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-./012345 /.6780/967:.5/;<=> 3?25@ACBD ('E�A (D& 'D,FGH�IJLK

MJ I&NOP0/Q@ BG BR BI)+ST BD (&'UAVJ H(PWX> ?.Y5 XZ40/Q[25:.6]\

.2X2.^_>56> X.^ 1> 460Y8`>a?b52.6 ?>0>`>Yb2 4322Y5cd6.5 Xe ?

1/b5 Xe ?X252 1f2Y5 cd6.5 Xe ?[>[/d^ ?a?<

-.6 ?02Y8bY2f/2 Q.Zc22 4_/16c/gd>d>.6 ?> X.^ 1> 462Y5cd6.5 Xe ?

0Y8`>a?<h5 70Y8`>5 72 Q.^ 7.5 7[52 XY 3?/Qd> 4>iX2.6b/Y 3> 7<

jkISR B& F'D (lBI,FmGJn& ('DJ H,Fofixedpointarithmeticp 4. /

[ Q2[5 X:4g4.6d2obinaryarithmeticp <

qrtsu



jkISR B& F'D (lBI,FmGJn& ('DJ H,F'DJnBv (n&vw'U'D�A (odec-
imalarithmeticpd>.2` g[ Q2[5 Xe ?2Y5 cde ?0/Q^_/Q?Xa[5 X/0/5 \

6c> 34>[ Q2[5 XZd/YfZACBEI,'�BO wFvNn&v (BCD<

jkISR B& Fv&O�D,FmGJn& ('DJ H,Fofloatingpointarithmeticp <

x5G ISR B& F'D (lBI,FmGJn& ('DJ H,F_Y6 45d/0/5 /g?2Y5cd6.5 X8

[>[/d^ ?24.2c>YZ7Q0/[52 4. /1Z7GJmByO (&v (D SHH�H()& (G (K

I('D S'B& FACBD (V H�DNOACB(GH,nJA,o0/Q02Y/Q458z/?.25 4>

0Y/{ 1Zd2.2>d0/Y5 Xe ?>f2Yd/be ?W 4.2.5 4.5 XZ7f g467X10 <p <|05 \

01^ /?>8 ?J&G ISR B& F)yOJOD (&'DJnm (n&vw'U'D�A (.:.>/5

2Y5cd/34.2c>YZ7Q0/[52 4. /1Z7^_/Q?201Z> 4a.>Y5 XZd/YfZX25

dZ X/74.2c>Y: <h^ 1/7W>8 ?/50Y8`>5 7b3?/?.25'DJnBv (n&vw

'U'D�A (W.:.>/52Y5 cd/34.2c>YZ7Q0/[52 4. /1Z702Y/Q458z/?.25

42 ?4>5Y8[> X2[5 Xe ?96f3a?W0/ Q. /X8c>^ ?2^_>5Xa[5 X/0/56]\

c> 34>[ Q2[5 XZd/YfZX25DJA,vJ FDJm FByO (&ACBD (V H�D wv (&

BR (ID SD (& (GwDJBv S'DJD BGH,lJ FD *OnBv (n&vNO}�My *O

DJm F<

~rtsu



x5G ISR B& Fv&O�D,FmGJn& ('DJ H,F_Y6 45d/0/5 /g?d: ?/[ Q2[5 X8

2Y5cd6.5 X8[>[/d^ ?2X25> 3?25X2.8 116 1> 74> Q0/1/b5 4d/g7d2c6 \

d2.5 XZ7f g4>a7ACBACBD (V H�D� FGJm�EJmO'UOlBD�nJA,W X2c:\

4/?6X5 ?6.Z Q0/[52 4./1Z201/0/5> 3.6 ?> X.^ 1> 46.a?0Y8`>a?<

�2Y2[> 3bd2.2.Y:0/Q02Y8 4.2 467. /QX8c>^ ?220:.202Y208 ?a

> 3[62Y5 cd6.5 Xe ?[>[/d^ ?a?4>[58f/Y/Q7;<=[ 3[>5/02Y2 X8.a

03?2 X2 7� <

�rtsu
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�£¥°�§²�º»´���¡ µ�¼�¡¢£¤£¶bits¹

u1←´��� ��¡→31IBM-360¶ ¸�·����½�  � ¸µ�����~¹

u1←´��� ��¡→35PDP-10¶ ¸�·����½�  � ¸µ�����~¹

u1←´��� ��¡→35UNIVAC-1106¶ ¸�·����½�  � ¸µ�����q¹

u1←´��� ��¡→59CDC-6600¶ ¸�·����½�  � ¸µ�����q¹

¾£¿������ �BCD¶À½s½~½q¹

uuquuquu¶qbyte¹ �s

uuuqquuqquuuuquq¶~bytes¹ qÁÀÂ
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Å$ÆmAGH�INA (D ((I&lANO

�Y/. /g>`>.8 4/Qd>.6 ?> X.^ 1> 46.a?4Qb X> XY5d^ ?a?0Y8`>a?4.5 7

0Y/6b/gd> ?> 70>Y50.e 4>5 7Wc2> 3 ?25_YZ 45d/?2[e 4/Qd>d>Y5 X/g7

/Y5 4d/g70/Qc2[5> QX/1g?/Q?2Yb:.>Y2.6 ?02Y8 4.2 46.a?0Y/46]\

d2 4d^ ?a?2Y5 cde ?<

($ÇIyTJmACB'mAGH,I*A (ψ̄kBO wF}�MyJmψk> ?:72Y5cd6.5 X/g

4Q4.Zd2. /7oÉÈ<-<pd>{8 46{WD�n& (MJ ISDJmψk(GwDJA�)&'DJ

}�MyJDJm'm'D,A (DJ FÊ[6 12[Z^_/Qd>Ë

ψ̄k=(β−1)−ψk. o�p
�Y/f2 ?e7W. /4Qd01ZYad2./ Q4Qd016Yed2. /7./Qψkc2> 3 ?25. /

3[5 /. /ψk<|`8 11/QW 4. /[ Q2[5 X:4g4.6d2./4Qd01ZYad2. /Q�

c2> 3?25. /ÌX25./4Qd01ZYad2./QÌc2> 3 ?25./�W2f/gË

1̄=(2−1)−1X250̄=(2−1)−0=1.

Ârtsu



V$ÆmAGH,I*A ((I&lAJ U*FG IJ FV S'�

ÇIyTJmACB'mAGH,I*A (Ā<β>BO wF(I&lAJ UA<β>Wa70Y/7d3\

2{8 46{WGJm(GJD BHByD (& (GwA(v� I(& (v (&OvH('A (D&v S

}�My (W. /?2Y5 cd:Ë
Ā<β>=βµ−A

<β>. oÉÍp
Î|. 45W. /4Qd01ZYad2. /QA<10>Ï�ÐÑÒ<� Òa70Y/7�Ì> 3 ?25

Ā=10
4
−1985.15=8014.85,

> ?e./QB<2>=110111.010> 3 ?25 Ë
B̄=001000.110(=001000.101+0.001),

[6 12[Z'mAGH�INOJOD (&D (}�My (Ó�O (G IJ F�O (Óv (&G IJ'Dy K

lBD (&v (&Ay (AJO Sn(D BHBmD (y (FD SR B*F<

Ärtsu



Æ�ACBy *'�ÕÔ

Ö52.6 ?> gY> 46. /Q4Qd016Yed2./7> ?:7[ Q2[5 X/gWbY8f/Qd>

:0/Q�. /?2Y5cd:ÌX25:0/QÌ./�W X250Y/4c^. /Qd>X25

d52[ Q2[5 XZd/?8[2W.67.> 1> Q.232 7.8`>a7W:0a7[ 3[>.25 4.6 ?

02Y^ ?c> 46./ Q0Y/6b/gd> ?/Q02Y2[> 3bd2./7<

)$ÆmAGH,I*A ((I&lAJ U*FG IJ FACB& *A�O�V S'�

ÇIyTJmACB'mAGH,I*A (A<β>BO wF(I&lAJ UA<β>*FG IJ FD�O

ACB& *A�O�V S'�V K�ÓDJO (I&lAwË
A<β>=βµ−A

<β>−β−ν

o ip
:0/Qd. /01Zc/7.a?2 X>Y23a?96f3a?. /QX25 ?. /01Zc/7.a?

X12 4d2.5 Xe ?96f3a?. /Q2Y5 cd/gÈ<

×rtsu



Î|. 45. /4Qd0 1ZYad2. /QA<10>=1985.15a70Y/7Ð> 3?25 Ë

A=10
4
−1985.15−10−2

=8014.84.

| ?e. /4Qd01ZYad2. /Q[ Q2[5 X/gB<2>=110111.010a70Y/7�

> 3?25 Ë

B<2>=001000.101,

[6 12[ZW'mAGH�INOJOD (&D (}�My (�O (G IJ F�O (<

Æ�ACBy *'�ÕÔ

h/4Qd01ZYad2> ?:7[ Q2[5 X/g2Y5cd/ga70Y/7.6 ?d>5 ad^ ?6

{8 46{Y 34X>.25>8 ?c^ 4/Qd>:0/Q�. /ÌX25:0/QÌ. /� 4. /?

2Y5cd:ÙØ[6 12[ZW. /'mAGH,I*A (BO wF(I&lAJ U*FG IJ F

A& (V S'�ByO (&DJACB) (HUD BIJ(GwDJ'mAGH,I*A (DJm

(I&lAJ U*FG IJ FD�OACB& *A�O�V S'�v (D SAy (AJO Sn(

D�FD BHBmD (y (FD SR�FDJmÚĀ<β>=A<β>+β−ν

Û <

Àrtsu



Ü$k (IS'D ('�G IJ'�A ('A�O *Onm (n&vNO (I&lANO <

($k (IS'D ('�@kIw'�AJv (&A�)BlJ FPÚk&ÝÛ

=08Y_/Q?0/11/3.Y:0/502Y8 4.2 4670Y/46d2 4d^ ?a?[ Q2[5 Xe ?2 \

Y5cde ?<h/?0Ye./. /?^_/Qd>Z[62 ?2f^Y>5 Ø|3 ?25602Y8 4.2 46

ÞG Iw'�AJv (&A�)BlJ FßoSignandMagnitudep:0/Q./05 /46d2 ?\

.5 X:bit.671^`67. /Q;<=4Qd{/13z>5. /0Y: 46d/. /QoÌb52

c>.5 X/g7X25�b522Y ?6.5 X/g7pW> ?e.2 Q0: 1/502bits4Qd{/13z/Q?

.6 ?20: 1Q.6.5dZ. /Q2Y5cd/g<

Î|. 45W>8 ?08Y/ Qd>^ ?2d5 XY/Q0/1/b5 4.Zd>1^`6�byteo Ñbitsp.:.>

602Y8 4.2 46.a?2Y5cde ?iÌX25\iÌ> 3?25

A<10>=30�&´ −→A<2>=00011110

B<10>=−30�&´ −→B<2>=10011110.

Ártsu



Æ�ACBy *'�ÕÔ

->;<=d>1^`6dbits/> 18_5 4./7X25d^b5 4./72Y5cd:70/Q

d0/Y/g??202Y2 4.2c/g?> 3?25 Ë2µ−1−1X25−(2µ−1−1)> ?e

./01Zc/7.a?2Y5cde ?0/Q[ g?2 ?.25 ?202Y2 4.2c/g?> 3 ?25

2µ(2µ−1−1c>.5 X/32µ−1−12Y ?6.5 X/3X25/5nUJ02Y2 4.8 4>5 7

./Qd6[> ?:7ÌÌÌ <<<ÌX25�ÌÌÌ <<<Ìp <

qurtsu



V$k (IS'D ('�@kIw'�AJv (&ÆmAGH,I*A (DJmÅPÚkÆÅÛ

Î| ?2 78 11/7.Y:0/7> 3?25./ÞG Iw'�AJv (&'mAGH,I*A (DJmÅß

o�-ÍpW:0/QX2508 15. /05:46d2 ?.5 X:bit.671^`>a7. /Q;<=

4Qd{/13z>5. /0Y: 46d/X25.2 Q0: 1/502bits./d^b>c/7. /Q2Y5 \

cd/g:.2 ?> 3 ?25c>.5 X:7Ø> ?ewD (OByO (& (IO�D&vwFJ(I&lAwF

(GJAO�AJO BUBD (&*F'mAGH,I*A (DJmÅD�F(GwHmD�FD&A,F

DJmW/0:.>./05 /46d2 ?.5 X:bitc2> 3?2534/d>.6d/?8[2o^ ?[>5`6

2Y ?6.5 X/g2Y5 cd/gp <Î|. 45b52./Q72Y5 cd/g7iÌX25\iÌc2^_/Qd>Ë

A<10>=30�à~ −→A<2>=00011110

B<10>=−30�à~ −→B<2>=11100010.

k (I(D,I�'�ÕÔ

;02Y8 4.2 46. /Q\iÌ0Y/Xg0.>520:.6 ?02Y8 4.2 46. /QiÌd>

4Qd01ZYa46a70Y/7Í<

qqrtsu



h^ 1/7W/52 16c5 ?^ 7.5d^ 7.a?[ Q2[5 Xe ?∆1=01101010X25∆2=

101011000/Q> 3 ?25bY2dd^ ?/5 4. /�-Í> 3 ?25∆1=106o a7c>.5 X:7p

X25∆2=−(01010011+1)=−84o2f/g. /05 /46d2 ?.5 X:. /Q96f3/

> 3?25�W[6 12[Z2Y ?6.5 X:7p <

Æ�ACBy *'�ÕÔÆD�OG (IS'D ('�kÆÅ)& (á$â$d>d[ Q2[5 X896]\

f32W/d^b5 4. /7X5/> 18_5 4./72Y5 cd:70/Qd0/Y/g??202Y2 4.2 \

c/g?> 3?252 ?. 34./5_2/52Y5cd/3Ë2µ−1−1X25−2µ−1

W> ?emG SIK

EB&A& (G (IS'D ('�DJm� Ô2 Q.Zd>: 12.296f32.671^`67d6]\

[> ?5 X8 <h^ 1/7Wd0/Y/g??202Y2 4.2c/g?2µ[52f/Y>.5 X/32Y5cd/3W

2µ−1c>.5 X/3o 4Qd0>Y5 12d{8 ?/?.2 7. /ÌpX252µ−12Y ?6.5 X/32Y5c\

d/3<

q~rtsu



)$k (IS'D ('�@kIw'�AJv (&ÆmAGH,I*A (DJm�PÚkÆ�Û

h^ 1/7W^ ?2 7.Y 3./7.Y:0/702Y8 4.2 4670Y/46d2 4d^ ?a?[ Q2[5 Xe ?

2Y5cde ?> 3 ?25@G Iw'�AJv (&'mAGH,I*A (DJm�Po�-�pW0/Q

> 3?2502Y:d/5 /7d>. /?�-ÍW016 ?:da7J& (IO�D&vJyV Iy'vJOD (&

ACB'mAGH,I*'�*FG IJ F�ÓD�F(GwHmD�FD&A,FDJm F<

-.6 ?02Y8 4.2 46�-� 4>;<=d>dZ X/71^`67d96f32W^_/Qd>2µ−1

c>.5 X/g72Y5 cd/g7o 4Qd0>Y5 12d{8 ?>.25X25. /ÌpX252µ−12Y ?6.5 \

X/g72Y5 cd/g7o 4Qd0>Y5 12d{8 ?>.25 X25. /\Ìp <È708Y/Qd>X2508 15

^ ?2;<=d>1^`6�byteW.:.>/52Y5 cd/3iÌX25\iÌc202Y 34.2 ?.25

4. /�-�a7>`Z7Ë

A<10>=30�àq −→=00011110

B<10>=−30�àq −→=11100010.

h^ 1/7W>8 ?c^ 1/Qd> ?2{Y/gd>.6 ?2 16c5 ?Z.5dZ./Q[ Q2[5 X/g∆=

100000000/Q> 3 ?25bY2dd^ ?/74. /�-�c2^_/Qd>∆=−01111111=

−127<Îxd/52b52./?∆1=11111111c2^_/Qd>∆1=−00000000W

[6 12[Z\Ì <q�rtsu



Æ�ACBy *'�ÕÔ

-.6 ?02Y8 4.2 46�-� 4>;<=d>dZ X/71^`67d96f32W/d^b5 4\

./72Y5 cd:7> 3?25/2µ−1X25> 18_5 4. /7> 3 ?25/\o2µ−1\�p <x5

1^`>5 7d>: 12.296f32ÌX25: 12�[ 3 ?/Q?.5 7nUJ> XfY8 4>5 7

./Qd6[> ?:7ÌX25\Ì <

ã$ä BO&v S)& (D& FG ISR B& F

È0/.5 7å{2 45 X^ 70Y8`>5 7�G Iw'lB'�v (&�(M (y IB'�ByO (&

lBACBH&NnB& FW2f/g/0/112012 452 4d:7.a?[ Q2[5 Xe ?Q1/0/5> 3\

.25d>0Y/4c^ 4>5 7X25/15 4cZ 4>5 7W6[>[523Y> 46d>0Y/4c^ 4>5 7W

2f25Y^ 4>5 7X25/15 4cZ 4>5 7<;0Y: 4c> 46X2562f23Y> 4620/.> 1/g?

0Y8`>5 7> ?.> 1e7[52f/Y>.5 X^ 7d>.2` g. /Q7X25X2.84Q?^0>526 Q\

1/0/36 46. /Q74. /?;<=<c22025. /g4>[ g/`>_aY5 4.^ 7d/?8[> 7<

�16 ?:da7�EI,'�D *O'mAGH�I*A SD *O.a?2Y5cde ?W:0a7

c2[/gd>02Y2 X8.aWACBD (D I�G B&D�O (M (y IB'�'BG Iw'lB'�Ø^ \

. 45: 1> 7/52Y5 cd6.5 X^ 70Y8`>5 7d0/Y/g??2 Q1/0/56c/g?d>_YZ 46

0Y/4c^ 4>a?4Qd016Yad8.a?X25/15 4cZ 4>a?<

q srtsu



h^ 1/7W6_YZ 464Qd016Yad8.a?�-�X25�-Í2025. /g?[52f/Y> \

.5 X^ 7[52[5 X2 43> 7W^. 45 4> X8c>;<=<> ?[> 3X?Q.256_YZ 46d58 7d: ?/

20:.5 7[ g/02Y2 4.8 4>5 7�-�X25�-Í<áEI,'�D�FkÆ�ByO (&

BmvJ HwD BI�G (ISD�FkÆÅÓJ (H)wI&lAJ FwA *FBvD� HB'�FD *O

G ISR B*O'DJkÆÅByO (&BmvJ HwD BIJ F(GwDJO (H)wI&lAJDJm

kÆ� <
æ$kIw'lB'�'DJkÆÅ

È7Q0/c^ 4/Qd>[ g/?\9Zf5 /Q72 X^Y25 /Q7[ Q2[5 X/g72Y5 cd/g7ψ1

X25ψ2Wd>|ψ2|>|ψ1|W X252 7>`>.8 4/Qd>.5 7[58f/Y> 70>Y50.e 4>5 7

0/Qd0/Y/g??202Y/Q452 4. /g?<Î|. 45W^_/Qd>[52[/_5 X8.5 7>`Z7

å0>Y50.e 4>5 7b52. /8cY/5 4d2ψ1+ψ2Ë

qÂrtsu



($Ç& (I&lAJyJAw'�AJ&lBD&vJy

x52Y5 cd/3ψ1X25ψ20Y/f2 ?e7c25 X2 ?/0/5 /g?.6 ?4_^ 46Ë

ψ1,ψ2>0. oåp
Èf/g/52Y5cd/3> 3 ?25c>.5 X/3W�G (IS'D (',DJm FByO (&v (OJO&v,

X2560Y: 4c> 46b3 ?>.25d>. /b ?a4.:.Y:0/W_aY 370Y:{ 16d2 <

V$Ç& (I&lAJyBD BIw'�AJ&ACBDJO (IO�D&vw(GJ HUD *FACB) (HUD BIJ

x52Y5 cd/3ψ1X25ψ2> 3?25>.>Y: 46d/5 X25c25 X2 ?/0/5 /g?.5 74_^ \

4>5 7Ë

ψ1>0X25ψ2<0,d>|ψ2|>|ψ1|. o Òp
h:.>W/ψ1> XfY8z>.25 X2 ?/?5 X8d>.6 ?20: 1Q.6.5dZ. /QW> ?e/ψ2

a72Y ?6.5 X:7> XfY8z>.25d>. /4Qd01ZYad8. /Qa70Y/7ÍW[6 12[Z

ψ̄2=2ν−|ψ
2| <Î ÈY2ψ1+ψ̄2=|ψ1|+(2ν−|ψ

2|)=2ν−(|ψ2|−|ψ1)| Ø

[6 12[ZW. /20/.^ 1> 4d2.670Y: 4c> 467> 3 ?25> X0>fY2 4d^ ?/d>. /

4Qd01ZYad2. /Q|ψ2|−|ψ1|a70Y/7ÍWGJm'�A (yO B& (IO�D&vw

SlIJ&'A (ACB(GwHmD�D&A,|ψ2|−|ψ1|W:0a70Y^0>5 <qÄrtsu



k (ISnB&)A (Ô

-2 ?02Y8[>5bd2W^ 4.a68cY/5 46.a?2Y5cde ?iÌX25\å ÒWb52. /Q7

/0/3/Q7^_/Qd>Ë

ψ1<10>=30�à~ −→=00011110

ψ2<10>=−45�à~ −→=11010011.

ψ1+ψ̄2=−15�à~ −→=11110001
σ∗
→−(00001110+1)=−15.

)$Ç& (I&lAJyBD BIw'�AJ&ACBDJOlBD&vw(GJ HUD *FACB) (HUD BIJ

x52Y5 cd/3ψ1X25ψ24.6 ?0Y/X>5d^ ?60>Y 30.a46c25 X2 ?/0/5 /g?

.5 74_^ 4>5 7Ë

ψ1<0X25ψ2>0,d>|ψ2|>|ψ1.| oÕçp
è8 46.a?0Y/6b/Qd^ ?a?c2^_/Qd>W0Y/f2 ?e7Ë

ψ̄1+ψ2=2ν−|ψ
1|+|ψ2|=2ν+(|ψ2|−|ψ1|)

∗éêëìíîîïðñòóôõîíðëö÷øtùîï ùúëøìúûìóñó ûòî ûìõüìûøtýëìëøtþî ûñîïú
q×rtsu



-./02Y208 ?a8cY/5 4d2./2νc220/.> 1^ 4>5. /?ÿ�96f3/./Q2 \

cY/34d2./70/Q42 ?Q0>Y_> 315 4d2ooverflowp2b ?/> 3.25Wd> 4Q?^0>52

O (G (I(ACByO B&*FSlIJ&'A (J (I&lAwF|ψ2|−|ψ1|ÓGJmByO (&DJ

T�DJ UACBOJ <

k (ISnB&)A (Ô

-2 ?02Y8[>5bd22 708Y/Qd>. /Q72Y5cd/g7\iÌX25å ÒWb52. /Q7

/0/3/Q7^_/Qd>Ë
ψ1<10>Ï−30�à~ −→=11100010
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/_ZX252 Q.:d>.6_YZ 462 XY5{e7.673[52 71^`67. /Q;<=<0/Q

_Y6 45d/0/5> 3.25 4.6 ?2Y5 cd6.5 XZ4.2c>YZ7Q0/[52 4. /1Z7W2 118d>

8 116[/dZWD�nJA,DJmBG& 'D�AJO&vJ U'mAVJ H&'AJ UW.a?0Y2b\

d2.5 Xe ?2Y5 cde ?Ë
a=m·βe

:0/QË
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D (v&O ByD (&�mGJn& ('DJ H,'DJOmW^. 45e 4.>/2Y5 cd:7a?2d6 ?

2 118z>5W:0a7f23?>.25 4.5 72 X: 1/Qc> 70>Y50.e 4>5 7b52. /?2Y5cd:
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d>d>X2.8 116 160Y/42Yd/bZ. /Q> Xc^.6?2^_/Qd>DJG INDJ

nBv (n&vw}�MyJDJmvH('A (D&vJ UA� IJm FDJm (I&lAJ Un& SMJ IJ
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0 <_ <4. /?UNIVAC��Ìç/> Xc^.6702Y 34.2.25d>ÑbitsW8Y2^ \
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d>.2{/1Z7. /Q> Xc^.6. /Q7c2> 3?2520:\�ÍÑ^a7�Í	<-./?03 ?2 X2

�.670>Y5bY2fZ7.a?2Y5cd6.5 Xe ?[>[/d^ ?a?^_/Qd>.6[/dZ.a?
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(m1·β
e1)·(m2·β
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e1+e2
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e1)=(m1±m2)·β
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W/0:.>01^ /?60Y: 4c> 46

> X.> 1> 3.25_aY 37[ Q4X/1322f/gË
0.048·10

6
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