equality e, (a;2)™! = a;7* X ev(z — a;7*w) ! implies that
Resv/ai(ev(aiz)_ldz) = 1/a;. Hence, we have

(12) Res, /q,(F(2)dz) = ail_[ ey (%)_1

L&
JE]
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By Lemma 5.1 in [2], it holds that
(13) Z Res,, (F(z)dz) = 0,

wE U‘iizo ai_lV

which is rewritten as

d
(14) Z sy(ag; aq, ., Qj—q, Ajsq, -, aq) + Resg(F(2)dz) = 0.
i=0

Since a;z/ey(a;z) = — Y v o Ex(V)a;*z¥, we obtain

(_1)d+1 d had
(15) F(Z) = mn Z Eki(V)aikiZki

0 d i=0 \k;=0
Therefore, the residue of F(z) at 0 becomes

(_1)d+1 ] ]

16) Res (F(2)d7) = ——— Z @y -+ agiaEy (V) -+ Ey, (V).

0 M+ Fig=d

io,...,idZO

This completes the proof.

4. Two-dimensional Dedekind sums

Let a,b,c € C,, \ {0} suchthat a/c,b/c & F,. The Dedekind sum
1 ag\~1 bey
(17) s(c;a,b): = SF, (c;a,b) =— Z er, (?) er, (—)

c c
0#¢€EFy

is called a homogeneous Dedekind sum, which is similar to Rademacher’s Dedekind sum. Note that by
the property (E1), s(c;a,b) is zeroif g > 3. Hence, we assume that g = 3, 2. We present an explicit
expression for the reciprocity law of this sum. Since er, (z) =z—z49, wehave z/ er, (2) =

> ,z™47Y, Hence, it follows that
(-1 (ifqg—1lk)
(18) Ek(Fq)_{ 0 (ifg—11tk)"

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

Theorem 3 For a,b,c € Cy \ {0} such that a/b,b/c,c/a & F,
s(c;a,b) +s(a; b, c) +s(b,c,a)

a’ + b? + c? ,
(19) abe (if g =3)
“la®+b?>+c?+ab+bct+ca _5 '
abe (if q=2)
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The Dedekind sum
1 agy~t ¢
(20) s(a,c):= SF, (c;a,1) = - Z er, (?) er, (E)

0#¢€Fg

-1

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 a,c € Cy, \ {0} such that a,c,c/a & Fy,

a’+c?+1 _
{ AT fq=3)
(21) s(a,c) +s(c,a) = a?>+c*+1+a+c+ca '
p (if q = 2)

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

Naoaki ICHINOHO ", Junji MURATA ?, Yasuhiro TANI?, Yu ZHANG ?

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, WOj; 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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1. &

VAR, FBENRE HEML TWBH T AR O EIF I TEEERS R EE DS D STV D . EEBERCRIAT
PEIRITRRRL L WP/ R EMEIN D TEAZAWCI/EMZIN T T2 HETH Y, HT7APEITE I T
EEYTFRHANLNTWER, ITETIEN T AT 2TEOEE V2D, EEERRFENMT2 28t )
TALERY T LE U RIEE Sy ROMAEDENRERE 2> T0EY. Zombt U Y L2 HWTZH T 2D
JE CIIMORRRIZ L DI LENT, @V CE 2t LR A5 Z LN ARETH D, LiL, Bk
T U U AIZOHFEDOE L ZEAICHE > TEY, Foll CIXEREE OB 72 &0 Sk O mig 23 i & 72> T
W5, 20, BtV U LAOEHAEHNEEITOMNITR2E L 7eoTnD. EFELIZZOMBEICKHL, kL
RRI D a7 ¥ o WAEIEZ FF OB EIRRIOMEH 2 b - TR TE 5 LB X TV 5.

Bt U o DFEEDH Tg/om’ & KEWZDITKP TORMBEE N, SHICHOBLELWZD, 2TV
— L LTHWABICABHINTRMEN P20 LinL, ZoOSBHOERMPIIERERAZE TS E 5K E 2> T
W5, —J7, EATRRCITHEL 1gem® BE DR Y ~ ki1 2 fki o WG, Mk A b+ 52 & Tl
L, SHHIEE D Z L St EEDO TS, 512, EATRKIIERER%Z 20%FEE N ESE5 2 &
INTEDZENFD->TODY, ZHUIITIRIC 10um FBEDORE ki FMEET S 2 & T, By FETHE
VI OEBEHERLOBES NS TWH b EEZ BND. 4, LVGRASEHT LT 7 —AOMHERBEIC R L TH
72 HWFBREROM ENRMNETH D, EOTOITIFE AR A W ZIFEIZ IS T 2 EERER M _E D 72 9 D B & 45
L, WELRTIT 5200,

AW CIE, T2 AEAIRRI O EZNRA D 7= O TR COMEMICEH L, FHICRR FoRk, HESOR
BAICTOWTEREZRA T, EIEAIRB ORESHI OV TRBEL ATV, & DICEAIRKIOFERER DN T 4
RIS O W TR 21T o 72, E72deidthm B2 bt U o 2o HEHIBO -0, BEABKIIAHE Lo
ToRRRL A BRI -ICE Z 2 CEBRZITO R ZRERNPEONZ0T, 5T 5.

)

2. HEMEZUGEE LI EERRRIDOB R

ZHE TOMZENCENT, EABRKI ORI TITEERRO R U ~ ki 72 8H L C& 7=, BFEER L RERL 70
W IXFER SR BN B D Z 3o TR Y, FHIEMEITETE L T D Z LAV S vz,
EEIRTFT KOO E D E LT, AiE TRl 21T o 7241 S > R & TR OB D U ks R
BABRBEN IR L Do TWB Z ENETFHN5.

AMFIETIX, BIHRE ORGEIEZ B D 720 TIEFBERE O F e D1 BT R an E B 2, IMTIRICRIT 5
ARRRIOWREME IR Lz, B Xy R ECTOKIOE X 2/ L, Tk ComErtZdeEd 2 2 & g6
T BT B 2 LI OMFZRICEW T HLHE SN TR, HHE Sy N EOBRROB X 236195 2 & T, #HE
& TAEMOFIRREE SN T 5 2 &0, [FRERRRER OB X - C, WFERERNE A LEMEE Y v 20k
FEHNICIRN D LB 2 7o, % ZC, Ik C ORI MEUGE D 72 DI D L BECIERIC O W TSR R 21T o 72
SEANWRRL - TH LR Rl B L ORI Th Akt Y U LRI OFHE 2 F 1 1R T.

U-600T (RReSASAEAR BT 38, LU PU KA & FRFR) 1T 2N E CTHWCE EHERROR Y 7 L& R+ TH Y,
ZOHEIE 1.19g/em’ L8V, 22T, #HRMEE EZRRNE LTy LA URFOREEZRE LT 5720, PU KT
(ZRF URIEEDS 0.5um D ELERIR S U AR 1 (FLEE : 2.63g/em’) 28 Z L2 30, 45, 60wt%DEIE THAN L 7= US-630T,
US-645T, US-660T (FEXStHAR E TR, 24 US30), US@AS), US(60YkI 1 & MERR) 28 L7z, kit
DY DEEZBINEED Z LIk > T, BERFO-EIT 137, 1.53, 1.63gem’ EHIIL TW5. USGOYKIFD
SMBLEZ IR 1(a), REOILKRKAZR (O T. AU b HEEERR A > T D23, K @I AS TR D
Wi % 5.5 & 2 U RN Y <R FINENICAFIE L TV D Z 885, £12, K 10)DOREITRTESS &
0, U IRAO—EIIRRFREICEH LT D Z R R TENLS.

BAMRIOREIZIL, btV v o (BEFE TSR, SHOROXA-10) & U A AR FZEELTI2 :
1 DEIET45RIRAEZITo72. BAIMASH h—3 0T R=—4%—3I /L TDR-100 IM B &4 L, JEHH
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2 I8 L 22l IR O 5 & 2 OB

IREDOFEIL 200C TRIEL 2. = DRER, LR T L D ITHRRI DA BN+ Tlde <, KU~k 73
ENEHERZ D508 %hoTc. £2T, 7AR=—F—IVOREREL 230CIC EF- S THEMMELTTo 72

FEA, H(d)D X 9 TR &2 RER - OREICAT AT D 2 LN TE . ZUE U B A R Y ~ ki Ofhsn
215CHHETH LD ZENFERTH D LB B, R Y IHLF-OREDEET D 2 LI K - TR E LT < 2
STNDLIENBRXOLND. ZDZ LG, U IANORAZ HWIZEEIRRIORIEIZIT 230 CO5M2E LT

W5 EEZ, USGOYRIF- DT E US@ESYRI -3 & TN US(60YKIF- 12DV T 230°C T 4 A RIEBHIES 217V, EE

Table 1 Characteristics of mother particles and abrasives

Particle name PU US(30) US@45) US(60) UDI1 uD2 UD3 CeO2
Model name U-600T US-630T US-645T US-660T FE-611T FF-613T FF-621T A-10
Mean diameter 100 100 100 100 100 100 100 137
[pm]
Specific gravity
[eferm’] 1.19 137 1.53 1.63 131 1.38 1.16 6.96
Polyurethane,| Polyurethane,| Polyurethane,
Material Polyurethane Polysqlﬁec'r;lane Polysui.lniect:ane Polysqlfiec'r;lane polymethylm| polymethylm| polymethylm| Cerium oxide
ethacrylate | ethacrylate | ethacrylate
al eristics ) SiO2 content| SiO2 content| SiO2 content| Nonspherical| Nonspherical| Nonspherical )
30 wt% 45 wt% 60 wt% surface shape surface

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

(b)Magnified image of US(30)

(a)UD

(b)UD2 |

(¢)200°C

(c)UD3

Fig.3 SEM images of composite abrasives using nonspherical particles

(d)230°C
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R ZBRUELT-. ZOME, 2 TORHIZBWT, RO R ~DO2H R FENBER I NI,

WIZ, BRI F-OIRZEN VIS W D L T5 2 & THARRK OMRMR E2K Y, 2T &) AFEEER
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Table 2 Polishing condition

e . Lapping machine SPL-15 ORemovalrate  ORoughness
Polishing machine Okamoto machine tool works, Ltd 12 1.2
. g _
. Sodalime glass: ¢20xt10mm Surface
Workpiece roughness: Ra 0.4pm g 09 + _ {09 %
Pressure 20kPa i} O O n%
Work/Lap rotation 60min™ 206 1 1 0.6 2
<]
Polishing time 30min Lc; gb
s
: - 03 r 03 3
Polishing pad Cerium pad KSP 66A g é
Kokonoe electric Co.,Ltd.. 2
Abrasives Composite abrasives, CeO, 0 ' ' ' ' 0
Ve (SHOROX A-10, Showa Denko K K.) Conven- PU  US(30) US(45) US(60)
Concentration of sturry | 3wt%o in deionized water tll(') r}‘:}l Composite abrasives
. olishin
Supply rate of slurry | 25mL/min p & Kind of abrasives

Fig.4 Polishing characteristics of composite Abrasives with US

particles
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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. 13 Characteristics of precipitation of composite abrasives Fig. 14 Effect of Supply rate of slurry
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Fig. 15 Grain diameter distribution of 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 [001 J-, [101]- and [111 J-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 (Pc;) 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 P¢; 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 (u,,, ). 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 Pc; for each layer atoms by varying the
enhanced thermal vibration amplitudes and correlations. The MC simulation is continued until the
calculated Pc; 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].
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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 A (Debye temperature: @, = 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 (1x1) 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 AE/E =1x10" (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 pm 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 4Q = 7.64x107 [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 uC.

Figure 1 shows a typical MEIS spectrum (circles) observed for 120 keV He" ions incident along the
[lOT]—aXis and backscattered to the [101]-direction. Two surface peaks correspond to the scattering
components from two Cu isotopes, “Cu(69 %) and “Cu(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

35
30| 120 keV He—cu(001) | _i%c,
O Observed
75 _ Best-Fit(total)
Top-Layer
2nd-Layer

20
Fig.1. MEIS spectrum (circles)

Deeper Layers observed for 120 keV He' ions

Scattering Yield (cout/uC)

15 |
L incident along the Cu-[101 J-axis
10 and scattered to 90° ([101]-axis).
i Thick and thin solid curves denote
5 best-fitted total and decomposed
0 I . - spectra, respectively.
104 107

Scattered He' Energy (keV)
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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, Y, is expressed by
Y =0 (do/d2) NAx AQ e n,P.,(n)/cosé, , (1)
where E" is the emerging energy of He' ions scattered from the n-th layer atoms, O number of incident
He' ions, do/dS2 differential scattering cross section, NAx number of target atoms [atoms/cm’] and
n, He' fraction. The close encounter probability for the n-th layer atoms is denoted by P, (n) and 6,

is an incident angle with respect to surface normal. We employed the scattering cross sections proposed

1.0
- Fig.2. Normalized scattering cross
<09 sections dependent on inter-atomic
3 . potential for 100 keV He ions
@ 100 keV He Incidence scattered by Si, Ni and Au atoms, as
~\§ 0.8 |- a function of scattering angle. Thick
§ I Aul solid curv.es denote the scattering
Q cross sections calculated from HF
3 07 (black) and Moliére (green)
I :EeFe-Hart potentials. Thin blue curves and red
Moliere dashed lines are cross sections given
0.6 — 7BL by ZBL potential and Lee-Hart

L formula, respectively.

40 60 80 100 120 140 160
Scattering Angle (deg)

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], Moliere potentials and the Lee-Hart approximation
for 100 keV He" ions scattered from '*Si, *Ni and Au 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 Moli¢re 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

. 1 W, Os E-El -0, /0
f(E-E )=——exp[———{2(E~E() )~ =" {1 +erf( %)} @)
20, 20, o, 20

n
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where 0O, is an asymmetric parameter calculated by the coupled channel method[20,21] and o, is the
energy spread of emerging He" ions backscattered from the n-th layer atoms. The square of the energy

spread is expressed by
0. =Q; + QN nd{K’/cos8, +1/cos8,, } 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
0Q,=10"E'" /23548

The energy straggling Q; is given by the Lindhard-Scharft formula (v: ion velocity)[20],

Q) (E)=05%x{1.36y" -0.016y"" }x(4x Z]e'Z,), (x=(v/vy)'/Z, <3 )

vy =2.188x10° [cm/s] e =14.40x10" [eVcm] )

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,

Pci(n) for each layer atoms. We performed Monte Carlo simulations of He ion trajectories and calculated

1 st-Laye/

x

Gaussian Distribution

n th-Layer

\

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 #, and u, values and the correlation coefficients until
the calculated Pc,(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™'"" s, while the period
of the thermal vibrations of Cu at room temperature (RT) is estimated to be ~2x10™'* s at least from the
Debye cut-off frequency (@,, =k;0, /h; k,: Boltzmann constant, 7 : 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 st layer is denoted
as Eo , which is generated by uniform random numbers. The position of the atom in the n-th layer 7, 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

P (n)= J j¢(r],r2,r3, )n1’7'0+A }d d’ I zdz’_’;)
:J~--j¢(§1r§2»§3’~--r§2n—1’§2n} d§1d§2d§3 d§2n—1d§2n

_Of [ tn) Mo g g g,

q(é’],fz,....,fz(,,,”) 0
Z q)(é:(ﬁ (Jj) ) (1)) (5)
Q(é:(/) 2(‘/)’ g(/; 1)
y X Y (n) _ _
51 (1) s 52 (]) sy 52/1—3 (n 1) 52/1 2 = (’; 11) 52/1 1= (,,) é:.?n =%,) ’ Where O-X 15 a rOOt mean
} x y O- O-y

square thermal vibration amplitude (1D: one-dimensional) of the nth-layer atoms in the x-direction and

(F,, ¥, ..., F_,) 1s the correlated 2(n-1)-dimensional position vector.

2n 2n

I SNV -
(0(51)52)--“)982")— (27[)2"S2‘ exp[ IZI‘,;( 2n )11\98 981\

I 12(11 1)2(n—-1)

exp[—— Z Z (S2n1_1)¢k§ é:k
A\/(Zﬂ')z(" 1)‘ o 1)‘ e L& (n=1)

0= J‘J.CI(gz»é:z» é:zm 1))d§1d§2 ----- dé:zm )= (6)

95,85 ‘.fz(n )=

Here, 4 is an incident area, R :(X

n’

Y, )=R,+A, the ion crossing position in the nth-layer, N the number

of incident ions, and S is the correlation matrix given by S;; =<&,-&; >(< > means a time average), where
& E(fl,fz,___,fz(n_l ) is the correlated 2(n-1)-variate normal distribution. The normalized and correlated

position vector ¢ is expressed by =775, where n=(n, n,, .., n,,,,) is the normalized position

vector generated by assembling the normal distribution of the 2(n-1)-univariate independent random
variables and the transformation matrix 7'is given by 77 =s57[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 Fo= fen = ko + jn . 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, #, and u, and the
correlation coefficients, S;; 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 (i: lattice vector):

=7 h 1/2

u(l)= é [a_exp(iG-1)+aty exp(—ig-1 (7
(1) ;;(ZNM%,) ol e eXp(iq-1)+a o exp(—iq-1)] »

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

(@ci(T )-ui(l +nc? )| @)
(w22,
_(ZNM)ZZ

I 1 ] J L
“3i2,, 20,3 Cemtanam it 2! 4140 8)

<¢‘[aw exp(iG-1)+a*eo exp(—ic?-l—)][aqa expliG-(I +nd )} +a" o exp{—ic}-(l-+nc?)}]‘¢>

<¢‘aqaa+qa exp{—ing - J}+a+qaaqa exp{ing - 3}‘d5> ZNM)Z —(2n, +1)cos[ng - d]

q. o /1

where d and Qjp; 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

Th g 1 1 2sin(nd q) 4r
[ 4 +o dg, “=q =12, )

- - - 6
<u(l)-u(l +nd)>=
" v exp(qvh/k,T)-1 2 nqd 3

M2,

where v=(47x/3N )"’ (k,0,/2x #). 1If 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 A. Figure 4 shows the correlation coefficients for the motion perpendicular to
the [101]-string calculated from the MD simulations[7] and Debye model. The u,,, value of 0.085 A and
the correlation coefficients for the nearest neighbors derived from the MD simulations coincide well with
those calculated from the Debye approximation (u,,, =0.84 A), although slight deviations are seen for

the nearest neighbor distance longer than 6 X \/Ea .

_43_



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

.00 Correlation Coefficients: Cu(001)
between n-th nearest Neighbors
2 08} for motion L [101]-string
k5
S
&
9o 06
[}
] - Fig.4. Correlation coefficients calculated
c —0O— Debye
2 04f —O0—MD from MD(open squares) and Debye model
o n . . . .
g I \%\ A MES (full circles) for neighboring Cu atoms in
o 0.2} . . .
O o the [101]-string for motion perpendicular
A — 00— g .
00k . o é Y- to the [101]-string.
0 1 2 3 4 5 6 7 8

n-th nearest Neighbors

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 d,, and that between the 2nd and 3rd layer d,;. 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
[115]-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 [001]

yield minimum shifts by +0.46+0.05° from [100]

the [101]-axis for the scattering component [102] [103] [201] 7870
mainly from the top-4th layers and that for [101\ \ \&;ﬂ] B- 301] N [501]

the scattering component mainly from the
3rd-4th layers in the case of (ii) shifts by
+0.1+0.05° from the [112]-axis.

[111]  [112l355  [001] [112]

Fig.5. Side views of various scattering 64.8°
geometries in (010)- and (110 )-plane.

Lattice site atoms denoted by solid circles

and dashed circles belong to a different

scattering plane.

As the results, d,, and d,; are determined to be 1.779+0.005 and 3.602+0.007 A, respectively and thus
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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].

0.6 1.0 =
N | | Polar Scan around Cu-[112] ‘
120 keV He — Cu(001) -5
0.5+ _ 2 08X
Polar Scan around [101] >o_o O Deeper Layers
% 0.4 < A 3rd & 4th Layers
< Q 06}
o) -
©
& 03 A
‘© T 0.4
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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 [lli]—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 wu,, 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 u,, 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 u,, =0.085 A
gives the best-fit, which coincides with the value of 0.085+0.002 A calculated from the MD simulation
and agrees well with the value of 0.084 A derived from the Debye approximation.

We measured the following four MEIS spectra for 120 keV He" ions (i) (ii) incident along the
[llT]-aXis and scattered to the [111]- and [221]-direction, (iii) the [001 ]-incidence and scattering to 80°
about 3° off from the [100]-azimuth, and (iv) the [101 ]-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), uf/“ and ui“ 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, ;) =0.145 and S}’ =0.079. 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 (uf/” , uf) ) 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 A for u!” and 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 A 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].
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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 S}% =0.26 and S,% =0.30. In the analysis of the
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[101]-incidence, we assumed that the thermal vibration amplitude of the 2nd-layer atoms is equal to u,,, .
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
u? =zu” =0.12+0.01 and u}’ =u'’ =0.09£0.01 A and also anticipated the correlation
coefficient between the 2nd nearest neighbors, S/;' =0 ~ +0.1. Then the S;% value is corrected to be
0.36+0.05. In the previous study[7], we estimated the correlation coefficient of S, =+0.20+0.08 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
[OOT ]-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.
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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
MEISJ[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
MDJ6]. 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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KIGHEE, ATP <° NADH 72 E DT )V F — 05 F o ApES D AR R EE 2 R T BEIETFOLLR, b b e
GLHLWwHrHEM AL TS, Z LT, 23X —HHICEbLIEE R T o A2 #H - TV 5 Es
THERREETY, MBROEFEEZRE 5T HEMMEEZ R[], Z OmERIEDHERFICIE, EHEER O
BN RLFTEEDRENE VI RERINBDH DN, Fa—Rp CRONTEEHE: TORDORIETH Y,
KIS Lo TRESNTZBISFOREMEPEAT 2 BEAREMEC S L THaRBahd o cnzn. £
2 TAMIE T, Bin T OREURFEMED & R ORI A B 5229 5 72912, Phenotype MicroArray (PM)[4]
(2 & o TRIE SN2 KGE OB A BW25113[5]& —BIs 7 RIFE 300 FORBIE~ A 707 LA T —XI|Z
HHLT.

PM 135 K 1920 FEFEDOEEHIZAEC 15 43 Z & 24 R ORI ER 2 Bl T 2 A AV—T v RV AT A
ThoHM4]. ZOLx, MIlANTEESINS NADH &7 7V U U7 ARBLETKSEEZ THTEL LRIV
~ P BFEOREN, NADH AR L U CHIE X415 . NADH A5 R ATP A8 &-O M O 5 & H 2 B b
L7128, PMIC XD ME DR RIFRILOE B RBU & W2 5. BFAEKIT 10 B, KREKIT 2 BHEIE ST
BV, =BG REEITITRGESEE T RIIEE ~ F“Keio collection” [5]2> & HHIARFHFREE 12 B3> 5 300 F&
DFEITNLTND.

AT, PM T —Z 0, FEOFMSGMH CHAKRE LA TE LI BT 2 REEHAH LTS
7o, NA 7T A% Y T (biclustering) 15T 2 MEREASRET /L (Infinite Relational Model : IRM) [6]% Ji# H
L7z, MZT, IRM &ZNLSNDAA 7T AZ Y o TIEDOREDEWEZ PM 7 — 4% THEZ L, IRM OF 2hk
e DT,

FHi
PM 7— % DAL
LD 1~6 OFRMLE[TNZ LY, PM 7 —# % 300X 1,199 D7 kL7 — X (ZEH LT-(X 1).

1. 1,920 FEEOEEHS0EH & B AERE O NADH AEE RS 10 B 6 [BILL EE a OBS I3 b2 (%
AR B TR 2R B SRR & U C 1,199 B I BIR S hvre) .

2. KRG ORI CO NADH A RIZIER T 272912, 24 BEE 1T NADH A pEs LAY 2 e[ 15 Cht
ReZp DO E 2t 5.

3. AR 10 BIOEBRONFIME b, &, KIKE i O 2 BIOEROFIIE b; &, BHEM ) T L ICHHT 5.

4. Iy=log, (by/bw) M5, ESULINTZ ZEZNDICE YV FHT 2.

()

N V3R j CEPARR DS AR 2 s LT2[RH, 0,1 by DIEEERZE, 0, (X 2EF ST 31T 2 B£8R D NADH
EPERDIEWERAEICHT2 5. BAERDO AL BB D 72 ORI O R 0, [T RIEOFEHERZETH D o
ICEVMEICZ L D X OMIESND. £ LT Z Ml z; OO B FEHETERNA ERETHZ kY Pl py
(ZEHA D

5. T XTODp; 7175 FDR< 0.1 &2 5FHEex RIRT 5 (0=0.0017).
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T5.
1,199 Bz 5
| 2<0.0017
oy (FDR<0.1) 1,199 B5 g1
ﬁé R S —
- PIEIESS H%
2 —> <
S|
L” e oy
. 1) : NADHH N
A RR10[R] 52 5R Dtlg : NADHjB/>
(0): {14 L
B 1:PMT—FDXT bAfk
JE[RBGF £

IRM /L, BADLNTZT —ZNE I Wi bAER S NVIZONHEET DB, Hi—OFH TEEER 5y
iz BETEDL ) /NT AN v IS ZHEED 1 DTH Y, 2006 412 Kemp H 12 L - THRE SN 72[6]. IRM
%, EEOSEEICKIT 22 0M 24T 57 + U 7 Life (Dirichlet Process: DP) (2L - C, 7 7 A% %k
% HEICHEE 5. DP (4 Chinese Restaurant Process (CRP)[8]IZ & » THER S 5. FHRIDAMIZIE, ZHEY
& EGHEICIRRE LT ¢ U 7 Vot AR L, FE5A6ICE, DP I J:O’C/\iﬂéz}lk?‘*&ﬁ)ﬂfﬂ‘yi@ﬂﬁ
Do AE WD, 2 LT, EESMBPERIGM (T4 U 7 Lodn) (SR 2807 — 2 O8I TEHT 5.
IRM i, —fIZ 2 fEOITHNI L CEH SV TE 72, 3 EATAIRFEEET T~ DILEZ T Tl <, Rotd
RO ATEETH 5. £ 2 TANIIETIL, 3ME(ESNIATHIO 72D DO IRM % F23E L T-.

JEAE IRM ST D BRI B EH G & AT DR A2 BT 5 AT T /U R TR IKR)x T(5 Hh
F)— (+1,0,-1} (K 2)izxt L, K(2), 3), @ICL->THEILNS.

2 : IRM DAERETIVICFIFT 537 A —ZEAK
) (s=1,2) (2)

n(k,1) ir(n(k,0;B,8,8) (ke C',leC?) 3)
R(i szl,zz,n ~ Mult(R(i,j);?](z:,zf)) (ie T',je TZ) 4)
T H U< P08 %7 525, TP OMBEDEE AL 7 F5ZAZ L FOKHTELEE, CIE T

K HEIL FAX, 21X TORERIIHT 57 7 AXE L 2R TEIEEE 705, 0k DITF A
7 T ARITET D RG,j) OV E R L, Dir(y; B, B, B) & Mult(R; p)IXZNZET 4 U 7 VoyAh & LI 54 &
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(k1Y ok, 1Y 1, (k1) D(BIL(BI(B)
Pl(k,1)8) = mult(n(k,1) B, B, B) = .55 ((ﬂﬂﬂ) Uﬂﬁ+MJ (6)

Ny (s =+1,0-1) 13347 T AL ()OO TE s NEDDEEERL, md3 A 7T AZ(DITET DE s OfH
BarLTnWb, TIEHr~EEZRLTWS., £ LT, PRE, A PIE:,ZDOERHERTHY, CRPIZE->
T%WéhémM@ﬁEQﬁT%éP@inDfﬁi%ﬂé
) VK =1 mz
Ay +1)- (7+n U
KB ERK©), KDEHWD &, IRM B bt _& 2, Z20FgERIE, @)L, 2T A2F 724
Y IO TERESND.
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Mg (s =+1,0-1) 1%, S0 BROITIZIRIBICEB W TS 7 T AL (kD) THEs D EDDEIEGERL, midz
DEND Y THINIREIZBWTA, 7T 2% (k) THEs BEDLEGEZTRL TS, XOIZL>THELR
X T AV T T ORI LD > TRV D FRMEENPRKILT DE THEED 2,0 7Y oV afi
DY, ZOBREE 2NV 7Y T ENTEHEABRBRCITDRD. oYY T EKET, IRM T
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RGN 2 TR B Y S F
~A 7T AT —ZIZIRM A L=#EIT e, L, TRETSEIE A7 TRAXY Tk
BRI, ~A 70T bAT—ZICHAIN TS [9-16]. b, T 251027 7 A2 MICEE A
FFEDFFS R, SIS, ANT = NEBIEDBERIETHET 22 LR TED (E 1), #flZiE CC i
2000 R ICAEM ORI T — X ZRHRICIRESNEZT LV ITY XA TH Y, EHRMEOITHEZ AL L TEZEOE
BEZF LTI AA 7 A2 2HIT 5. AR T, Y7 b Y =7 BicAT I & > TAB S TV 5 CC[9]& ISA
[11], OPSM [12], R ®F A 75 U biclust TZBH STV 5 Spectral [17]0 4 5% IRM & DL IZ V2. E5L
iz ANJ1& 3% CC,ISA, Spectral (213, BFAERR L KRRDLL (by/bw;, FEMUIRTLE ZZH) 252 T 5.
K1 M IFRFY THEOSE
HEHY HERL
CC [9] Spectral [17]
FEHfiEr | FLOC [10]
ISA[11]

OPSM [12] IRM [6]
Bimax [13]
BlE#ME | Bimodule [14]
HT [15]
PDNS [16]

DAVID &/ EBn T2 7 X K DIEERE 7

A Y T ALY U TFERO G EFRITEDFHEIZIX, DAVID 7 —# ~<X— 2 (http://david.abce.nciferf.gov/)
2L B Ein T OMEE S EZ AV -, DAVID # 5% Z & T, #{51 & Gene Ontology (GO) DXFIIZHEDX,
7T AL LI o LB F DO TR EORRELZ R OBLBFPAERBICE LT 200%, 74 v ¥ v —DIEHE
MERBEICI > THETE D, 74 vy ¥ —OIEMRRBRE &1, BERAEERERE 2 28ICH T, R
LB RT HEOR A REAPOARTE IMELHELTI2AEERETHD. MRLid s 7AXIZ
GENDIHEETDOI D, FFED GO term BFI D B THNDBIR DA a, £ ThRWHDE b, MR LMD
EMFENRFFOBIE T DI D, [FERD Go term BEIV Y THNLBIETOEE ¢, £ Thnbdd L
X, 77 AZRNIZFFED GO term DA B> TWH a2 RT PIEAZR(10) TEHEHE T 5[18].

[a+cj[b+d}
a b
”:M (10)

a+b
728, GOITEBFICH LT T TV —DL SIS U #ie 0 Ch 0, SRNIT LV ik S 7o
REDEEHWTCEEB T2 7 A X OWRESFEEIT 5 72912, Biological Process IZJ& 3% GO term @ 4 fEfE & 5
BEfE 23t g & L.
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2 T RBHZ 1T S ERESE DM
BEETFTAA 7 TAZY U TIZBWC, fEBED 7 T AZB A BICEEN D ELRFHOBEGEZH LT
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L1z, 77 AH MO Simpson FiE ((11)) OFHEE KD 7=

Simpson(A,B):,lA#B| (11)
min(|4].|5])

HRLEBR
IRM D a7

IRM OFEITHER (NAR—=RF 2 =% =05, y=0.5) #X 41~ F. KREKERE#MEGENENO IRM
FATHRERIZB T, BREKK 2L EEL L ORI 27 7 AZ LR/ Li-. Ziud, IRM OH%E E, NADH
EPEB DAL/ RE — U PMD EDEEFR & LTV WK -ISFIE, 7272 1 DOERZN ORI D
I IALELTHESNDTZOTHD., Z0L X, 300 EOKRKKIZT 19D 7 AZITH5ENEH, 1199 FD
BEMZFIE 25 oo 7 Z AR IcyEl sz, £ LT, 77 A% A~HIZEBWT, DAVID T Pl 0.05 LL T &
725 GO term MEID B THNZ(FE2). KO GOterm (TR H/NSWVPIEE -T2 b DERATND.

119955 IS5 (257 7 A %)

N
X
IN
N
=

K -2

K B

K i~ C

o =D

g rE

=T

G

H

B 4 : IRM O E{THER
F 2:GOterm DEINV Y ToHNZ S KREKI FTRH
ISR R K GO term P&
AacrD,AadhE, AascB,AcycA,AfbaB, AfocB,AfrdB, Afrd
A D,AgalM, AginB,AglvC,AkefC,AnanK,ApckA,ApfkB,A Monosaccharide metabolic process 3.10E-03

PflA, AtktB,AulaB, AulaF,AxapR,AybiC,AyccX

Aacs,AadhP,Aagp,AbgIB,AcadC,AchbF,AfocA,Agln
B O, AnorR, AnrdF,Apgm,ApheP, AphoE, ApuuC,ApykF,  Carbohydrate catabolic process 1.60E-03
AspeF, AtpiA,AybdO,AybeF, AyiaY

AascF, Adhal, AfrdA,AfrmA,Agap C,Aglk,AglpX, Aglv
C G, AmalX, AnhaR, AnvdE, ApfIB,AproY,ApykA,4sgrR,4  Fermentation 2.60E-02
speC,AtdeD, AyafC,AytiC
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AaroP,AbglA,AcadA, AfrdC,AginK, AglvB,AhcaR,Ahy
D Carbohydrate catabolic process 3.50E-03
i,4kefB,AldcC,AnhaB,AptsG,AtalA,AtalB,Aygbl

AcysK, AexoX, AlysA,AmetA,AmetB,AmetC,AmetE,Am  Nitrogen compound  biosynthetic

E 2.20E-11
etR,AproB,ApurF, AserB, AthrA,AthrB,AthrC process

Generation of precursor metabolites

F AaceE, AaceF, AatpF, AatpH, AsdhB 1.80E-03
and energy
Generation of precursor metabolites

G AackA, Agpml, ApfkA, Appc, AsucC 3.80E-03
and energy

H ApgpA,AtolQ,AtolR, AyqiC Bacteriocin transport 7.20E-03

7T AL EIZEEND 14 REKRIL, KD GO term LIS S Cellular nitrogen compound biosynthetic process

(GO:0044271, p =2.2X 10" X° Cellular amino acid biosynthetic process (GO:0008652, p = 8.6 X 10" 72 £ %< »
7T BAAKETRT GO term NEID ¥ THENT. F LT, Athrd, AthrB, AthrC, Ametd, AmetB, AmetC,
AmetE 1%, FU A= EIIA T A= AR 2 il 2 2 R E e 2 — R L BIn FREO RERIZH
72 (K 5). MuA=21%, HEROEKAEEN THLIENEVBOASRICHIA S, AFA4=11% TCA
[EEE DA TH D A7 =)L CoA DERUTHA E D, LEX Y, BAERTIET I /BERKBHIZL
TEFICHIRAITZ 50, 7T JBERERE L TR UX—EEEITOMNERND LLEIL, LA =o%
AFF = OERERE R Z & TRIBHOMWIRENE LT LIEZEZbND. —F, VI7AXFIZH
FNDRIKRIL, BRIk TF 92 Z & 72 < NADH A EB 2D L TE Y ATP 8k#EDOY 7 2=y I T
0% apH XX atpF DRKEEG Tz, 2 LT, HEHEMICE U <KAFE L TR Z R T2 RORBRICIE, BERE
RABIR T DO RRENR L FENT. 7ok, —HORFHIZMFIZIV T NADH A FE & 4 B 1T S 5 KK
RN L AFIET D3, OB &5 & Z THMIIIH 523 TiEZun.

72w
TANGHRAE R EED Y metB metC
thrAl metA metk l
$%tuy\\s AFF=
RAR
thrB —) |G l
HEEU
\_ V¥ thrC 1 1 j

v

FENE R TCAI=] 14
[ B LB R A 7 3= )LCoA

X 5: 27 F7AH EICEENDREBET EREBEOXES

IRM [ZJH 0 ooV T X — 5 D

IRM EATRHC BT /3T A—=ZEOEBNNAA 7 T AZ Y o T FERICRIT T B2 FHm U=, ARAEHTICH
WEIR IRM IZIE, ST A= L LT, PMT—X % 3T 2BOMETH D o &, Faliofi & 72 H%HE
DAADIRERET DB L, 7 TAZBIZEET Dy BRbDH. Zb 3FHDO/RT A—X 12X LT, a=0.0017,
B=0.5, y=0.5 =ML, ZnETN I FEET OZZ(LESETIRM #5/TL, DAVIDIZL->Tp<0.05 725
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GO term NEI D ¥ TOHNTRKME T T A X aRDT- (K 6). MENILFH ST NRT A= LZDEEZRL,
fedh X220 IRM £ THERIC wTGOmeﬂDéf%ﬂt&7x&ﬁ%rbfwélmom&@
% GO term DRI SN2 7 T AZEITIZT L DERALND B DD, p<0.05 & 725 GO term 23R 727
TAZBITEIZ TE2 N LT 8 TH -7, ZOFEMNDS, IRMITERE LI/ T7 A= IClbLT, RELL
MERAZ RS Z Db

(@)f=05,7y=0.5 (b)2=0.0017,y=0.5 (c)2=0.0017,5=0.5
ﬁlo 7 10 1 10 -
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S72[13] (K 7). BEC 7 v =) R a4 %, fEZ GO term % FEUEIC Kk S NI G OREREICH E 2R Y
DRONIZREERRY T AZOKERL TS, BB, 74 vy —OERERREICL->THELND PIED
B4 0.001, 0.005, 0.01, 0.05 £ £ %, BHoNbD7 T AZEETRCHE L., 20L&, p<005E:725
GO term DR SAVTZRIHE Y 7 A X OEUTIRM B 8 H &g b Zivo7-. LavL p<0.001 TiX, HbEho
72DIXOPSM D 5 HTH Y, IRMIZ I HICEE-7-. 2%V, IRM BEWENCEROHDEN A 7 T AR &
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CC L OPSM I, 7 7 AXMICERZHFTTNIT) XLATHD. £2T, KRR 7AXMOEEE %
Simpson 85D (K 8) &, HHHINTERIMI FAEZ D7 TALZ YA X (X 9) ZLb#gLT-. 8 Iz
BT, IRM & Spectral (3341 7 T A X OB ZFF S 720 728 Simpson 544130 Tdh 5. —J7, OPSM |E Simpson
RN EL, FMUEHEEZTT CC LR THRIEZ FAXMTOEBENRZV. ©F 0, OPSM iX GO term
Z I ST E 225, MEERMIZIIBZZ b0 20 iR LIRS 28 M2 H 5 Z L hbnrd. £I T, 4
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Freezing Effect for Catalytic Ink Containing Nafion
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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 (680°C) 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 (680°C) 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 [l 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].

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

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.

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

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 um 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
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

previous simulation experiment, a catalyst containing
Nafion was examined by transmission electron

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

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

differences also show the central density difference.

20um

Fig.1. Carbon holey film on standard electron
microscopic copper grid of 200 mesh. The holes
less than 5um 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 (¢). 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.

Pt
Pt

c
Mafion

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

(I/C = 1) 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°C 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.
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3rd cycle _ 4th cycle

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 SiO, 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
800°C 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

800°C. 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 changing the carbon ratio will be published elsewhere.

catalyst. The effect of the alteration of nafion by
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A Development of Variable Speed Charger
Considering Battery Degradation
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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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We investigated expression of metallothionein (MT)-1A, MT-2A, MT-3 and glutathione S-transferase «
(GST-m) 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-1 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-t 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-m 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.
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Metallothioneins (MTs) are a family of heavy metal binding proteins overexpressed in carcinoma cell lines'

and human cancers® " which are associated with resistance to cytotoxic drugs.” The MT proteins are low molecular
weight, cysteine-rich, highly nucleophilic, and have no sulthydryl 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 CNS” and squamous epithelium,'” respectively. In addition, MTs have
been suggested to concern with chemo/radiotherapy resistance in certain cultured tumor cell lines.” '" 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-m), and B-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 °C until RNA extraction.
Gliomas were classified into anaplastic astrocytoma (grade III), glioblastoma (grade IV) according to the 2007 World
Health Organization (WHO) classification. '? 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 B-actin was also performed as an
internal standard. RT-PCR conditions were as follows: cDNA synthesis, 50 °C for 30 min; pre-denaturation, 94 °C for 2
min; 17-30 cycles: denature, 94 °C for 15 sec; annealing, 55 °C for 30 sec; extension, 72 °C for 30 sec; and final
extension, 72 °C for 7 min. The RT-PCR products were electrophoresed in a 3% agarose gel containing 0.02 pg/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-HCI 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



Newly Diagnosis of Malignant Glioma by the Expression of Metallothionein Isoforms

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.

MT-1A
Forward 5 CTCGAAATGGACCCCAACT ¥° 219
Reverse 5 ATATCTTCGAGCAGGGCTGTC 3’

MT-2A
Forward 5 CCGACTCTAGCCGCCTCTIT ¥ 259
Reverse 5 GTGGAAGTCGCGTTCTITACA ¥

MT-3
Forward S CGTCCAGTTGCTIGGAGA Y 251
Reverse - AGCTGCACTICTCTGCTICT-¥

GST=x
Forward S CATGCTGCTGGCAGATCAG-3 27
Reverse S CATTCATCATGTCCACCAGG-A®

B-actin
Forward S CACCATGTACCCAGGCATTIGC-3 194
Reverse 5 AGGGGCCGGACTCATCGTACT-

RESULTS

Expression of MT-1A, MT-2A, MT-3 and GST-r 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-r at mRNA level (Fig. 1). RT-PCR
revealed the expression of MT-1A, MT-2A and GST-rn 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.

MT-1A

MT-2A

MT-3

GST-n

f3-actin

1 2 3

Fig. 1. Expression of MT-1A, MT-2A, MT-3, GST-m and B-actin in human brain tumors.

Three percent agarose gel containing 0.02pug/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.

MT isoform mRNA
(% ofno.7)

glioblastoma blastoma astrocytoma

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

R

Fig.3. Typical examples of immunohistochemical
staining for MT.

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.
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Survival rate  The survival rate of glioma patients (%)
relative to immunohistochemical staining for MT compared 100
with MT high expression group and MT low expression —H— MTlow expression

8o [ —G— MT high expression

group (Fig. 4). The MT high expression group was
significant extended survival rate to the MT low expression E 60 40,05 M low xpression
group (p < 0.05). From the research, it was evident that MT g ~ ve igh expression
high expression reduced therapeutic efficiency compared ®40f
with MT low expression. 20 -
DISCUSSION 0 ' ' ' ' Time

0 50 100 150 200
(weeks)

Fig. 4. Survival rate of glioma patients relative

Overexpression of MTs in malignant tumors seems to . . X -
to immunohistochemical staining for MT.

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.'* ¢

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. '"2% The brain-specific isoform MT-3'"2" 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.”**” 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.”” 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.”” MT-3 scavenged hydroxyl radicals in vitro more efficiently than MT-1A or MT-2A.?*?” 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). *> 2% 2% 29

Expression of GST-n has been reported in the tumor vasculature in glioma.**" GST-r was detected in glial cells of
human healthy brain by immunohistochemistry.’? Calatozzolo et al. were reported that glioma specimens analyzed by
immunohistochemistry confirmed staining in endothelial cells for p-glycoprotein (Pgp), GST-r and MRP1, and showed
also expression of MRP3 and MRP5.* 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-n 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.
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Statistical Theory of an Assembly of the Stokes Parameters
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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 occurring in spin and its analogous systems that one encounters in condensed matter
physics.
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Hiroshi Kuratsuji
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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 SCHRODINGER-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, € is taken to be 2 x 2 matrix.
Now we consider the wave field (actually electric field))
E to be the superposition of multiple modes: exp|ik;z]
with k; being the wave number of [-th modes which is
an eigenfunction of the locally isotropic dielectric tensor
€); = ngdi; with no(= (/éo) the refractive index for the
isotropic media. Now putting

E(z) = ¢(x,y, 2) expliknoz] (1)

where use is made of the circular polarization basis: ¢ =
Tf = 1he; +1Yse_ and f represents the amplitude writ-
ten in terms of the linear polarization; f = fie; + foes.
The relation between two basis is given by the unitary
transformation: (e;,e_) = %(el +iep) = (er,e)TH.
By adopting the “para-axial approximation” [10] for the
second order Maxwell equation for E; namely, v is
slowly varying function of z, we have the equation of
Schroedinger type for the modulated amplitude ¥(z):

NG
iNg_ = HY (2)
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The transformed “Hamiltonian” is given by
.\ 22
H=ThT', h=—"-V?+40 (3)
2710

with v = & — n2. If noting the hermiticity, the potential
term for the anissotropic potential

V=Tvl"'=uvl+aoc, + Boy + o, (4)

where «, 3,7 representing the linear and circular polar-
ization birefringence. Thus we have a coupled equation
for the components (1, ¥s.

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 (zx,y,2) in
terms of the eigenfunctions 2 (r, z) = exp[—i52]gn(r),
satisfying unperturbed wave equation without birefrin-
gence (_i\TZVZ + v0)bn = €ndn. So we have

U(r,2) =Y Fu(2)vn(r, 2) (5)

Here F,(z) = (¢¥1(n),12(n)) means 2 x 1 polarization
state corresponding to the n -th mode. By multiplying
¢y, it follows that

d;;" =3 My (2)F (6)

A

Here the matrix

(F)nm

M = ( (0= iB)m pavE G > ‘ @)

—(¥)nm

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 Schrédinger type
equation, which is given by

N
I= / > FJMEFn =Y FiMyyFoldz.  (8)

Indeed, the Dirac variation equation 61 = 0 recovers the
Scrodinger equation. Having defined the Lagrangian for
the two-component field ¢, we rewrite this in terms of
set of the Stokes parameters for the n -th mode: which
is defined as [8].

2Si(n) = Flo;F,, 2So(n) = FI1F, (9)

where o;(i = z,y, 2) stands for the Pauli spin. We see
that the relation SZ(n) = S, (n)?+ S, (n)*+S.(n)? holds

for each mode, so that the total light strength is given
by So = |E[*> = >, So(n). Here we adopt the spinor

representation,
O, . Oy )
Y1(n) = \/25p(n) cos EX Pa(n) = \/250(n) sin 3 explidy],

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

Sz(n) = Sp(n)sinb, sin ¢,
Sy(n) = So(n)sinb, cos ¢,
S:(n) = So(n)cosby (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

don

L=2XY_5(0)(n) (1 - cosby) - —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 I = 0, which is rewritten as the Hamiltonian
equation of motion [9]:

W 1 oH o, 1o
dz  Sp(n)siné, 0, dz  Sp(n)siné, 96,
(13)
In terms of the Stokes vector, it turns out to be
ds, O0H
= 5% s, (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 p({S%}) be the distribution
function , which may obey the Liouville equation

Ip
$+{P7H}*0 (15)
where the Poisson bracket is defined as
of 9g
— RS 1
{fvg} Z eijz aS]a 65}(: ( 6)

ijk,o

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,Sy,---,S;,) where m is usually much smaller
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than total number of modes N. Let p be the reduced
distribution function defined as

N
pS1+ Su) = [o(Si .8y [] dase ()

k=m+1
Hence one gets the reduced equation for p

%IL,E

P (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=cycoswz, b=cysinwz (19)
in addition to the uniform pseudo-magnetic field in the
z-direction; ¢ = 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 (6, ¢); so we have

1 9, 0 .
@%{sm@Dt(% + asinf)}

1 0 . 5}
+ m%{(DtCOSQG-FDlSIHQQ)% 1f (20)

with A = % + w%. Here two parameters Dy, D; de-
note the perpendicular and longitudinal diffusive con-
stants and « stands for the analogy with the factor % 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 = (3~ S,,)
w.r.t. the reduced distribution function:
ds

i S x G(z) — 77 1S — xG(2)) (21)

The last term of this represents the relaxation.

Af =

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= / W(r’)k(rT’r/)V(r)w(r’)drdr’. (22)

with

(P - @) ()
V(”‘( i (r) <|w1|2—w2|2><r>) (23)

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

V =" k(n,m) {5, (n)S_ (m)+5_ (n)S,y (m)—S. (n)S.(m)}

(24)
with

k(n,m) :/sb;i(r)%(r)k(n 1) (') b (1 )drdr” (25)

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

i 2%{75‘3 + %(S,S+ +845)} = k(S5 —252) (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: ﬁl = ao, +bo, +coy which is transformed
to I:Il = a0y + boy + co,. The corresponding classical
Hamiltonian incorporating both the linear and nonlinear
birefringence becomes

H = (Gl + G"l) -S (27)

with G; = (2a,2b, 2¢), G,y = (kSz, kSy, —kS.) 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”; g—’; =0 and
hence the spin system may be described by the Gibbs
ensemble [13]; p = Cexp[—FH],for which we have the
partition function:

7 / exp|—BH]dS (28)
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where (3 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 = ¢ = 0 (the case
of b, ¢ # 0 may be straightforward), which represents the
external Kerr effect that is caused by the constant electric
field applied in the x-direction.

H = 248, — 2kS? (29)

Here the constant term S3 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;
Sy = Solyz, Sy = Soly,S. = Sol., the Hamiltonian is
scaled by the magnitude of spin;

H = So(al, — kSol?) = SoH (30)

Thus the partition function is written as
Z%:/mwﬁ%mm (31)

where we consider the situation that the intensity of light
is strong; namely, Sy 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 H is given by

%—IZ = 2acosfcosp+ 4kSysinf cosf =0
H
% = 2aSpsinfsing =0 (32)

from which one sees that two extrema are discriminated
by the variable ¢: (1): cos¢ = 0, (2) cos¢ = 1. For
the case (1), we have a simple solution: cosf = 1. which
represents the left-handed circular polarization. For the
case (2), the solution are bifurcated: (i): if 3 < 1
holds, we have sinf = —1 or S, = Spcosf = 0, which
represents the linear polarization. (ii):If 55 > 1 holds,

it follows that sinf = —ﬁ or

S, = £S5, /1 — (

2kSy

which represents the elliptic polarization. Thus, ﬁ =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 &, Sy,
if the external parameter increases starting from zero,
and reaching the value of a = 2kSp, 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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Ritsumeikan Global Innovation Organization (R-GIRO)
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