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of de Broglie Wave
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Abstract

Analyses are performed on Shimizu et al’s experimental results of the double slit
atom interferometer. In their work, ultracold Neon atoms were employed for the
atom interferometer. The de Broglie wavelengths for Neon atoms are estimated
from the experimental data, by applying the Fraunhofer diffraction theory. The
falling velocity of Neon atom is estimated from the experimental data, and the de
Broglie equation, 2/p =24, is directly examined by using “optical data” and “parti-
cle data”. A divergence appeared in the de Broglie relation, and this effect is
explained by assuming the k-linear term in the dispersion relation of the de

Broglie wave.
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§1 Introduction

Young’s double slit experiment is very famous, which showed the interference
fringes of the light wave%). The electron double slit experiments were performed
extensively, by replaceing light quanta to electron beam.

One of the trend of the electron interferometer experiments is to perform “the
fundamental experiments on quantum mechanics”, by extremely reducing the
beam intensity. The electron beam intensity was reduced so low that there was
only one electron between the slits and the detector screen at a time. The
experimental results showed, clearly, that each electron indicated the particle
feature by hitting the screen at very single spot. However, the interference fringes
showed up at last, when the spot data were accumulated. Thereby, electron
showed the particle features and the wave characteristics.

Another trend of the interferometer experiments is to employ heavy particles.
Neutron interferometer is the most popular tool for the heavy particle inter-
ferometer physics. This trend is further stepped forward to use heavy atoms
rather than neutrons. It became popular to study the wave properties of atom by
employing “Atom Interferometer”. In these experiments, “the interference
fringes” are observed just as is the case of Young’s experime%)(g.J

One of the difficulties of the “Atom Interferometer” experiments is to achieve
long de Broglie wavelength. Since the wavelength of the de Broglie Wave is
expressed as A= k/p, where p is the momentum of the particle, the important point
of the experiment is to slow down the velocity of the particle.

Recently, Fujio Shimizu, Kazuko Shimizu and Hiroshi Takuma have observed
the interference fringes by using Neon atom interferomete(;'). In the present work,

their results are analyzed by employing the principles of optics.
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§2 | Experimental Results

Figure 1 shows the schematic layout of the “Atom Interferometer”. Shimizu et
al succeeded in to obtain the de Broglie wave of very long wavelength, by using
ultracold Neon atoms as a source. They employed the gravitational field to
accelerate atoms. The estimated falling velocity is, typically, 1.25 m/sec at the
double slit and it is 1.93 m/sec at the detector screen. The slit width is 2¢#m. and
the separation distance between the two slits is 6 pm.

In Fig. 2, Shimizu et al’s results are shown. Their original data are represented
by the dot lines, due to the digital detecting system. However, the reproduced data
are shown by the smooth curves for reader’s convenience. The numerals in Fig.
2 are the transit time for atoms to fall from the source to the detector. The arrows

in Fig. 2 indicate the limiting position of -Fraunhofer diffraction. These positions

M a) 208-242 ms
O Source M
b) 175-208 ms
Ae/’/\/\/\\l:g c) 142-175ms
N Double slit J/\/\\M d) 108-142 ms
_/:"/\/\\3& e) 75-108 ms
My/\»&. f) 42— 75ms
—_
T 7777777777, Detector 0.5mm
Fig. 2 Experimental results of Neon
Fig. 1 Schematic layout of the Atom Interferometer ; the
Atom Interferometer. fringes and the Fraunhofer

diffraction of de Broglie
waves are shown.
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Fig. 3 Geometrical relations of the Fraunhofer diffraction at the opening.

will be discussed with relation to the diffraction theory.

§ 3 The analyses of the experimental results

Figure 3 shows the geometrical relations for the Fraunhofer diffraction to occur.
In Fig. 3, P, is the point light source and P is the observation point. Let =
—x/7’, and [=x/s’, then a parameter p is defined as p=1{—14. The parameter p
can be reduced to p={, when P, is set at the point facing to the center of the
opening, i.e. %-0. Then the variable w, which is important for the Fraunhofer
diffraction theory, is represented by w = kpa, where k=2x/A and a is the slit width.

Figure 4 shows the Fraunhofer diffraction at a rectangular openin(gS), where w=
kpa, and the arrow shows the point where w=r, and (sin w/w)? becomes zero.
This point, shown by the arrow, corresponds to the point shown by the arrows in
Fig. 2.
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Fig. 4 Theoretical Fraunhofer diffraction intensity at a rectangular opening.
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As is shown in Fig. 1, the slit width is 2p¢m, and as we will see later, the de
Broglie wavelength is about 200 A Then the slit should not be regarded as a line
source ; since the slit width is about 100 times larger than the de Broglie wave-
length. Therefore, the 2u4m wide slit should be regarded as an “opening”, rather
than a slit. This is the point that the Fraunhofer diffraction comes in to their
experiments.

Table 1 shows the optical results. The 1st column shows the half width of the
Fraunhofer diffraction, x ; where the condition w=~kpa=r is satisfied. The de
Broglie wavelengths, A (optical), are shown on the 2nd column ; the wavelength is
calculated by using the relation kpa=r, where k=2x/A, p=x/s’ and a is 2um. In
the 3rd column, the same de Broglie wavelengths are shown in A unit ; in order to
appeal the optical reality. The 4th column shows the particle velocitiy, » (opt),
which is deduced from the de Broglie wavelength by using the relation of v=
h/mA. The velocity ranges from 76.60 to 194.25 in cm/sec unit.

Table 2 shows the falling velocity of Neon atom, v (particle), at the detector
screen. The velocity is calculated by assuming the free falling of atoms by
gravity. When Neon atom has initial velocity, v,, the distance of the falling
becomes S=% gt*+u,t. Thus v, zg———%—gt. By combining the v, with v=uv,+gt,
the final equation for v becomes, v 2%4-% gt. Therefore, the particle velocity at
the detector screen can be obtained by using the transit time (£) and the distance
(S) from the source to the detector. The 1st column in Table 2 shows the transit
time, and the 2nd, 3rd, 4th columns are the intermediate stages of the calculation.
The particle velocity, v (part), is shown in the 5th column. The velocity ranges
from 192.51 to 354.28 cm/sec.

Table 3 summarizes the velocity of Neon atom at the detector screen. The 1st
and the 2nd columns are the reproduction of Table 1 and Table 2. The 1st column
is reproduced from the 4th column of the Table 1, v (opt), and the 2nd column is
reproduced from the 5th column of the Table 2, v (part). The ratio of the two
velocities, v (part)/v (opt), is shown on the 3rd column in Table 3. The ratio is,

roughly speaking, about 1. 8.
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Table 1 Experimental results of de Broglie wave-
length, which are obtained by the Fraun-
hofer diffraction shown in Fig. 2.

x Alopt) A(A) v (opt)
(10-%cm) (10~%cm) (cm/sec)
a) 7.30 2.584 258.4 76.60
b) 5.76 2.038 203.8 97.12
c) 5.38 1.904 190.4 103.96
d) 4.61 1.631 163.1 121.36
e) 4.23 1.497 149.7 132.23
f) 2.88 1.019 101.9 194.25

Table 2 Falling velocity of Neon atom (group velocity).

t (sec) s/t 490¢ % v(part)
(cm/sec)
a) 0.225 84.00 110.25 —26.25 194.25
b) 0.192 938.43 94.08 4.35 192.51
c) 0.158 119.62 77.42 42 .20 197.04
d) 0.125 151.20 61.25 89.95 212.45
e) 0.092 205.43 45.08 160.35 250.51
f) 0.058 325.86 28.42 297.44 354.28
(S=18.9cm)

Table 3 Experimental results of the
group velocity, v(part), and
the phase velocity, v (opt).

v{opt) v (part) v{part)/v{opt)
a) - 76.60 194.25 2.535
b) 97.12 192.51 1.982
c) 103.96 197.04 1.895
d) 121.36 212.45 1.750
e) 132.23 250.51 1.8%4
f) 194.25 354.28 1.823
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It is felt that v (opt) is related with the phase velocity, and v (part) is related
with the group velocity. The author, however, does not step further into the
argument at this moment, and this point will be discussed more in detail in §4.

Table 4 shows the values of %/p (part), which are calculated by using the v
(part) ; shown in the 5th column of Table 2. Let us call these values as the “particle
point of view de Broglie wavelength”. These are shown in the 2nd column. On the
3rd column, A (opt) is reproduced from the 2nd column in the Table 1. Let us call
these as “the wave point of view de Broglie wavelength”. The question is “How
do they meet ?”

Figure 5 shows the plot of the data, shown in the 2nd and 3rd column in Table
4. The plot is represented by the open circles, (O). The labels, a), b), c), d), ) and
f) represent the order of the data shown in the Fig. 2 ; which is the reproduction
of the original data shown in the Ref. 4. As can be seen in the Fig. 5, the plot does
not coincide with the straight line of #/p=A. However, if the values of /p (part)
are multiplied by a factor 1. 8, then the results fit well to the line of #/p=A; which
are shown by the closed circles (@). The factor 1.8 has a root in Table 3, 3rd
column, and this point will be discussed more in detail in §4. This correction
suggests that the de Broglie relation, %/p =4, holds for the phase velocity ; not for
the group velocity.

Figure 5 indicates another important point, i. e., the data of a), b), ¢) strongly
deviate from the straight line. The data suggest that there is a divergence at
around 4/p=1.8X10"%m, as indicated by a broken line. As will be discussed in
datail in §4, the data of a), b), c), which are represented by a horizontal line of
h/p=constant, are related with the k-linear dependence to w. On the other hand,
the normal data, d), e), ), are related to the 42 dependence to w.

Table 5 indicétes the calculated resuits of w by % and k2% The wave number, k&,
is deduced from the “optical wavelength”, A (opt), and the results are shown on the
4th and 5th columns.

Figure 6 shows the results shown in the Table 5. It is shown that the points a),

b), c) are represented by the k-linear relation, and d), e), f) are represented by the
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Table 4 Two kinds of de Broglie wave ;
which are deduced from the
“particle point of view”, h/p
(part), and from the “optical
point of view”, A(opt).

v(part) h/p (part) Alopt)
(cm/sec) (10=%cm) (10~5cm)
a) 194.25 1.019 2.584
b) 192.51 1.028 2.038
c) 197.04 1.004 1.904
d) 212.45 0.931 1.631
e) 250.51 0.790 1.497
f) 354.28 0.558 1.019
T
h
— =1
p
z |
E o a)
o
= d)
= e)
h~
o
=
=|=
1 O @) i
f)
[l 1

A(opt) (10°cm)

Fig. B Relation between the two de Broglie wavelength ; one deduced from the

“particle point of view”, h/p (part), and another from the “optical point
of view”,A(opt).
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bilinear relation.

§4 Discussions

As shown in Fig. 5, the plot of the data (O), which is a combination of 4/p (part)
and A (opt), does not meet with the straight line of £/p=A. The reason for this
discrepancy could be as following :

The de Broglie relation, %/p = A, can be modified into the dispersion relation. By
using the equations 2/p=A4A, p=mv, v=1A, w=2xv, and k=2r/A, one getsto w=

hk? . . . _ o _ hk
5—. Therefore, the phase velocity, v (ph), is obtained as v (ph)——%j— e On

27m Ik
the other hand, the group velocity, v (gr), is expreseed as v (gr)=d—]c:=7r—m.

Thus, there is a factor of 2 difference between the phase velocity and the group
velocity ; v (gr)=2v (ph). There is about factor of 1.8 difference between the
“optical velocity”, v (opt), and the “particle velocity”, v (part) ; as is shown in the
3rd column in Table 3. Thus it seems to be natural to consider that the optical
velocity, v (opt), is related to the phase velocity, and the particle velocity, v (part),
is related to the group velocity. The modified data (@) meet nicely with the 42/p=
A, line, when the data (O) are multiplied by the factor 1.8. Therefore, it appears
natural to regard that the de Broglie relation, %#/p =4, is fulfiled when the phase
velocity is put into p=mv.

Figure 5 indicates, also, that there is a divergence in %4/p=2A relation. This
divergence can be explained as following :

Let &/p=A,, where 4,=1.8X107° for the present case. Then again by using the
relations p=mv, v=vl, w=2zv and k=2x/A, one gets w:”};—ﬁo. The phase

velocity, v (ph), becomes v (ph)=%=-;%—. The group velocity, v (gr), becomes
0

this time » (gr)=%=—7—n-hz;—. Therefore, the divergence in 4#/p=A relation has a
root in the k-linear dependence to w.

So this is the. branch point. There is no divergence if one approve the de Broglie
relation, #/p=A, a priori, and deduce v (opt) from the optical data, A (opt).

However, once one trys to examine the de Broglie relation by using a combination
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Table 5 Wave number dispersion of de Broglie wave.

Alopt) k(opt) k?(opt) w(k) w(k?)
(10~%cm) (108) (10'?) (10) (10™)
a) 2.584 2.430 5.909 2.646 1.861
b) 2.038 3.082 9.501 3.356 2.993
) c) 1.904 3.299 10.859 3.592 3.430
d) 1.631 3.852 14.839 4.194 4.675
e) 1.497 4.197 17.615 4.569 5.549
f) 1.019 6.165 38.014 6.713 11.975
T T T I T
f)
10 - |
-~
-~
-~
re)
-~
e) P
b
_ -~
5 L d) - B
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v 2 A0
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7
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-~ - .
| | ) ! 1
0 5
k(10°cm™)
Fig. 6 Wave number dispersion of the de Broglie wave, which are shown

in Fig. 5.
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of h/p (part) and A (opt), the divergence appears.

It is hard to imagine that the measurements for a), b) and c) have some error.
This is because, for a), b), c) cases, the interference fringes show up nicely, and
there is no difficulty to define the Fraunhofer diffraction point. Moreover, the
points for d), e), f) fit nicely to the #/p=A line. Thus it will be natural to conclude
that there is a k-linear dependence for the de Broglie wave, if no experimental
error could be found. The author has no idea whether this divergence is a specific
case for the mesoscopic phenomena.

It would not be plainly evident that de Broglie wave should show the Fraunhofer
diffraction. This posibility should be examined by looking into the Kirchhoff’s
diffraction theory, and the related discussion will be published on this journal
later. However, this posibility can be thought, intuitively, to be positive, when one
thinks of the reality that there are so many electron diffraction experiments are
going on in the world. Nevertheless, it would be hard to believe, until it is proved
by an experiment that de Broglie wave can be chopped into the Fresnel zones.
Another words, this means we can say in this way that “the material wave” can
travel through not only two slits, but it can pass through hundreds of slits at the
same time.

Interference and diffraction are different matter. The double slit experiment
does not separate the two. It is well known that one of the most important
principle of quantum mechanics is the principle of superposition. However, the
generation of interference fringes does not guarantee that the related waves
should follow a diffraction rules. It is at this point that the Shimizu et al’s
experiment makes a good sense.

By assuming that the position shown by arrows in Fig. 2 has the same origin to
the arrow shown in Fig. 4, one can calculate the de Broglie wavelength. It turned
out that the de Broglie wavelength of this case is about some hundreds angstrom.
Therefore, this phenomena, shown by the experiments, are the mesoscopic applica-
tion of quantum mechanics.

In case of the electromagnetic wave, the existence of Fraunhofer diffraction is
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guaranteed by Kirchhof’s theory. The theory also contains Huygens-Fresnel
principle. Therefore, to observe Fraunhofer diffraction of de Broglie wave means
that de Broglie wave does propagate by the famous secondary wavelet generation

principle ; just as is the case of electromagnetic wave.

§5 Conclusions

It is shown that the atom interferometer experiment is a mesoscopic phenomna,
and de Broglie wave shows Fraunhofer diffraction, just like electromagnetic wave
does.

It is suggested that de Broglie wave propagates by generating secondary
wavelets, which is known as Huygens-Fresnel principle. The inclination factors
for this propagation can be calculated from the experimental data.

The atom interferometer experiment, which was performed by Shimizu et al,
evidenced the existence of the Fraunhofer diffraction phenomena, needless to say
the interference phenomena, of de Broglie wave. This conclusion means that it
will be able to perform such an experiment, in the future, as to chop up the de
Broglie wave by using a Fresnel zone mask and to observe the interference
phenomena of the secondary wavelets.

It is shown that the de Broglie wave relation holds very well for the cases of d),
e), f) measurement. Thus the de Broglie relation is supported directly by the
experiment. On the other hand, it is found that a strange divergence appeared for
a), b), ¢) cases. It will be necessary to perform a critical experiment to examine

this conclusion.
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Table 1 757 yh—77—BHHHEKRDHT

F7odq4EE
% Alopt) A(R) v (opt)
(10-2cm) (10~%cm) (cm/sec)
a) 7.30 2.584 258.4 76.60
b) 5.76 2.038 203.8 97.12
c) 5.38 1.904 190.4 103.96
d) 4.61 1.631 163.1 121.36
e) 4.23 1.497 149.7 132.23
1) 2.88 1.019 101.9 194.25

Table 2 *FYEFOETEE (BEE)

t (sec) s/t 490¢ o v (part)

: (cm/sec)

a)|  0.225 84.00 110.25 —26.25 194.25
b) 0.192 98.43 94.08 4.35 192.51
c) 0.158 119.62 77.42 42.20 197.04
d) 0.125 151.20 61.25 89.95 212.45
e) 0.092 205.43 45.08 160.35 250.51
) 0.058 325.86 28.42 297.44 354.28

(S=18.9cm)

BROIFERERYT, HEIXT6.60cm/sec 7 5194.25cm/sec 1IZEL T3,

Table 2144 YETOETHEE, (v(part)) 251E» 5RO IERERT.
AFVETOETREHETCTHA L LT, MTREBOMBETORERRD
fo. A VEFRIBEEE L 2T 0B bDE LT, S=L- g +ut &L, LT
Mo T, vo=%— —zl—gt, V=0t gt REDD Z):;?“— %gt LT, Sktt®E
B2 ToaRDI 12720, S 3HRIF L R & OFOFERE, 18.9cm, ¢ i3 Table
20F1FNTRLIER AV, RPEEBREE 2, 3, 47hTrL, RE&
DFER, v (part) ZFE5FNCRT. ZOFBRE, X4Foitde X< —&F
3, REBTOXF YEFOETEER, 192.51cm/sec 5> 5 354.28cm/sec I
BIATHnES,

Table 312, KFHRHIBORICBIT 2, 24 VEFOREREZ L LD/, Zhid

Table 1D v (opt) &, Table ® 2 D v (part) DEHTH 5. EHELSKD
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Table 3 EEE (v (part)) & GMEEAE
(v (opt)) DEE (cm/sec)

v (opt) v(part) v(part) /v (opt)
a) 76.60 194.25 2.535
b) 97.12 192.51 1.982
c) 103.96 197.04 1.895
d) 121.36 212.45 1.750
e) 132.23 250.51 1.894
) 194.25 354.28 1.823

Table 4 F7oA4BEOBERKAOFzv 7

v(part) h/p (part) Alopt)

(cm/sec) (10-¢cm) (10~%cm)
a) 194.25 1.019 2.584
b) 192.51 1.028 2.038
c) 197.04 1.004 1.904
d) 212.45 0.931 1.631
e) 250.51 0.790 1.497
f) 354.28 0.558 1.019

7EE, v (opt) &, RFE»SROIZHEE, v (part) DHLIZ, a), b) %
%, IZIZ1.8RTRICR > TwB Z %, v (opt) FAEEE %, v (part)
BEEREERDOTEEZONED, TOIERXZODWTIRE4 TEHLIERT 5.
Table 4 iICEHZ K 7oA HOHER, (W/p=N)EHREELIERERT.
NIz iZ, Table 2 TROIKTFHRIC L 2 24 VIEFOHEE, v(part), ZAWVT
p=mov (part) ZK®, h/p (part) #EH\ 7z, Table 4 DE 237 Z DHER%
RT. —F, BEMGE» oKD KT oA EHOEEK, Alopt), % Table 1 D5 2
FimroEEkL, MER, COmMEREORE—BT 1 THS.

Fig. 5 C # DRIEBREZTT. Zhicid Table 4 DFE 25 E 3N DT —
$ &, Fig. 50ENL (O) BZ20ERTHS., KFa), b), ¢), d),
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T T
h
—_—=1
4
2 b E
————————— e® — &
7 c)b) a)
\OU
o @)
. e
T
2
=R b O O ]
1)
- 1
0 1 2

Alopt) (10”°cm)

Fig.5 *#4 EFFHHOERT—5H5
Kot F 704 E0MER0RE

e), )i, XE 49D Fig.3 (ZDWMXFD Fig. 2 iCHEHK L2 D) IE LT
3, BT - DEFELERTHSTH 5.

Fig. 602 e8Y, 7—=2% (O) E h/p=A2RTEBELOKRELHNT
W3, L»lL, Table 3 TRLZEBY, v (part)/v (opt) DELAIEIZ1.8TH
SNl ERAWT, T4 %1857 5L, EN(@) TRLILEIWKE, £ W/
P=ADEBIE-TL B, IhiZ, R7aA DR, W/p=112BWVT, v LT
Folopt), DEVMHHEERFAVINRETHLEVI T EERLTWBE EER
shb, DD, F7oAEOAERE, HEOMEEECDOWTREY T
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WA ThsLEZOND,

Fig. 5 3BWEARL I LE2TBLTWS, #hiza), b), CHiIZLk->TRKRD
ST —F0, FIuofBEOEER»ORELANTwEZETHS, BN
(@) ODF—F»RT LT, W/p=1.8X10"cm DDz 2, BEEHARICKE
BREENDHLLEZOND,

§4THLLLERTSEBY, a), b), C)TRING W/p=—FEDT—7%
¥, w-k OB, RDIRIEE>TRbENL LD THIEEZOND, —
F, d), e), f)DT—51F, kO2RACL->TROENZ I EDDL® S,

Table § F7Oa4EOSHE

Alopt) k(opt) k*(opt) w (k) (k)

(10-%cm) (109) (102 (10'1) (10"
a) 2.584 2.430 5.909 2.646 1.861
b) 2.038 3.082 9.501 3.356 2.993
c) 1.904 3.299 10.859 3.592 3.430
d) 1.631 3.852 14.839 4.194 4.675
e) 1.497 4.197 17.615 4.569 5.549
f) 1.019 6.165 38.014 6.713 11.975

Table 512, 2D L %EEL (B L0k OFBEFEERT. 22T R
BPROBIEHID, HEED»SKROIERE, Alopt) #HAWI, a), b), c)
DolZiZE4FIOEE, d), e), {)D 0 TFESTNDELZAVINETDH
3, ZOZEDBRDIL4THLI@ML 3,

Fig. 6 lw-k DHEETT. ZIRIF o kO LIRZLHIT 2HH L, 2O
QWICHBT 25 EMTRENT WS, Zhi Fig. 5 06 DMBHNZRETH
D, ZOWRFEIZZ 2, Fig. 2lRENT—FIZDLDITH 3,

PRI
Fig.5 CRL72& 912, h/p (part) &, A (opt) L 2HEARLT—5 (O)

&, BAERRELR, h/p=A»5FKREISNNTVE, COFRRBUTOL S %
1O THhBEEZLNDS .
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f)

e) P

w(10"sec™)
a
\
1

k (Al 0%cm™)

Fig.6 #A4 EFFHHOERT—5 50
Kb f- F 704 ROEEHBAE

¥, FTOAEOR, W/p=A BT, p=mv LEE, BERXEEIOWT

0D VMDD v, k= 2R/ EBLB L, 0= Iy 25, Lietso T,
ROABREE o (ph) 2, 0 (ph) =L=—%—y 25—, B0 0 (2) 1, v () =

%—j,tﬁé Oi@v@ﬂ—ZU@m@ﬁoiﬁ 3 i Table 3 D
3FITRLIZEBD, vlpart)/viopt) 1.8 THo7z. I, v(part) B
HE v(gr) 12, v(opt) XAIHEE v(ph) 12, MET D LEZ DL LMETE S,
HE 77751 80RMERXBI BT —5 (@) i, d), e), f)icD

W, F7aAEORICEL B> TWAE I e, Fig. 5 lRahTnd, DX
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D F7aABOR b/mo 23, MAEEE LV ERETHS £ 2 &%, Fig,
SIARLTWwEEEZSNS,
Fig. 5 ticid, h/p=1.8X10"%cm H 7201z, BEIHRIORKSH 2 L 5128
5ha. CORRE, UTOLS5BETHI LD TREVIEELSND :
WE, EBODHLED I/p & LETHIE, a), b), C)OF—%13, h/p=
A ERBEINDG, $210BRES1, Thi v=uA, k=2 7/A %%HA‘@_‘% &,

w= hfo L3, ;0)% W%, (AEEE v (ph) i3 v(ph)z—z-/—l—, TR

o) b olg =S ="t v ny, WEE-HT 2. o0 K701 EOR
DOHEEAFIOFEBIL, o O A EEENED IR THE I ERATL TS LES
5h3,

RFGHR 5RO 72 v (part) ZAV, K704 HOR W/p=ABT7 7V 4V 12
YD EEZT, 22h6 R7 0L BHERHEL TRAIE, Fig. 5 DTy
KBEbIzv, Lol ZORIO L >z, I v (part) & A(opt) & £3RK T,
h/p (part) =Aopt) B D IIOME S hERKRIEL & 35 LT hiE, FESBEHLA
5. ZIVFEROFNNETH B,

a), b), C)DPED, AHDLI—E2EATVL EREZIZL W, ZHiT
Fig. 22 Anid¥ s 89, a), b), C)DF— 5 R FHBEN LI LHTED,
770 R=7 7 —EFDT -5 LTH, RAOCHHHIEL £ 50
5. ZLTAED D, d), e), f)DF— IR h/p=A DEHER L<HRELT
WRIEH, T—IRREFEORBILERLTVWBEEEZSNS, DD,
COFEBMOFEE, F7oMEIZ kD1 ROEEIKBD 2720 ThH2 LEL
o, ZDXIBRERE, AVARIACY IRERTOABEDRLZ L DEDODE
D, FHIWIZHE Sz,

F7aqic, 777 0k—77 —ErSEEE3»E5H», L5 ERIIC
BEZDORMEETE RS 5, Thi, FAbtky 7 OEEFERIC L - TR
SNDINREZLT, ®RH, KECZOTREMEHRT2TFETHS. Lol,
BFREFTOEBBSLITobTWB I L 2BhIE, 200EEEOH2 2 &
BERENS,

Table 1 W2/RL7z & Sz, WEREIZLTWwW3 K7 o4 EokER, 2004 §i
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BERVFRFICRY, ThiRE3E, w270 3700HEO, AVARIEY
IRBFINFRBERTHS LEbN S,

BRI, 77270 R—7 7 —EERRMBFEET S LiE, FLrERY 7D
EHTHERIC L > TRIESNTWS, FLbeRy 7OERBEER, N7V A—
ZVANDFEEICHAB SN TS 2 REFELE DS TAEKFFREL (inclination  fac-
tor) %, BEANICEXIZT I LKL, Lo ThL, FTafEy 7
FyviR—=7 7 —EITOBEKBRBDO LD LS Zwwhiud, F7ufED
BREIZH, "N T UVA—TVANVD 2IREREOFENPYTITE S L E2EK
5. '

»L LT, [EFTHEH] 0FBRIZ, F7oA#o [HEsE ] Okt 2R
Dl i), ZROT7 VANV -V IZHET 2ERIOETH S Z & %R
BLTWwa,

3

§5 fE

A4 VRERFERVE [RFFSHE] ORI, AVAI¥y 7 R2BFHFH
HROEBRTHD I LRENT, £z, F7oficy, BREELALCLS
W, 77U rik=7 7 —EIRBPEEL, "M T UYA—TVANVOREBIZL S,
QIREDFKEE, FOTBEBEET LI LR ENS .,

Eie, A4 VETFICE D [EFFHBE] OFEBIL, F7oAfEd [WKESE]
DERETH B Z 2L, LedoT, EF o4O 7v iy —v
SEBEHS L, 2REBOTHBL, EERShZIEEk55,

F7aA D777 k=77 =0 S6RD EIFER E, KTFEHE» 5K
iR 7oA ERE, d), e), f)DF—F TR, X<HERNEHWE L L
T8> T, BALBERK, h/p=A ZE#HFEI L. LrL—ATRH, 2), b),
C)DF—F Iz, FERFBRHREOH S Z LR, ZORERE, b UER
DII7—ZEBbDTrITNE, FKENZLDTHS, k¥ o, KRXT
BT — 5 CHERERBATRIT R S EFTHY, EZXHELEIEREICL 38
EZOALZRHITZ Y, COBEBELEREEEZRT 570010, FEfLER?ER
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