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q	NÁõVJ�u�N p s � J � u�N÷�Vt�° � uv�N � J n � p s n s
v n s�q � J n ° � u p s�q n t$° n ç v op ã ��î s�t�v#N � J n q	Nzõ�J6u n u�J o J�s�r op v p sCÍ o n ur�ì
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Þ_ß�à9á;â Å ¾ ß�ãä �*å â �(æ â ç ¾ ß�è"ä æ á(é �*�%� ¾ ß (SU(3)c ∗ SU(2)L ∗ U(1)Y )
é�á � æå�� ä � å ß�â�ß�ãè æ�%ê ä � á å â�ß�ã
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s}mn~��	o�mnh�y |BlnrH��x�iEh�y � ��kus�iVh<y

Þ_ß�� $ ï�æ $ å�ï�# ß åmï ç å ç æ $ �/â6ß ø�# á�� $ ä # á å â�ß ê $ æ�# ä�ç�â $ å ãJ�%ß"ã æ ç $ è�ä # á å ã�çp�%ß"è"ä æ á åmú�� $ â æ á å é $ # ã $ å ä
#%å ä�ß æø ß å�#%æ â�ß"ã ê6æ á;è�ß�ãã & ã1â�ß�è�á &�æ $ å ä å ß & ä æ ß)ã"ë8ç"è æ2# ä<�:!"
�î�!���î�!�!6î�! � îb!�7��[ÿ

−LeHadron = −GF√
2

∑

i=u,d,s

[C1iēγµγ
5eq̄iγ

µqi + C2iēγµeq̄iγ
µγ5qi]

ò�G�ð � õ

Þ�ß�è"á &�ê � $ ï ß�â�ß"ã1é�ß æ à # á å ã@çp�%ç"à9ß å ä $ #�æ ß�ã)ò��%ß ê ä�á å á & ì & $ æí õ $ &�ê�� á(ä�á å γ
ã�ë<ç�è æ2# ä)ÿ

ieQ
f
γµ

ò�G�ð?G�õ
ß"ä ê á &�æ �%ß�è"á &�ê � $ ï ß $ & è�á &6æ $ å ä å ß & ä æ ß ê $ æ ç"è � $ å�ï ß)â6ß Z0 á å $ ÿ

i
gM

Z

4M
W

γµ(g
f
V

+ gf
A
γ5)

ò�G�ð / õ
á��

e
ß�ä

g
ãá å ä æ ß"ã ê ß�è�ä #�ø ß�à�ß å äB��ß�ãKè�á å ã}ä $ å ä�ß�ãMâ�ß/è�á &6ê � $ ï ß�ã@çf�%ß"è"ä æ á�à $ ï�å ç�ä # ì & ßCß�ä@é $ #]( �%ß*ð Q

f

ß"ãä[� $
è � $ æ�ï ßMçp��ß�è"ä æ á�à $ ï�å ç"ä # ì & ß@â & é�ß æ à # á å ð�Þ�ß"ã-è�á;ßf��è # ß å ä�ã gf

V

ß"ä
gf

A

ãá å äN�%ß"ã�è � $ æ�ï ß"ã�é $ #0( �%ß�ã ø ß"è"ä�á æ�# ßp�0��ßß"ä $ ý # $ ��ß(ð�4N�0��ß�ã_ãá å ä�â�çnZ å�# ß�ã�ß å é�á å è"ä # á å â�ß�� $ è � $ æï ßKçp�%ß"è"ä æ á�à $ ï�å ç�ä # ì & ß Q
f

ß"ä5� $ / ème è"á�à ê á�ã $ å ä�ßâ�ßA��ë # ã�á(ã ê�#�å é $ #0( ��ß T f
3
ê $ æ ÿ

gf
V

= 2T f
3 − 4Qf sin2 θ

W
gf

A
= −2T f

3

ò�G�ð�

õ
G �
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á��

θ
W

ß�ã}äK��ë $ å�ï ��ß5â�ß�à9çf� $ å6ï ß5â�ß = ß #%å( ß æï â6á å äO� $ ø $ �%ß &6æ ß�ãä1â�çnZ å�# ß ê $ æ ÿ

sin2 θ
W

=
e

g

ò�G�ð?��õ
$ ø ß�è &�å ß ø $ �%ß &6æ)å& à�ç æ2# ì & ß ø á # ã #�å ß$â�ß 0.23

ð�Þ_ß�ã ø $ �%ß &�æ ã�â�ßa� $ è � $ æï ß�çp�%ß"è"ä æ á�à $ ï�å ç�ä # ì & ß(î#â�ßa� $
/ ème è�á(à ê á�ã $ å ä�ß�â�ß	��ë # ãá�ã ê-#%å é $ #]( �%ß $ #�å ã # ì & ß�â6ß�ã$è � $ æï ß�ã�é $ #]( �%ß"ã ø ß"è"ä�á æ�# ßp�0��ß�ß"ä $ ý # $ ��ß�â $ å ã���ßà9á;â�¦p��ß/ã}ä $ å â $ æ â'â $ å ã§��ë $ ê�ê�æ á ý # à $ ä # á å â & â # $ ï(æ $ à�à9ßCß å $ æ�(6æ ß�ò � erordre

õjã�á å ä=â�á å�å ç�ß"ãMâ $ å ã[� $ä $ ( ��ß�ò¨G�ð � õM�:�����jÿ

Lcß æ à # á å gf
V

gf
A

Q
f

T f
3

νe, νµ 1 −1 0 1
2

e−, µ− −1 + 4 sin2 θ
W

1 −1 −1
2

u, c, t 1− 8
3
sin2 θ

W
−1 2

3
1
2

d, s, b −1 + 4
3
sin2 θ

W
1 −1

3
−1

2
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Þ_ßgÞ $ ï(æ $ å�ïI# ß å â�ßÃ� $ â #�÷X& ã # á å çf�%ß�è�ä æ á å�ú,� $ â æ á å¡ê ß & ä $ & ã�ã # ã"ë8ç"è æ�#�æ ß�è�á�à�à9ß�� $ ã�á�à�à�ß�â#ë &�åä�ß æ à9ß�çf�%ß�è�ä æ á�à $ ï�å ç"ä # ì & ß M̂EM ß"ä1â#ë &�å ä�ß æ à�ß å ß & ä æ ß M̂NC

M̂EM =
4πα

Q2
Q` l̂µĴEM

µ

ò�G�ð:!:õ

M̂NC = − GF

2
√

2
(g`

V l̂µ + g`
A l̂µ5)(ĴNC

µ + ĴNC
µ5 )

ò�G�ð � õ

ñ $ å ã-è"ß�ã-ß ý ê�æ ß"ã�ã # á å ã Q`
î
g`

V

ß�ä
g`

A

ã�á å ä æ ß�ã ê ß"è"ä #�ø ß"à9ß å äD�%ß�ãBè � $ æï ß�ã-çf�%ß"è"ä æ á�à $ ï�å ç�ä # ì & ß��%ß ê ä�á å�# ì & ß*î
ø ß�è�ä�á æ2# ßf�0�%ß+ß"ä $ ý # $ �%ß�ß�ä GF

ß�ãäM� $ è"á å ã}ä $ å ä�ß�â6ß�L�ß æ à # á ( ä�ß å& ß$û ê $ æ ä #�æ â6ß�� $ â6ç�ã #�å ä�ç ï(æ $ ä # á å â�ß�ãà & á å ã"ðcÞ_ß�ã ï�æ $ å â�ß &6æ ã l̂µ
ß"ä

l̂µ5 â�çfZ å�# ãã�ß å äF�%ß�ã=è"á &�æ $ å ä�ãCâ�ß)ñ #%æ $ è$ÿ

l̂µ = ū`γ
µu` l̂µ5 = ū`γ

µγ5u`

ò�G�ð:7:õ
Þ $ è�á(à ê á�ã $ å ä�ßCâ & è"á &�æ $ å ä å ß & ä æ ßDì &�#�ø�# áI�%ßB� $ ê $ æ�# ä�çCß�ãä7è $ æ $ è�ä�ç æ2# ãç�ß ê $ æ � $ ê�æ ç�ãß å è"ß5â#ë &�å ß1ã�ß & �%ßà $ ä æ�# è�ß γ5

ÿ

M̂PV = − GF

2
√

2
(g`

V l̂µĴNC
µ5 + g`

Al̂µ5ĴNC
µ )

ò�G�ð � õ

Þ�ß"ã/è"á &�æ $ å ä�ã ĴEM
µ

î
ĴNC

µ

ß"ä
ĴEM

µ5

ã�ß�â�ç"è�á�à ê á�ã�ß å ä/ã &6æ ��ß�ã=è"á &�æ $ å ä�ãCâ�ß�ã $ ø ß &�æ ÿ

ĴEM
µ =

∑

i

Qiūiγµui ĴNC
µ =

∑

i

gi
V ūiγµui ĴNC

µ5 =
∑

i

gi
Aūiγµγ5ui
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á���� $ ãá�à9à $ ä # á å ãß+é $ # äCã &�æ ä�á & ä�ß�ãO�%ß"ã1ã $ ø ß &6æ ã5â�ß"ãDì & $ æí ãAÿ u, d, s, c
ð"ð�ð8Þ�ß)ä�ß æ à�ß�ò�G�ð � õ=ì &�#_ø�# áI�%ß� $ ê $ æ2# ä�ç�â6ß ø�# ß å ä)ÿ

M̂PV = − GF

2
√

2

{
ge

V ēγµe
∑

i

(gi
Aq̄iγ

µγ5qi) + ge
Aēγµγ5e

∑

i

(gi
V q̄iγ

µqi)
} ò�G�ð �I� õ

Þ[ë # â6ß å ä # Z�è $ ä # á å â6ß�ã1â�ß & ý ß"ì & $ ä # á å ã)ò�G�ð � õ@ß"äAò¨G�ð ��� õ ê ß æ à9ß�äCâ#ë<ç�è æ2#%æ ß�ÿ
{

gi
V ge

A = −2C1i

gi
Age

V = −2C2i
i = u, d, s

ò¨G�ð � G�õ
ñAë $ ê�æ ¦"ãO� $ ä $ ( ��ß$ò¨G�ð � õöî�á å ä æ á &6ø ß$ÿ





gi
V = −2C1i

gi
A = 2C2i

1− 4 sin2θ
W

i = u, d, s
ò¨G�ð � / õ

Þ[ë<ß ý ê�æ ß�ãã # á å â�ß"ã ê $ æ $ àw¦�ä æ ß�ã C1u, C1d, · · ·
â $ å ãB��ß5è $ â æ ß�â & à�á;â�¦p��ßDãä $ å â $ æ â�ß�ã}äCâ�á å�å ç"ß�â $ å ãB��ßã�è � ç"à $ MS

â $ å ãK� $ ä $ ( �%ß�ò¨G;ðÅG�õöð
; & $ å ä # ä�ç 4 ý ê�æ ß�ã�ã # á å â $ å ãH��ß)ô�á�â-¦p�%ß)ó
ä $ å â $ æ â ÆCß"é?ð

C1u ρ′
eq(−1

2
+ 4

3
κ̂′
eqŝ

2
Z
) + λ1u

�:!"
I� ú �:!I7��
C1d ρ′

eq(
1
2
− 2

3
κ̂′
eqŝ

2
Z
) + λ1d

�:!"
I� ú �:!I7��
C1s ρ′

eq(
1
2
− 2

3
κ̂′
eqŝ

2
Z
) + λ1s

C2u ρeq(−1
2

+ 2κ̂eqŝ
2
Z
) + λ2u

�:!"
I� ú �:!I7��
C2d ρeq(

1
2
− 2κ̂eqŝ

2
Z
) + λ2d

�:!"
I� ú �:!I7��
C2s ρeq(

1
2
− 2κ̂eqŝ

2
Z
) + λ2s
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cad�c ÍÎhui5iVrH��xqmfh<y	o iDkus}mpk^xqmnv�rHo |BlfrH��x�iVhuÏIkAmnt�lnrHo Ð �	y Ña�	kAiEÒ s	kuy	o
lfk s	m{~��	o�mfh<y |BlfrH��x�iVh<y �ÔÓ	kus}iEh<y

Þ $ â�ß�ãè æ2#%ê ä # á å â�ß"ãBè"á æ�æ ß�è"ä # á å ã æ $ â # $ ä #�ø ß"ã_â�ç�è æ�# ä�ß ê�æ ç"è�ç�â6ß�à�à9ß å ä�â $ å ãE��ßjà9á;â�¦f�%ß-ã}ä $ å â $ æ â ê ß & ä`"ä æ ß9à $ � $ â $ ê ä�ç�ß�û	� $ â #�÷'& ã # á å çf�%ß"è"ä æ á å~úK� $ â æ á å è $ æ ßp�]�%ß å ß�ä # ß å ä ê $ ã)è"á�à ê ä�ß�â�ßa� $ ã}ä æ2& è"ä &�æ ßß å ì & $ æ�í ãAâ�ß$è"ß�ã � $ â æ á å ã�ð5Õ/á & ã�ã &�#�ø�æ á å ã # è # � $ â�ß�ãè æ2#%ê ä # á å ã &�#�ø�# ß�â $ å ã<� $ æ ç"é�ç æ ß å è�ßÃ�:������ð�+�á & äâ#ë $ ( á æ â#îcá å ã &�ê�ê á�ã�ß+ì & ß�� $ ã}ä æ�& è"ä &6æ ß � $ â æ á å�# ì & ß)â &kê6æ á(ä�á å ß�äDâ &gå ß & ä æ á å ß�ã}ä5â�á(à #�å ç�ß ê $ æ ��ß�ãì & $ æ�í ãK�%ç ï ß æ ã u, d, s
ÿ

ĴEM
µ =

2

3
uγµu −

1

3
dγµd − 1

3
sγµs

ò�G�ð � 

õ
ĴNC

µ = gu
V

uγµu + gd
V

dγµd + gs
V

sγµs
ò�G�ð � ��õ

ĴNC
µ5 = gu

A
uγµγ5u + gd

A
dγµγ5d + gs

A
sγµγ5s

ò�G�ð � !:õ
G�G
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�OZ å â�ß/â6ç"ä�ß æ à #%å ß æ �%ß�ã[è"á æ�æ ß�è"ä # á å ã æ $ â # $ ä #�ø ß�ã[çf�%ß�è�ä æ á ú é $ #]( �%ß"ã-â $ å ã�� $ â #�÷X& ã # á å çp�%ß"è"ä æ á å�ú Õ & èf�%ç�á å î
# �#ß"ãä1è�á�à�à�á�â�ßDâ�ß�â�ç�è"á�à ê á�ãß æ �%ß"ã=á ê ç æ $ ä�ß &�æ ãCâ�ß�è�á &�æ $ å ä1â�ß5äVþ ê ß ø ß"è"ä�ß &�æ ß"ä $ ý # $ ��ã &�æ � $ ( $ ã�ß)û� $ é�á # ã7â6ß�ã=è�á &�æ $ å ä�ãMã #�å�ï �%ß�ä@ß�ä=á;è"ä�ß�äMâ &�ï(æ á &�ê ß SU(3)

â�ß5ã $ ø ß &6æ ß"äMâ6ß�ã=ç"ä $ ä�ã ê�æ á ê�æ ß"ãMâ�ßM��ë # ã�á�ã ê�#%åé�á æ ä�ð�Þ_ß�ã1á ê ç æ $ ä�ß &�æ ãCâ�ß�è�á &�æ $ å ä1ã�á å ä1â�ç�è"á�à ê á�ãç�ãCã &6æ ��ß�ãCè�á &�æ $ å ä�ã1á;è"ä�ß"ä1ß"äCã #%å�ï �%ß"äCâ6ß SU(3)
ÿ

V̂ (a)
µ ≡ q

1

2
λaγµq Â(a)

µ ≡ q
1

2
λaγµγ5q q ≡




u
d
s


 q ≡ (u, d, s)

ò¨G�ð ��� õ

á��
q æ ß ê�æ ç�ã�ß å ä�ßA�%ß1ä æ�#�ê �%ß�ä@â6ß5ì & $ æ�í ã"î λ0 = 2

3
1
ß"ä

λa î $�Ö � î�ð�ð"ð?7Qãá å äB�%ß"ãMà $ ä æ2# è�ß"ã@â�ß^9�ßf�0� ú ô $ å�å â�ß
SU(3)

ðcñ $ å ãK� $ â #�÷'& ã # á å çf� $ ã}ä # ì & ß(î�ã�ß & �%ß"ãH�%ß�ãMé�á æ à�ß�ã=â # $ ï á å $ �%ß�ã å á & ã #%å ä�ç æ ß"ã�ãß å äQÿ

V̂ (0)
µ =

1

3

(
uγµu + dγµd + sγµs

)
V̂ (3)

µ =
1

2

(
uγµu− dγµd

)

V̂ (8)
µ =

1

2
√

3

(
uγµu + dγµd− 2sγµs

)

ò�G�ð � 7:õ
Â(0)

µ =
1

3

(
uγµγ5u + dγµγ5d + sγµγ5s

)
Â(3)

µ =
1

2

(
uγµγ5u− dγµγ5d

)

Â(8)
µ =

1

2
√

3

(
uγµγ5u + dγµγ5d− 2sγµγ5s

)

� &$å�#�ø ß $ & â�ßB��ë # ã�á�ã ê�#%å é�á æ ä�îI�%ß"ãjè�á�à ê á�ã $ å ä�ß�ã 3
ß�ä

8
â & è�á &�æ $ å ä ø ß"è"ä�á æ�# ßf��ã�á å ä æ ßp� # ç�ß"ã $ & ý è�á &6æ $ å ä�ãçp�%ß"è"ä æ á�à $ ï�å ç�ä # ì & ß�ã # ãá�ã�è $ � $ #�æ ß/ß"ä # ãá ø ß�è�ä�ß &6æ/ê $ æ ÿ

ĴEM
µ (T = 0) =

1√
3
V̂ (8)

µ ĴEM
µ (T = 1) = V̂ (3)

µ

ò�G�ð �»� õ
è�ß)ì &-# â�á å�å ß$ÿ

ĴEM
µ (T = 0) =

1

6

(
uγµu + dγµd− 2sγµs

) ò�G�ðÅG � õ

ĴEM
µ (T = 1) =

1

2

(
uγµu− dγµd

) ò�G�ðÅG � õ
Þ�ß"ã@â�ß & ý æ ßf� $ ä # á å ã1ò¨G�ð?G � õ-ß"ä5ò¨G;ðÅG � õ ê ß æ à�ß"ä�ä�ß å ä7â#ë8ß ý ê�æ�# à9ß æ ��ß�ãKè�á &6æ $ å ä�ã uγµu

ß"ä
dγµd

ß å é�á å è"ä # á åâ�ß�ã1è�á &6æ $ å ä�ãCçf�%ß�è�ä æ á�à $ ï�å ç"ä # ì & ß"ã # ã�á ú ã�è $ � $ #%æ ß*î # ã�á ú�ø ß�è�ä�á æ2# ßf�#ß"äCâ & è�á &�æ $ å ä ø ß"è"ä�ß &�æ ç"ä æ $ å�ï ß�ÿ
uγµu = 3ĴEM

µ (T = 0) + ĴEM
µ (T = 1) + sγµs

ò�G�ðÅGIG�õ
dγµd = 3ĴEM

µ (T = 0)− ĴEM
µ (T = 1) + sγµs

ò�G�ðÅG / õ
4 å�æ ß"à ê � $I×p$ å äH�%ß�ã=ß ý ê�æ ß"ã�ã # á å ã/è #�ú â�ß�ãã & ãCâ $ å ãH��ë<ç�ì & $ ä # á å ò¨G;ð � �(õ�î�á å á ( ä # ß å ä�ÿ

ĴNC
µ =

(
gu

V
− gd

V

)
ĴEM

µ (T = 1) + 3
(
gu

V
+ gd

V

)
ĴEM

µ (T = 0) +
(
gu

V
+ gd

V
+ gs

V

)
sγµs

ò�G�ðÅG�

õ
á & ß å è�á æ ß$ÿ

ĴNC
µ = ξ

T=1

V
ĴEM

µ (T = 1) +
√

3 ξ
T=0

V
ĴEM

µ (T = 0) + ξ
(0)

V
sγµs
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$ ø ß�è�ÿ
ξ

T=1

V
= gu

V
− gd

V
ξ

T=0

V
=
√

3
(
gu

V
+ gd

V

)
ξ

(0)

V
= gu

V
+ gd

V
+ gs

V

ò�G�ðÅG"!:õ
Þ $ â�ç"è�á�à ê á(ã # ä # á å â & è"á &�æ $ å ä $ ý # $ �#ã"ë8ß ÷ ß"è"ä & ß+â�ßA� $ àa`�à�ß5à $ å�# ¦ æ ß*ð�4N�0��ß5â�á å�å ß�ÿ

ĴNC
µ5 = ξ

T=1

A
Âµ(T = 1) + ξ

T=0

A
Â(8)

µ + ξ
(0)

A
sγµγ5s

ò�G�ðÅG � õ
$ ø ß�è�ÿ

Âµ(T = 1) = Â(3)
µ

ò�G�ðÅG"7:õ
ξ

T=1

A
= gu

A
− gd

A
ξ

T=0

A
=
√

3
(
gu

A
+ gd

A

)
ξ

(0)

A
= gu

A
+ gd

A
+ gs

A
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4 åxæ ç"ã & à�ç(îB� $ â6ç�è�á(à ê á�ã # ä # á å â�ß"ã�è"á &�æ $ å ä�ã�ß"ãä�è $ æ $ è�ä�ç æ2# ãç�ß ê $ æ	&�å ß å ãß�à ( �%ß�â�ß ê $ æ $ àw¦�ä æ ß�ã
å á(ä�ç"ã ξ

T=1

V

î
ξ

T=0

V

î
ξ

(0)

V

î
ξ

p

V

ß"ä
ξ

n

V

ê á &�æ � $ ê $ æ ä # ß ø ß"è"ä�ß &�æAå ß & ä æ ß'ß�ä ξ
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2
Z
)− 2(2λ1u + λ1d)

−[ρ′
eq + 2(λ1u + 2λ1d)]

εG
p

E
G

n

E
+ τG

p

M
G

n

M

ε(G
p

E
)
2
+ τ(G

p

M
)
2

}

+
GFQ2

4πα
√

2
[ρ′

eq + 2(λ1u + λ1d + λ1s)]
εG

p

E

ε(G
p

E
)
2
+ τ(G

p

M
)
2 G

s

E

+
GFQ2

4πα
√

2
[ρ′

eq + 2(λ1u + λ1d + λ1s)]
τG

p

M

ε(G
p

E
)
2
+ τ(G

p

M
)
2 G

s

M

+
GFQ2

4πα
√

2

(1− 4sin2θ
W

) ε′G
p

M

ε(G
p

E
)
2
+ τ(G

p

M
)
2 G̃

p

A

ò�G�ð � !:õ

4 ï $ �%ß"à9ß å ä�î*ßf�0��ß ê ß & äD`"ä æ ß@ç"è æ�# ä�ßMãá & ã�é�á æ à�ß7â�ß7é�á å è"ä # á å â�ß�ã ê $ æ $ àw¦�ä æ ß"ã R
â6çfZ å�# ã-â $ å ãCò�4jìcð�G�ð /�/ õöîò�4jìcð'G;ð / !�õ@ß"ä+ò�4jìcðXG�ð / � õDÿ

A
LR

(~ep) = − GF Q2

4πα
√

2

{
(1− 4sin2θ

W
)(1 + R

p

V
)− (1 + R

n

V
)
εG

p

E
G

n

E
+ τG

p

M
G

n

M

ε(G
p

E
)
2
+ τ(G

p

M
)
2

}

+
GF Q2

4πα
√

2
(1 + R

(0)

V
)

εG
p

E

ε(G
p

E
)
2
+ τ(G

p

M
)
2 G

s

E

+
GF Q2

4πα
√

2
(1 + R

(0)

V
)

τG
p

M

ε(G
p

E
)
2
+ τ(G

p

M
)
2 G

s

M

+
GF Q2

4πα
√

2

(1− 4sin2θ
W

) ε′G
p

M

ε(G
p

E
)
2
+ τ(G

p

M
)
2 G̃

p

A

ò�G�ð ��� õ

4 åÉ& ä # � # ã $ å äO��ßAâ�ç ø ßf�%á ê�ê ß�à�ß å ä�ò_4jì�ð�G�ð �1� õ1â $ å ã$ò_4[ìcð�G�ðÅ�IG�õ�îcá å á ( ä # ß å ä ê á &�æ ��ë $ ãþ;à�ç"ä æ2# ß+â $ å ãO� $â #�÷X& ã # á å çp��ß�è"ä æ á å�úKå ß & ä æ á å ÿ

A
LR

(~en) = − GFQ2

4πα
√

2

{
ξ

p

V
+ ξ

n

V

εG
p

E
G

n

E
+ τG

p

M
G

n

M

ε(G
n

E
)
2
+ τ(G

n

M
)
2

}

− GF Q2

4πα
√

2
ξ

(0)

V

εG
n

E

ε(G
n

E
)
2
+ τ(G

n

M
)
2 G

s

E

− GF Q2

4πα
√

2
ξ

(0)

V

τG
n

M

ε(G
n

E
)
2
+ τ(G

n

M
)
2 G

s

M

+
GF Q2

4πα
√

2

(1− 4sin2θ
W

) ε′ G
n

M

ε(G
n

E
)
2
+ τ(G

n

M
)
2 G̃

n

A

ò�G�ð � 7:õ

/�/



� a��+a�������� ���qUq�¡�PTE�����¡WD�S��q�¡WDY TE����SVUq�%�q�

A
LR

(~en) = − GF Q2

4πα
√

2

{
ρ′
eq(1− 4κ̂′

eqŝ
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ê á�� $ æ�# ã $ ä # á å â &~å& èf�%ç�á å ð_ó # á åÉ#%å â # ì & ß ê $ æ ↑ ß�ä ê $ æ ↓ ��ë8ç�ä $ äDâ#ë � çp� # è # ä�ç)â#ë &�å ì & $ æ�í  $ å ä # ì & $ æíã &�#�ø $ å ä1ì & ß�ã�á å ã ê�#%å ß�ã}ä $ � #%ï(å ç5á & $ å ä #lú $ � #%ï�å ç $ ø ß"è<��ß�ã ê�#�å â &�ê�æ á(ä�á å ò å ß & ä æ á å õ�î�á å $*) ÿ

g1(x, Q2 ) =
1

2
Σq e2

q

(
q↑(x, Q2 ) + q̄↑(x, Q2 )−

(
q↓(x, Q2 ) + q̄↓(x, Q2 )

))

≡ 1

2
Σq e2

q ∆q(x, Q2 )
ò¨G;ð ��� G�õ

ô å â�çnZ å�# äCà $ #�å ä�ß å $ å äH��ß�ãCì & $ å ä # ä�ç"ã Γp
1(Q

2 )
ß"ä

Γn
1 (Q2 )

ÿ

Γ1(Q
2 ) =

∫ 1

0

g1(x, Q2 ) dx
ò�G�ð �I� / õ

+ å â6ß�ã (-& ä�ãKâ�ß�ãKß ý ê ç æ2# ß å è�ß�ã7â�ß1â #�÷X& ã # á å�ê�æ á(é�á å â�ç�à�ß å ä #%å çp� $ ãä # ì & ß=ß�ã}äMâ�ß1à9ß"ã &�æ ß æ è�ß"ã #�å ä�ç ï�æ $ �%ß"ãû ê $ æ ä #�æ â�ß�ãì & ßp�0��ß�ã�á å ß"ã ê ¦ æ ß�ß ý ä æ $ #�æ ß��%ß"ã�ì & $ å ä # ä�ç�ã ∆u
î
∆d

ß�ä
∆s

ì &�#Cå á & ã #�å ä�ç æ ß�ã�ãß å ä ê � & ã
ê $ æ ä # è & � # ¦ æ ß"à9ß å ä�ð

+ å ß ê6æ ß�à # ¦ æ ß æ ¦ ï ��ß)â6ß+ãá�à9à�ß(î6ç"ä $ ( � # ß ê $ æ �q� ö æ�í ß å � ��� �
î �I� !���ß å�& ä # � # ã $ å äB��ë $ � ï ¦ (�æ ß�â�ß"ã/è"á &�úæ $ å ä�ã1ß"äH� $ ãþ;à9ç�ä æ2# ß�â#ë # ãá�ã ê�#�å ã�ë<ç�è æ2# ä)ÿ

Γp
1(Q

2 )− Γn
1 (Q2 ) =

g
A

6
Cns(Q

2 )
ò¨G;ð ��� 

õ

á��
Cns(Q

2 )
ß"ãä &6å ä�ß æ à�ßDè�á æ�æ ß"è"ä # é ê�æ ß å $ å ä@ß å è"á�à ê ä�ßO� $ â�ç ê ß å â $ å è�ßDß å Q2 â�ßO��ë #%å ä�ç ï�æ $ �%ß(ð�ñ $ å ã� $ ø ß æ ã # á å�#�å�# ä # $ ��ß/â6ß��q� ö æí ß å î�è"ß�ä�ß æ à9ß�ß"ãä/ç ï $ ��û � ð�ù@ß�ä�ä�ß æ ¦ ï ��ß�â�ß+ãá�à�à9ß�ß"ãä (�# ß å ç�ä $ ( � # ß*ð�� &ê�æ ß"à # ß æ á æ â æ ß*î��%ß5ä�ß æ à�ß�è�á ææ ß"è"ä # é�ß"ãä1ç ï $ ��û

Cns(Q
2 ) = 1− αs(Q

2 )

π
+O

(αs(Q
2 )

π

)2 ò¨G;ð ��� ��õ
,
∆q(x, Q2 ) ≡ δq(x, Q2 ) + δq̄(x, Q2 ) -/.1032 δq(x, Q2 ) ≡ q↑(x, Q2 )− q↓(x, Q2 )054 δq̄(x, Q2 ) ≡ q̄↑(x, Q2 )− q̄↓(x, Q2 )
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ñDß & ý $ & ä æ ß"ã æ ¦ ï �%ß�ã"î�â�ç æ�#�ø ç�ß"ã/ß å ã &6ê�ê á(ã $ å äK� $ ãþ;à�ç"ä æ�# ß)ó6+Qò / õ=â6ß)ã $ ø ß &6æ ß�ä/ì & ßu�%ß�ì & $ æ�í ç�ä æ $ å�ï ß
å ß�è�á å ä æ2#0(�& ß ê $ ã $ & ã ê-#%å â &må& èp��ç�á å îjã�á å ä6�%ß"ã æ ¦ ï �%ß"ãQâ�ß�ã�á�à�à�ß�â#ë:4��]� # ã ú @ $ ÷ ß*� �I��� î ��� 7���ðN4N�0�%ß"ãã�ë<ç�è æ2#�ø ß å ä

Γp
1 =

g
A

12

[
1 +

5

3

3F −D

F + D

]
Γn

1 =
g

A

12

[
− 1 +

5

3

3F −D

F + D

] ò¨G;ð ��� !:õ
ù@ß�ã æ ¦ ï �%ß"ãDâ�ßAã�á�à�à9ß+ã &�æ �%ß ê6æ á(ä�á å ß"äF�%ß å ß & ä æ á å~å ßQã�á å ä ê $ ã (�# ß åkø ç æ�# Z�ç�ß"ã�ß ý ê ç æ�# à9ß å ä $ ��ß�à�ß å äà $ # ãB�%ß &�æ â #�÷ ç æ ß å è"ß(î�ì &�# ß"ãä $ &�ê�æ ß"à # ß æ á æ â æ ßA� $ æ ¦ ï �%ß�â�ßu�q� ö æ�í ß å îcß"ãä (�# ß å ã $ ä # ãé $ # ä�ß*ðÕ1á & ã $ �0�%á å ã$ã &�#�ø�æ ß���ß�ã $ æ ä # èp��ß�ã�â�ß87�ð�� ( ßkß�ä $ ��ðK� � ���Dß�ä�ôwð[9^�:9�è í ß�ä}4=ð[ÆCß"þ $ � ����� � ê á &�æß ý ä æ $ #%æ ß�� $ ì & $ å ä # ä�ç ∆s

â�ß�ãQß ý ê ç æ�# ß å è�ß"ã�â�ß�â #�÷'& ã # á å&ê�æ á(é�á å â�ç"à�ß å ä #%å çp� $ ãä # ì & ß(ð�Þ_ß�ã #�å ä�ç ï(æ $ ��ß�ãã�ë<ß ý ê�æ�# à9ß å äDâ�ßA� $ é $I× á å ã &�#�ø $ å ä�ß$ÿ

Γp
1(Q

2 ) =

(
a

3

12
+

a
8

36

)
Cns(Q

2 ) +
a

0

9
Cs(Q

2 )
ò¨G;ð ����� õ

á��*��ß5ä�ß æ à�ß�â�ß�è�á ææ ß�è�ä # á å�æ $ â # $ ä #�ø ß�ã #%å�ï ��ß"ä=ã"ë8ç"è æ2# ä

Cs(Q
2 ) = 1− αs(Q

2 )

π
+O′

(αs(Q
2 )

π

)2 ò¨G;ð ��� 7:õ
3Bá &�æ ��ß å ß & ä æ á å î # �3ã & �$äDâ�ß�è � $ å�ï ß æ a

3

ß å −a
3

ÿ

Γn
1 (Q2 ) =

(
− a

3

12
+

a
8

36

)
Cns(Q

2 ) +
a

0

9
Cs(Q

2 )
ò¨G;ð ���»� õ

Þ�ß (-& äjß�ã}ä[â#ë<ß ý ê�æ�# à9ß æ �%ß"ã-ì & $ å ä # ä�ç�ã ∆q
ß å é�á å è�ä # á å â�ß�ã-ä�ß æ à9ß"ã a

0

î
a

3

ß"ä
a

8

ð:ó # á å é $ # äD��ë � þ ê á(ä � ¦"ã�ßì & ß<��ß�ã ï � & á å ã å ß�è"á å ä æ�#](�& ß å ä ê $ ã $ & ã ê�#%å â &�å& èp��ç�á å î�á å $ �%ß"ã æ ßf� $ ä # á å ã@ã &�#�ø $ å ä�ß�ã)ÿ
∆u + ∆d + ∆s ≡ ∆Σ = a

0

ò¨G;ð � G � õ
∆u−∆d = a

3

ò¨G;ð � G � õ
∆u + ∆d− 2∆s = a

8

ò¨G;ð � GIG�õ
ó # � $ ãþ;à�ç"ä æ�# ß)ó6+Qò / õ@â�ß�ã $ ø ß &�æ ß"ãä &�å ß�ãþ;à�ç"ä æ�# ß�ß ý $ è"ä�ß(îcá å $ ��ß�ã æ ßp� $ ä # á å ãMã &-#�ø $ å ä�ß"ã+ÿ

a
3

= F + D
ò�G�ð � G / õ

a
8

= 3F −D
ò�G�ð � G"

õ

Þ $ ø $ � # â # ä�çgâ�ß�� $ ãþ;à9ç�ä æ2# ßwó;+Qò / õ�â�ßwã $ ø ß &6æ $ é $ # ä	��ë<á ( �ß�äkâ6ß ê�&�# ã*��á å�ï ä�ß�à ê ã�â�ß å á�à (�æ ß & ãß�ãâ # ãè & ãã # á å ã=ò�á & â # ã ê�& ä�ß�ã�õ�ß å ä æ ß[��ß�ã�ä � ç"á æ�# è # ß å ã"ð(ù@á(à9à�ß�� $ ê $ æ ä # ß $ ý # $ ��ß å ß@è"á å ä æ�#](�& ß7ûO��ë $ ã}þ;à9ç�ä æ�# ßì & ß+è"á�à9à�ß &�å ä�ß æ à�ß�è�á ææ ß"è"ä # é=ò-ßf�0�%ßDè�á å ä # ß å ä1ß å é $ è"ä�ß &�æ � $ ì & $ å ä # ä�ç 1− 4sin2θ
W

õöî $ â�à�ß"ää æ ß�è"ß�ãâ�ß æå�# ¦ æ ß�ã�ç ï $ � # ä�ç"ã å ß ê ß & ä #�å â &�#�æ ß &6å ß�ß ææ ß &6æ^# à ê á æ ä $ å ä�ßAã &6æ �%ß�ã ø $ ��ß &�æ ã5â�ß"ã�é $ è"ä�ß &�æ ã�â6ßQé�á æ à�ßç"ä æ $ å�ï ß"ã�ð;Þjë #�å è�ß æ ä # ä & â�ßCã &�æ � $ ø $ � # â # ä�çMâ�ßCè"ß"ä�ä�ß/ã}þ;à9ç�ä æ�# ßCß�ãä $ ��á æ ã ê�æ2#%å è #%ê $ �%ß�à�ß å ä æ ß ê á æ ä�ç�ß1ã &�æ ��ß�ã
#%å è"ß æ ä # ä & â�ß�ãCã &�æ �%ß�ã=è"á�ßn��è # ß å ä�ã F

ß"ä
D
ß"ä1ã�ß æ $ â # ãè & ä�ç�ß�â $ å ãO��ß ê $ æ $ ï�æ $ ê-� ß�ã &�#�ø $ å ä�ð

ó #�ï�å $ ��á å ã=ß å Z å � $ ê á�ãã #0(-# � # ä�ç5ì & ß<� $ è�á å ä æ�#0(-& ä # á å â�ß�ã ï � & á å ã $ & ã ê�#%å â &kå& èf�%ç"á ågå ß)ã�á # ä ê $ ã
å�& �0�%ß6� � G � î � ����ðcù@á�à�à9ß�è"á å ãç�ì & ß å è�ßAà #%å-# à & à�î;á å ã�ë $ ä�ä�ß å âkû$è"ß�ì & ßu��ß5ä�ß æ à�ß a

0

ã�á # äCà�á�â # Z�çQÿ

a0 = ∆Σ− 3

2π
αs(Q

2 )∆G
ò�G�ð � G���õ

/ �



� a��+a�������� ���qUq�¡�PTE�����¡WD�S��q�¡WDY TE����SVUq�%�q�
L #%å $ �%ß�à�ß å ä�î $ ø ß"è<��ß�ã $ ê�ê�æ á ý # à $ ä # á å ã@â�á å�å ç�ß"ã�îcá å $ �%ß�ã æ ßp� $ ä # á å ã=ã &-#�ø $ å ä�ß"ã)ÿ

∆u =
1

3
(a0 + 3F + D) +

1

2π
αs(Q

2 )∆G(Q2 )
ò¨G;ð � G"!:õ

∆d =
1

3
(a0 − 2D) +

1

2π
αs(Q

2 )∆G(Q2 )
ò¨G;ð � G � õ

∆s =
1

3
(a0 − 3F + D) +

1

2π
αs(Q

2 )∆G(Q2 )
ò¨G;ð � G"7:õ

+ å ê�æ á ï�æ $ à�à�ß&ß ý ê ç æ2# à�ß å ä $ � #%å ä�ß æ�å $ ä # á å $ ��îK8F4�Æ/ô�4Kó � � !��$û�8F4�ÆH� ß"äwùBô�ô�3X�5ó�ó � ��� � $ &ù§4�ÆKÕ+î;ß�ã}ä $ è"ä & ßp�0��ß�à�ß å ä[è�á å â &�# ä7â $ å ãKâ #�÷ ç æ ß å ä�ã�� $ ( á æ $ ä�á #�æ ß"ãjâ $ å ã��%ß (�& ä@â�ß1ì & $ å ä # Z�ß æ � $ è"á å ä æ�#lú
(�& ä # á å â�ß�ã ï � & á å ã ∆G

ð
4 å á & ä æ ß*î-� $ â�ç ê ß å â $ å è�ß�ß å Q2 â & é $ è"ä�ß &�æ â�ßDé�á æ à9ß $ ý # $ ��ß�ã}äCà $ ��è�á å�å& ß(ð�3 $ æ $ å $ �%á ïI# ß $ ø ß�è�%ß�ã[é $ è�ä�ß &6æ ã@â6ß1é�á æ à9ßCçf�%ß�è�ä æ á�à $ ï�å ç"ä # ì & ß"ã�î� $ é�á æ à�ßH� $ ê � & ã7ã # à ê �%ß ê á &�æ â�ç"è æ�#�æ ßK� $ â�ç ê ß å â $ å è"ß5ß å

Q2 ß�ãäK� $ é�á æ à�ß�â #%ê á�� $ #%æ ßAÿ

G
D

A
(Q2) =

(
1 +

Q2

MA
2

)−2 ò¨G;ð � G � õ
á��

M
A

ß�ã}äA� $ à $ ãã�ß $ ý # $ �%ß*ð'� # ß å ì & ë # � å ë þ $ # ä ê $ ã5â�ß æ $ # ãá å é�á å â $ à�ß å ä $ ��ß+â6ß ê�æ ß å â æ ß�� $ àa`�à�ß
ø $ �%ß &6æ/ê á &�æ �%ß"ã1ä æ á # ã1à $ ãã�ß�ã $ ý # $ ��ß�ã M (0)

A

î
M (3)

A

ß�ä
M (8)

A

îcá å ã &�ê6ê á�ãßAì & ß M
A

= M (0)
A

= M (3)
A

=

M (8)
A

ð�ó $ ø $ �%ß &6æ@å& à�ç æ�# ì & ß5ß�ã}ä=ß ý ä æ $ # ä�ßDâ6ß�ã=ß ý ê ç æ2# ß å è�ß�ã=â6ß5â #�÷X& ã # á å ì & $ ã #lú çp� $ ãä # ì & ß ν −N
� / �#ß"äá å ç"è æ2# ä�ÿ

G
(3)

A
(Q2) =

1

2
(F + D) G

D

A
(Q2)

ò¨G;ð � / � õ

G
(8)

A
(Q2) =

1

2
√

3
(3F −D) G

D

A
(Q2)

ò¨G;ð � / � õ

ù@á�à9à�ß å á & ã���ë $ ø á å ã ø�& î���ß@é $ è"ä�ß &�æ â6ßMé�á æ à�ß $ ý # $ �6ç"ä æ $ å6ï ß G
s

A

ã�ß æ ç"â &�# ä[û Q2 = 0
û

G
s

A
(0) = ∆sâ�á å ä6� $ ø $ ��ß &�æ ß"ãä$ß ý ä æ $ # ä�ß�â�ß}��ë $ å $ ��þ;ãß�â�ß�ã$â�á å�å ç�ß"ã$à9ß"ã &�æ ç�ß�ã$â $ å ã��%ß"ã æ ç $ è"ä # á å ãQâ6ß�â #�÷X& ã # á å

ê�æ á(é�á å â�ç�à�ß å ä #%å çf� $ ã}ä # ì & ß*ðb),�Bß ý # ãä�ß &�å ß ê ß�ä # ä�ß #�å â # è $ ä # á å â�ß�� $ â�ç ê ß å â $ å è�ß�ß å Q2 â�ß G
s

A

� � 7"�Bß"ä
ê $ æ è�á�à�à�á�â # ä�ç/á å ã &�ê�ê á�ãß<� $ àa`�à�ß5â�ç ê ß å â $ å è�ßAâ #%ê á�� $ #�æ ß)ÿ

G
s

A
(Q2) = ∆s G

D

A
(Q2)

ò¨G;ð � / G�õ
Þ[ë<ß ý ê�æ ß�ãã # á å è�á(à ê �]¦"ä�ß�â�ß G̃

A
(Q2)

ß"ãä $ �%á æ ã�ÿ

G̃
A
(Q2) =

g
A

2

[
ξ

T=1

A
τ3 +

1√
3

ξ
T=0

A

3F/D − 1

1 + F/D

]
G

D

A
(Q2) + ξ

(0)

A
∆s G

D

A
(Q2)

ò¨G;ð � /I/ õ
á & $ ��ä�ß æ�å $ ä #�ø ß�à�ß å ä�î6ß å�& ä # � # ã $ å ä§��ß5é�á æ à $ � # ã�à�ß/â &�ê $ æ $ àa¦"ä æ ß R

ÿ

G̃
A
(Q2) = −g

A

[
(1 + R

T=1

A
)τ3 −R

T=0

A

1

2

3F/D − 1

1 + F/D

]
G

D

A
(Q2) + ξ

(0)

A
∆s G

D

A
(Q2)

= −g
A

[
(1 + R

T=1

A
)τ3 −R

T=0

A

1

2

ã
8

ã
3

]
G

D

A
(Q2) + ξ

(0)

A
∆s G

D

A
(Q2)

ò¨G;ð � / 

õ
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3Bá &�æ ��ß ê�æ á(ä�á å ÿ

G̃
p

A
(Q2) = −g

A

[
1 + R

T=1

A
− R

T=0

A

1

2

3F/D − 1

1 + F/D

]
G

D

A
(Q2) + ξ

(0)

A
∆s G

D

A
(Q2)

= −g
A

[
1 + R

T=1

A
− R

T=0

A

1

2

ã
8

ã
3

]
G

D

A
(Q2) + ξ

(0)

A
∆s G

D

A
(Q2)

ò¨G;ð � / ��õ
ß"ä ê á &�æ �%ß å ß & ä æ á å ÿ

G̃
n

A
(Q2) = −g

A

[
− (1 + R

T=1

A
)− R

T=0

A

1

2

3F/D − 1

1 + F/D

]
G

D

A
(Q2) + ξ

(0)

A
∆s G

D

A
(Q2)

= −g
A

[
− (1 + R

T=1

A
)− R

T=0

A

1

2

ã
8

ã
3

]
G

D

A
(Q2) + ξ

(0)

A
∆s G

D

A
(Q2)

ò¨G;ð � / !:õ

á & ã
8

= (3F −D)/
√

3
ß�ä

ã
3

= (F + D)/
√

3
ðcù@ß�ì &�#�ê ß æ à�ß"äCâ#ë<ç�è æ�#�æ ß$ÿ

R
(T=1)SM

A
= R

T=1

A
R

(T=0)SM

A
= −1

2

3F/D − 1

1 + F/D
R

T=0

A

ò¨G;ð � / � õ
Þ�ß"ã1é $ è"ä�ß &�æ ãCâ�ß�é�á æ à9ß $ ý # $ & ý â &�ê6æ á(ä�á å ß"ä1â &�å ß & ä æ á å â�ß ø1# ß å�å ß å äAÿ

G̃
p

A
(Q2) = −g

A

[
1 + R

(T=1)SM

A
+ R

(T=0)SM

A

]
G

D

A
(Q2) + ξ

(0)

A
∆s G

D

A
(Q2)

ò¨G;ð � / 7:õ

G̃
n

A
(Q2) = −g

A

[
− (1 + R

(T=1)SM

A
) + R

(T=0)SM

A

]
G

D

A
(Q2) + ξ

(0)

A
∆s G

D

A
(Q2)

ò¨G;ð � / � õ

ñ $ å ãB�%ß ê $ æ $ ï�æ $ ê-� ß5ã &-#�ø $ å ä�î å á & ã $ �0�%á å ã7â # ã�è & ä�ß æ �%ß"ã ø $ �%ß &�æ ã å�& à9ç æ�# ì & ß"ã=â�ß�ã ê $ æ $ àa¦"ä æ ß"ã@ì &�#ã�ß æ á å ä & ä # � # ãç�ß�ã ê á &6æ ß ý ä æ $ #%æ ß^��ß�ãMé $ è�ä�ß &�æ ã1â�ß�é�á æ à�ß5ç�ä æ $ å�ï ß�ã"ð
<>=1?A@�BDC;?A@FEHGIGKJLBDM�NO@�PQJSRT=VUWR6=VXSC$NACYBDZ[?�NART=\@�G]?�R�N�^HRTGSCYGH?*UWCYGS=*_FC`XLC;NA?�@�RaC;bW@FCY_�R
� õ�cHdfe�g�hjilknm$gnopgAqsrAð
ôwðB@6ð@ô & ãá���é�ß�ä $ �<�?�I���Dâ6á å�å ß å ä�� $ ø $ ��ß &�æ â & æ $ ê�ê á æ ä F/D = 0.64

ð ü �& ß"ä $ ���:� � � & ä # � # ã�ß å ä
α = F/(F + D) = 0.36

á & F/D = 0.56
ðK+ å ß $ å $ ��þ;ã�ß $ ê�ê�æ á*é�á å â # ßAâ�ß"ã�â�ç�ã #%å ä�ç ï�æ $ ä # á å ã5â�ß���ë8á;è úä�ß"ä+â�ß ( $ æ þ(á å ã)àw¦ å ß $ & ý ø $ �%ß &�æ ã)ã�ë<ç"ä�ß å â $ å äQâ�ß F/D = 0.60

$ &&ê�æ ß�à # ß æ á æ â æ ß'û F/D = 0.67ò�á æ â æ ß p3 õ��?� � ��ð-ñ $ å ã6��ë $ å $ ��þ;ã�ß9ß å ;�ùMñ]ûÃ��ë $ ê6ê�æ á ý # à $ ä # á å Õ/ß ý ä9Þ_ß $ â #%å�ï ô æ â�ß æ ò_ÕDÞ5ô ú ;�ùMñ�õâ�ßå� $ â #�÷'& ã # á åÙê�æ á*é�á å â�ç"à9ß å ä #�å çp� $ ãä # ì & ß ê á�� $ æ�# ã�ç"ß #%å èf� & ã #�ø ß(îM4=ð�Þ_ß $ â�ß æ ß�ä $ ��ð<� ��� � & ä # � # ã�ß å ä
3F − D = 0.585 ± 0.025

ß"ä
F + D = 1.267 ± 0.035

â�á å�å $ å ä F/D = 0.58
ðDÕ/á & ã ê�æ á ê á�ãá å ãâ#ë & ä # � # ãß æ �%ß æ ç�ã & ��ä $ ä 3F −D = 0.585± 0.025

î
è�á &�ê �%ç5û<� $ ø $ ��ß &�æ F + D = gA = 1.2695± 0.0029
ð

G�õ�cHdfe�g�hjitm$gteud�v*dfklkwgxdAy6zudfeFg
MA

ð
@ & ã�ì & ë8û æ ç"è�ß"à9à�ß å äa� $ ø $ �%ß &�æ�& ä # � # ã�ç"ß�â�ß	� $ à $ ã�ã�ß $ ý # $ �%ß MA

ç�ä $ # ä6��ë<á æ â æ ß�â�ß MA = 1.032 ±
0.036 GeV

� �»��� î ���1� ��ðW+ å $ � & ã}ä�ß�à�ß å ä æ ç"è�ß å ä+ß"ä ï �%á ( $ ��â�ß"ã)â6á å�å ç"ß�ã)â�ß6� $ â #�÷'& ã # á å â6ß å ß & ä æ�#%å áâ�á å�å ß &�å ß ø $ �%ß &�æ=ê � & ã ( $ ã�ãß MA = 1.001± 0.020 GeV
ðH+ å ß $ & ä æ ß�à�ß�ã &6æ ß æ ç�è"ß å ä�ß+â#ë<çp�%ß"è"ä æ á ê�æ á úâ & è"ä # á å â�ß ê�# á å ã�û ( $ ãã�ßKç å ß æ�ï�# ß[ûDô*�5ô*) ú ô $ þ(ß å è"ß(î $ è"á å â &-# ä�û MA = 1.068±0.015 GeV

î ø $ �%ß &�æ
ê�æ á;è � ßCâ�ßCè�ßf�0�%ß=ß"à ê �%á!þ�ç"ß=â $ å ã��%ß"ã $ å�å ç"ß�ã �I� � ��� G���ð�4 å ã &-# ä�ß # � $ ç"ä�ç ê6æ ç�è # ãç1ì & ßCè"ß å á�à (�æ ß=â�ß ø;æ $ # ä

/ �



� a��+a�������� ���qUq�¡�PTE�����¡WD�S��q�¡WDY TE����SVUq�%�q�
`"ä æ ß[è�á ææ�#%ï ç ê á &6æ â�ß�ã�ß ÷ ß"ä�ã�Z å�# ã�â�ßN� $ à $ ãã�ßjâ &)ê�# á å î�â6á å�å $ å ä &�å ß ø $ ��ß &�æ MA = 1.013±0.015 GeVß å $ è�è"á æ â $ ø ß�èu� $ ø $ ��ß &�æ ß ý ä æ $ # ä�ß�û ê $ æ ä #�æ â�ßu� $ â #�÷'& ã # á å â6ß å ß & ä æ�#%å á�ð
/ õ�cHdfe�g�hjitm$g ∆s

ð
Þ�ß1è�á å ä�ß å& ç�ä æ $ å�ï ß1â &'å& èf�%ç�á å δs+ δs̄

ò ï ç å ç æ $ �%ß"à9ß å ä7ç"è æ2# ä ∆s
õ ê ß & ä�`"ä æ ßDâ6ç"ä�ß æ à #%å çCß ý ê ç æ2# à�ß å�úä $ ��ß�à�ß å ä�á & ä � ç�á æ�# ì & ß"à9ß å ä�ò ø�# $ â6ß�ã�à�á�â�¦f�%ß"ã2õ)á &¤(�# ß å ß å è�á(à (�#%å $ å ä��%ß"ãQâ�ß & ý $ ê6ê�æ á;è � ß�ã"ðD)Vè # î

å á & ã $ �0��á å ã ê�æ ç"ã�ß å ä�ß æ è"ß æ ä $ #�å ß�ãCá ê ä # á å ã�ÿ
c 3 æ ß�à # ß æ á æ â æ ß�ß"ä $ å $ ��þ;ã�ß ê�� ç å á�à�ç å á��%á ïI# ì & ß
c Þjë $ ê�ê�æ á�è � ß�ß ý ê ç æ2# à�ß å ä $ ��ß	� $ ê � & ã�è"á�à�à &�å ß�ß�à ê ��á # ß���ß�ã�â�á å�å ç�ß�ã9â�ß	� $ â #�÷X& ã # á åmê�æ á úé�á å â�ç�à�ß å ä #�å çp� $ ãä # ì & ßkò�ñF)}ó�õ ê á�� $ æ�# ã�ç"ß9è"á�à9à�ß å á & ã���ë $ ø á å ã ø�& â $ å ãQè�ß�ä�ä�ß�ãß�è�ä # á å ð�Þ $â�ç�ä�ß æ à #%å $ ä # á å â�ß ∆s

û ê $ æ ä #�æ â�ß"ãgâ�á å�å ç�ß�ã~â6ß¤4Kôgù $ é�á &�æ�å-#�&�å ß ø $ �%ß &�æ�#�å é�ç æ2# ß &6æ ß
∆s = −0.194 ± 0.050

� / ��ð+ å ß $ & ä æ ß�â�ç�ä�ß æ à #�å $ ä # á å ß å ����� 7 ( $ ã�ç"ßwã &�æ ��ß�ã�à�ß�ã &6æ ß�ãâ�ß+ó6Þ��1ùÜò�ß ý ê ç æ2# ß å è�ß<4 � 
 / õ $ â�á å�å ç &�å ß ø $ ��ß &�æ â6ß ∆s = −0.09± 0.05
� � ����ð

c ñDß"ã $ å $ ��þ;ã�ß"ã æ ç�è"ß å ä�ß"ã ( $ ãç�ß�ãAã &�æ â�ß�ã æ ç"ã & ��ä $ ä�ã)ß ý ê ç æ�# à�ß å ä $ & ý ß"ä+â�ß�ã $ æ�ïI& à9ß å ä�ã�ä � ç"á ú
æ2# ì & ß�ã$è"á å â &�# ã�ß å ä9û ∆s = −0.12 ± 0.03

� �»� / ��î-ä $ å â # ã�ì & ß�� $ æ ç�é�ç æ ß å è"ßP� ��� 
�� $ ê-&�( � # ç
∆s = −0.06± 0.05c Þ $ è�á��]� $ ( á æ $ ä # á å ó1�5ô�3[Þ54 $ & ä # � # ã�ç ∆s = −0.1±0.1

��! � ��ð
Þ $ è"á��0� $ ( á æ $ ä # á å 3NCE�F
 $ ê�æ�# ã� $ àw`"à9ß ø $ ��ß &�æ=ê á &�æ � $ à9ß"ã &�æ ßAû Q2 = 0.23(GeV/c)2 �?�I7���ð
c Þjë<ß ý ê ç æ�# ß å è"ß@ã�ß"à #lú,#�å èp� & ã #�ø ßjâ�ß�� $ ê�æ á�â & è"ä # á å â�ß{7 ûK8F4�Æ/ô�4Kó+â�á å6å ß &6å ß ø $ ��ß &�æ�ê á�ã # ä #�ø ßâ�ß

∆s = 0.03± 0.03± 0.01
� ��� ����è�á(à ê $ ä #0( �%ß $ ø ß�è 0

û$à�á #%å ã@â#ë &6å ã #%ï à $ ð
c � å $ ��þ;ã�ß"ã $ & ý á æ â æ ß�ãCã &�ê ç æ�# ß &�æ ãAò_ÕDÞ5ô�õDÿ),�[ß ý # ã}ä�ß 3

$ å $ ��þ�ãß�ã<ÕDÞ5ô æ ç�è�ß å ä�ß�ãAâ # ã ê á å-#0( ��ß�ãQÿE@6ðq�[�|9�àw��ß #�å ß"ä<�{};ß"ä�ä�è � ß æ � ��� !���îq� $ è�áI�0� $ ú
( á æ $ ä # á å �F�1ùfò_�/ãþ;à�à9ß�ä æ þ¢� å $ ��þ�ã # ãQù@á��0� $ ( á æ $ ä # á å õ $ & @ $ ê á å � ����� �Kß"ä�4=ðBÞ_ß $ â�ß æ ß�ä $ ��ð� �I� �
� ð/ù@á�à�à9ß å × á å ã ê $ æ 4Cð
Þ_ß $ â�ß æ ß�ä $ ��ð�),��ãKá å äKß ÷ ß"è"ä & çO��ë $ å $ ��þ;ã�ß=â6ß/â�ß å ã # ä�çCâ�ß ê $ æ ä�á å ã $ & ýá æ â æ ß�ãCã &�ê ç æ�# ß &�æ ãQò_ÕDÞ5ô�õB� $ ê � & ã æ ç�è"ß å ä�ß+ß"ä1ç ï $ �%ß�à�ß å äK� $ ê � & ã ê�æ ç�è # ã�ß*ð�),��ã=é�á &�æ�å-# ã�ãß å ä

∆s = −0.045±0.007
� ��� ��ð�ù@ß"ää�ß ø $ �%ß &6æ $ ç"ä�ç & ä # � # ãç�ß ê $ æ � $ è"á��0� $ ( á æ $ ä # á å 3DCE�F
+â $ å ã��ë $ å $ ��þ;ã�ß�â�ß�ã�ß"ã ê�æ á ê�æ ß�ã)â�á å�å ç"ß�ãAû Q2 = 0.108(GeV/c)2 �:� � ��ð�Þ_ß ê6æ á ( �]¦�à�ß�ß�ã}äAì & ßè�ß�ä�ä�ß ø $ �%ß &6æ ß"ãäQá ( ä�ß å�& ß�â $ å ã<�%ß�ã�è � ç"à $ â6ß æ ß å á æ à $ � # ã $ ä # á å â # ä+ã�è � ç�à $ JET

ò å á å
MS

õ+ì &�# $ � $ ê6æ á ê�æ2# ç�ä�ç'â3ë:`�ä æ ß #%å â�ç ê ß å â $ å ä�â6ß Q2 ð5� &�ê $ æ $ ø $ å ä�î�â $ å ã &�å ß $ å $ ��þ;ã�ßà9á #%å ã æ2#%ï á &�æ ß & ã�ß*î��%ß�ã=àa`�à�ß�ã $ & ä�ß &�æ ã1á å ä ê�&�( � # ç^��ß�ã æ ç"ã & ��ä $ ä�ãCã &�#�ø $ å ä�ãu� � G � �[ÿ
δs + δs̄ = −0.13± 0.04 MS

ò¨G�ð � 
 � õ
δs + δs̄ = −0.07± 0.02 JET

ò¨G�ð � 
 � õ
Õ/á & ã $ ø á å ã $ ��á æ ã�è � á # ã # â�ß æ ß å á æ à $ � # ã�ß æ �%ß$â�ß æå�# ß æAæ ç�ã & ��ä $ ä+â6ß�4=ð�Þ�ß $ â�ß æ ß"ä $ ��ð ê $ æ
0.13/0.07 = 1.86

â�á å�å $ å ä ∆s = −0.084 ± 0.040
î'��ë #%å è"ß æ ä # ä & â�ß�ç"ä $ å äAâ6á å�å ç"ß ê $ æ 4=ðÞ_ß $ â�ß æ â $ å ãH�%ß�ãè � ç�à $ MS

ð
G�ðK8 $ æ $ # ß"ä $ ��ð!â $ å ã5�%ß &�æBê-&�( � # è $ ä # á å � ����� � #%å ä æ á�â &-# ã�ß å ä &�å ß ï�æ $ å â�ß &�æ ∆q̄

$ ø ß�è ∆s ≡ 2∆q̄
î

è�ß�ì &�# ß å ä æ $ #�å ß ∆s = −0.124± 0.046
ð

/ ðO@6ð��[�|9�àw��ß #�å ß�äu�{}�ß�ä�ä�è � ß æ � ��� !���î $ ø ß"è6� $ æ ßp� $ ä # á å ∆s ≡ 2∆q̄
â�á å�å ß å äA�%ß"ã ø $ �%ß &6æ ã5ã &�#�ú

ø $ å ä�ß�ã ∆q̄ = −0.074±0.017
á & ∆q̄ = −0.072±0.015

ã�ßf�%á å ��ë<ß å ã�ß�à ( �%ßKâ�ß�ã ê $ æ $ àw¦�ä æ ß�ã�ð
4 å è"á å èp� & ã # á å î ∆s ø $ æ�# ßkâ�ß 0.0

� & ã�ì & ë8û −0.14
ð§Õ1á & ã ê6æ á ê á�ã�á å ã�â�ß ê�æ ß å â æ ßÉ� $ ø $ �%ß &6æ ∆s =

−0.084 ± 0.040
û ê $ æ ä #%æ â�ß�� $ ø $ ��ß &�æ ä æ á &6ø ç�ß ê $ æ 4=ð3Þ_ß $ â�ß æ ß"ä $ ��ð æ ß å á æ à $ � # ãç�ß�â $ å ãO�%ß+ã�è � ç"à $

MS
ð


 �



�M� SE���%�qUq�P� a�� WDY5TV�������b���qU'W5Q��nSV�¡ X�1�¢���¤£D�¡WD�S��q�¡WDY¥TV���"SEUq�%�q�
ØBÙ��HÙ�~ Û�ÜNÝ-Ý-Þ�ß�à1áâÜ�ãFäåÝ�æ�çFáâæDà1áâè�Þ�äI� ðFê>à1á��§ðFæNÝ;������Þ�ÝY�íÞ æ�ãOæNì�Ü�êâæ�áâÝ-Þ

+ å ß�ã�ß"è�á å â6ß�èf� $ ãã�ß�â�ß�è"á æ�æ ß�è�ä # á å ã æ $ â # $ ä #�ø ß�ã5è"á å è�ß æ�å ß6��ß�ã5è"á æ�æ ß�è"ä # á å ã5â�ßQäVþ ê ß$à & ��ä #lú ì & $ æí ãò $ & ãã # $ ê6ê ßf�%ç�ß"ã~è�á ææ ß"è"ä # á å ã � $ â æ á å�# ì & ß"ã2õ�ðM4��]�%ß"ãgã�á å ä�â & ß�ã $ & ý #%å ä�ß æ $ è�ä # á å ãké $ #]( �%ß"ãkß å ä æ ß¤��ß�ãì & $ æ�í ã�ð�Þ_ß�ãAè $ �%è & �%ã)ß ÷ ß�è�ä & ç"ãQà�á å ä æ ß å äAì & ß9è�ß�ãAç"ä $ ä�ã)à & ��ä #�ú ì & $ æ�í ã $ ÷ ß�è"ä�ß å äAä æ ¦"ã ê ß & � $ ê $ æ ä # ß
ø ß�è�ä�á æ2# ßf�0�%ß*ð�3�á &�æ � $ ê $ æ ä # ß $ ý # $ �%ß*î�è"ß�ãCè�á å ä æ�#](�& ä # á å ãMà & ��ä #�ú ì & $ æ�í ã@â�á #�ø ß å äH`"ä æ ß ê�æ�# ã�ß"ã=ß å è�á å ã # â6ç ú
æ $ ä # á å ã # á å~ø ß & äAâ�ç�ä�ß æ à #%å ß æ $ ø ß�è ê�æ ç"è # ã # á å �%ß�ã�è"á å ä æ�#](�& ä # á å ãDâ�ß�ã�ì & $ æí ã)ç"ä æ $ å6ï ß�ã)û ê $ æ ä #%æ â�ß�ã
æ ç�ã & ��ä $ ä�ã7ß ý ê ç æ�# à9ß å ä $ & ý ð-4 å'ê $ æ ä # è & � # ß æ î:è"ßp�]�%ß�ã7ì &�#�ï ç å ¦ æ ß å ä &6å è�á &�ê � $ ï ß ø ß"è"ä�á æ�# ßp� $ ý # $ �câ &�ê�� á úä�á å $ &�å& èf�%ç�á å à�ç æ2# ä�ß å äjâ#ë�`"ä æ ß=è $ �%è & �%ç�ß"ã $ ø ß�èCãá #%å ð�ù@ß=è�á &6ê � $ ï ßMß�ã}ä7è $ æ $ è"ä�ç æ�# ã�çMì & $ å ä # ä $ ä #�ø ß�à�ß å ä
ê $ æ �%ß�à�á�à�ß å ä $ å $ ê á�� $ #%æ ßDâ &�å& èp��ç�á å ð

Þ $ ê $ æ ä # ß ê�&�æ ß�à�ß å ä9çp�%ß"è"ä æ á�à $ ï�å ç�ä # ì & ß�â & è�á &�æ $ å ä � $ â æ á å�# ì & ß�â . û¢��ë<ç�è � $ å6ï ß�â &¡ê�� á*ä�á å
ø1#�æ ä & ßp�_ß"ãäO� $ ã�á�à�à�ß�â & ä�ß æ à9ß � $ (-# ä & ßp� JEMµ ò_4jì�ð?G�ð�
 / õMß"ä1â & ä�ß æ à�ß $ å $ ê á�� $ #%æ ß JEM µ anap ð�ù@ßä�ß æ à9ß9ß�ã}ä ï ç å ç æ ç ê $ æ�&6å � $ ï(æ $ å�ïI# ß å ß ÷ ß�è�ä # éCì &-#7ø�# á���ßw� $ ê $ æ�# ä�ç(ðBù@ß�� $ ï�æ $ å�ï�# ß åwå ë8ß"ãä ê $ ãAâ�çnZ å�#â#ë &6å ß�à $ å-# ¦ æ ß &�å�# ì & ß�â $ å ã6� $ � # ää�ç æ $ ä &�æ ß*ðV3 $ æ è�á å ä æ ß(îjâ $ å ã�� $ à�ß�ã &�æ ß�á���ãß & � &6å�ê�� á(ä�á å ß"ãäç�è � $ å6ï ç�ß å ä æ ß}��ë<çp�%ß"è"ä æ á å ß�ä��%ß å& èp��ç�á å îV�%ß'è"á &�æ $ å ä�çp��ß�è"ä æ á�à $ ï�å ç"ä # ì & ß'â�á # ä ø ç æ2# Z�ß æ � $ ê6æ á ê�æ2# ç�ä�çâ#ë #�å:ø $ æ�# $ å è�ß�â�ß[� $ &6ï ß(î�è"ß)ì &�# ãß)ä æ $ â &�# ä ê $ æ � $ æ ßf� $ ä # á å ã &�#�ø $ å ä�ß$ÿ

qµ JEM µ anap = 0
ò�G�ð � 
G�õ

ì &-# ã"ë $ �á & ä�ß)û�� $ æ ßp� $ ä # á å â�çâ��û ø ç æ�# Z�ç�ß$ÿ

qµ JEM µ = 0
ò�G�ð � 
 / õ

Þ[ë<çp��ç�à�ß å ä�â�ß~à $ ä æ�# è"ßkâ & è"á &�æ $ å ä�çp�%ß"è"ä æ á�à $ ï�å ç�ä # ì & ßkä�á(ä $ �1ã�ë<ç�è æ2# äwò�è�á�à ê $ æ ß æ $ ø ß�è¢� $ æ ßp� $ ä # á åG�ð:
 � õDÿ

MEM

+MEManap

= −4πα

q2
Ue′γµUe

[
JEMµ + JEM µ anap

] ò¨G;ð � 
I

õ

Þjë #%å ä�ß æ é�ç æ ß å è"ß�ß å ä æ ß�è"ß�ãQâ�ß & ý $ à ê � # ä & â�ß"ã ï ç å ¦ æ ß &�å ß $ ãþ;à�ç"ä æ2# ß�ã &�ê6ê �%ç"à9ß å ä $ #%æ ß A
anap

LR
(~eN)â�á å äB� $ ø $ �%ß &�æ î ê�æ á ê á æ ä # á å�å ßp�0��ß $ & è $ æ�æ ç5â�ßF� $ è � $ æ�ï ßDçp�%ß"è"ä æ�# ì & ß*î�ß"ãä #%å â�ç ê ß å â $ å ä�ß5â & ãè � ç�à $ â�ß

æ ß å á æ à $ � # ã $ ä # á å ð�Þjë $ ãþ;à9ç�ä æ2# ß[à9ß"ã &�æ ç�ß7â $ å ã5�%ß"ã�ß ý ê ç æ�# ß å è�ß"ã-â�ßKâ #�÷X& ã # á å çp� $ ãä # ì & ß[ß�ã}äV� $ ãá�à9à�ß[â�ß��ë $ ãþ;à�ç"ä æ2# ß #�å â &�# ä�ß ê $ æ �%ß�ã ê6æ á;è�ß�ãã & ã/û &�å ì & $ æ�í â�á å äH��ë<ß ý ê�æ ß�ã�ãã # á å ß"ãäCâ�á å6å ç�ß ê $ æ ��ß�ã æ ßf� $ ä # á å ãò¨G�ð?��G�õ/ò�ã�á # ß å ä[�%ß�ã æ ßp� $ ä # á å ãDò¨G�ð � ��õ[û�ò�G�ð ��� õ ê á &�æ �%ß ê6æ á(ä�á å ß"ä�ò¨G�ð � 7:õKû�ò¨G�ð ����� õ ê á &�æ �%ß å ß & ä æ á å õKß"ä��ë $ ãþ;à�ç"ä æ2# ß�â . ß $ & ä�ß æ à9ß $ å $ ê á�� $ #%æ ßAÿ

A
LR

(~eN) = A
1−quark

LR
(~eN) + A

anap

LR
(~eN)

ò�G�ð � 
��õ
Õ/á & ãCâ�ç"è æ2#%æ á å ãH�%ß�è�á &�æ $ å ä JEM µ anap ã�á & ãO� $ é�á æ à�ß�ÿ

JEM µ anap = K
(
asF

anap

s (Q2) + avF
anap

v (Q2) τ3(x)
)

Ux′

[(
q2γµ + · · ·

)
γ5

]
Ux

ò¨G;ð � 
�!:õ
Þ�ß"ã�ä�ß æ à�ß�ã as

ß"ä
av

ã�á å ä}��ß�ã'è"á å ä æ2#0(�& ä # á å ã $ & ý à�á�à9ß å ä�ã $ å $ ê á�� $ #�æ ß"ã9â�ß�äVþ ê ß # ãá ú ãè $ � $ #%æ ß�ß"ä
# ã�á úNø ß"è"ä�ß &�æ=æ ß�ã ê ß�è�ä #�ø ß�à�ß å ä�ð�Þ_ß�ãMé $ è�ä�ß &6æ ã=â�ßDé�á æ à�ß F
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î_á ( ä�ß å& ãAû	��ë $ # â�ß�â�ßa� $ ä � ç�á æ�# ß$â�ß"ã ê ß æ ä &�æ2( $ ä # á å ã�è ��#�æ $ ��ß�ã�â $ å ãAÞ5ô ß�ä<ÕDÞ5ôQî (�# ß å ì & ß� $ ä � ç"á æ�# ß)ä # ß å6å ß+è"á�à ê ä�ß)â�ß ê � & ã # ß &6æ ã1à9á;â�¦p��ß�ã"ðcñ $ å ãO� $ Z ï�&�æ ß�ò¨G;ð � õöî å á & ã/à9á å ä æ á å ãO��ë8ç ø á�� & ä # á åß å é�á å è�ä # á å â�ß Q2 â & é $ è"ä�ß &�æ â6ß�é�á æ à�ß $ å $ ê áI� $ #�æ ß # ãá�ã�è $ � $ #�æ ß ê á &�æ â #�÷ ç æ ß å ä�ß�ã ø $ ��ß &�æ ãQâ�ß r =


�
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√

2mnh1
A/3gAfπh

(1)
πNN = ±1/3

ß�ä$â & é $ è"ä�ß &�æ â�ß�é�á æ à9ß $ å $ ê á�� $ #%æ ß # ãá ø ß�è�ä�ß &6æ ð[Þ $ è�á å ä æ2#0(�& ä # á å$ å $ ê á�� $ #%æ ßDß�ãä å á æ à $ � # ã�ç�ß5û � û Q2 = 0
ð
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Ø:Î�Ï
3
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r = 1/3 Ü Ê�ÈwÉ�ÇjÌ Þ Ø:Î�ÏÓâ*Î	Ê r = −1/3 Ü ÒlÇjÈwÈ/ú�ÏÓâüû�ýÛþOÿ�Â

�����������	� 
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JEM µ anap =
1

M2
N

Ux′ [(asFs + avFvτ3)(q
2γµ − 2M

N
qµ)γ5] Ux b ÁTÂ|Ã�ý�c_d
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(~eN) = − 2 Q2 ε′ G

x

M
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asFs(Q
2) + avFv(Q
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av
T�F0=1]BF0SXIsrJIKL:FtPQu1I:F0S_=�FC8shvT!;BL>I:6	LUM�FC8)REPQREF0SXIK8E;BS!;�T�PQA	;B6	L>F08wT1=�u�A	6�D08xM�=T�L:PBI:PQS
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100%
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2
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2
= −0.79× 10−8 b ÁTÂ|Ã�ýjýXd
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as

M2
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�������Æ�BUq�bTV�¡���q�¡WVY � � � �bWDUq���}�5� � TE� � �nS����q���EU � TV���WDU � �¢£V�b���qWDUq�¡��� � �b�qU�SEY��N� �
ê � & ã ê ß"ä # ä�ß"ã/ß åkø $ �%ß &�æ $ ( ã�áI� & ß)â $ å ãOÆ # ã í $ ì & ßAâ $ å ã ü �& ß�ä $ ��ð�ß"ä5ô $ ß í $�º[$ ß�ä $ ��ð�à $ # ã�î�û9è $ & ã�ßâ�ß�ã ï�æ $ å â�ß"ã ( $ ææ ß�ã@â#ë8ß æ�æ ß &�æ ã1â $ å ã§��ß�ã ê $ æ $ àa¦"ä æ ß�ã@â�ß ü �& î6ßf�0��ß�ã æ ß�ã}ä�ß å ä1è�á(à ê $ ä #0( �%ß�ã"ð�Õ/á(ä�á å ãMì & ß�%ßAã #%ï�å ßAâ�ß�� $ è"á å ä æ�#](�& ä # á å*# ã�á(ã�è $ � $ #�æ ß�ß�ã}ä å ç ï $ ä # éjâ $ å ãO�%ß"ã5â�ß & ý è $ �%è & �%ã"î�à $ # ã/ì & ë # ��ß�ã}ä�â #�÷ ç æ ß å ä
ê á &6æ � $ ê $ æ ä # ß # ã�á ø ß"è"ä�ß &�æ ð

Æ1ç�é?ð K K as K avô #%å ð ù@ß å ä æ $ � ô $ ý ð ô #�å ð ù@ß å ä æ $ � ô $ ý ð
�:� � î�! / � 1/Λ2

χ −9.230 10−7 −6.153 10−8 8.00 10−7 −1.11 10−6 3.692 10−7 1.85 10−6

��!�G��
1/M2

N
−0.248 10−8 −0.124 10−8 0.00 −1.79 10−7 −0.894 10−8 0.00
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Þ�ß"ã)é $ è"ä�ß &�æ ã�â�ß�é�á æ à9ß $ å $ ê á�� $ #%æ ß+â &�ê�æ á(ä�á å ap Fp(Q
2 ) = asFs(Q

2) + avFv(Q
2)
ß�ä)â &wå ß & ä æ á å

an Fn(Q2 ) = asFs(Q
2)− avFv(Q

2) ê ß &6ø ß å äK`�ä æ ßDâ�ç�è æ�# ä�ãMâ#ë &�å ßDé $"× á å�ê�� ç å á�à�ç å á��%á ïI# ì & ß $ ø ß�è^��ß�ãé�á å è"ä # á å ã=ã &�#�ø $ å ä�ß�ã)ÿ

ax Fx(Q
2) =

{
αx Q2 + βx + e(α′

xQ2+β′
x) Q2 < 0.4(GeV/c)2

αx Q2 + βx Q2 ≥ 0.4 (GeV/c)2

ò¨G;ð � !I7:õ

$ ø ß�è�ÿ

αn = −0.11 10−8 (GeV/c)−2 βn = 0.276 10−8 α′
n = −12.0895 (GeV/c)−2 β ′

n = −19.327

αp = 0.20 10−8 (GeV/c)−2 βp = −0.159 10−7 α′
p = −9.493 (GeV/c)−2 β ′

p = −18.792ò�G�ð � ! � õ

cad � �õiV|Hs}mf��xqmnh�y	o x5Ó}|BhuiEmfÑw�}rHo s}rHoÔÏIku��xqrH��iVoís}r Ï"hAiDj r v�rH��xqhuiEmfrBlfo
|§x�iVk<y,¡urHo

Þ_ß å& èp��ç�á å9å ß ê á æ ä $ å ä ê $ ãKâ#ë<ç"ä æ $ å�ï ß"ä�ç #%å ä æ�#%å ã�¦�ì & ß*î�%ßMé $ è�ä�ß &6æ â�ß=é�á æ à9ßCçf�%ß�è�ä æ2# ì & ßCç"ä æ $ å�ï ß1ß"ãä
å�& �Bû Q2 = 0

ÿ
G

s

E
(0) = 0

ò�G�ð ���I� õ
ñDß å á�à (�æ ß & ý ä æ $ ø $ & ý ã�ë $ ä�ä $ è � ß å ä9û~è $ �%è & �%ß æ �%ß�à�á�à�ß å ä�à $ ï�å ç�ä # ì & ß'ç"ä æ $ å�ï ß µs

$ #%å ã # ì & ß	��ß�ã
æ $ þ�á å ã@â�ßCè � $ æï ß r2

s

ß"ä
ρs

ì &�# ä æ $ â &�# ã�ß å ä��%ß=è"á�à ê á æ ä�ß"à9ß å äKâ�ß G
s

E

ß"äKâ�ß
G

s

M

��á æ ãì & ß Q2 ä�ß å â ø ß æ ã
� ç æ á�ðcñ $ å ãO� $ ä $ ( ��ß�ò¨G�ð � G�õöî å á & ã ê6æ ç�ãß å ä�á å ãF��ß�ã æ ç"ã & ��ä $ ä�ãCâ�ß�è $ ��è & ��ãMâ $ å ãCâ #�÷ ç æ ß å ä�ã/à�á;â�¦p��ß�ã�ð
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ô�á�â�¦f�%ß

µs

ò å ð<à�ð�õ r2
s (fm2)

Æ1ç�é�ç æ ß å è�ß
3�á��%ß"ã −0.31± 0.09 0.11→ 0.22

�:�I!"�
3�á��%ß"ã −0.24± 0.03 0.19± 0.03

��! � �3�á��%ß"ã
0.003 0.002

� �I� �ñ # ã ê ß æ ã # á å −0.10→ −0.14 −0.023→ −0.024
� ��� �7 $ á å Þ_á;á ê ã −0.31→ −0.40 −0.032→ −0.027
� � G��7 $ á å Þ_á;á ê ã −0.026 −0.01
� � / �7 $ á å Þ_á;á ê ã |µs| = 0.8
� � 
I�7 $ á å Þ_á;á ê ã −0.125→ −0.146 −0.022→ −0.019
� � ���Þ_á;á ê ã 0.035 −0.04
� � !��Þ_á;á ê ã −0.06 0.02
� ��� �ó6+Qò / õ1ó í þ æ à9ß9ò (6æ á í ß å õ 0.36
� � 7"�ó6+Qò / õ1ó í þ æ à9ß9ò (6æ á í ß å õ −0.13 −0.10
� �I� �ó6+Qò / õ1ó í þ æ à9ß9ò�ã}þ;à9à�ß"ä æ�# è�õ −0.33 −0.19
� �I� �ó6+Qò / õ=è �-#%æ $ � � þ ê ß æ2( $ ï 0.42
��7 � �ó6+Qò / õ=è �-#%æ $ �#è�á���á æ â # ßp��ß�è"ä æ�# è −0.20→ −0.026 −0.003± 0.002
�:7 � �ó6+Qò / õ=è �-#%æ $ �#ã�á�� # ä�á å −0.45 −0.35
�:7�G��

ù �-#%æ $ �#ì & $ æ�í −0.04 0.002
�:7 / �ù �-#%æ $ �#à9á;â�ßf�%ã −0.25, −0.09 0.024,−0.04
��7I
I�

; & $ æ�í ãá�� # ä�á å 0.08± 0.01 −0.1
�:7����

ÕF@�Þ&ã�áI� # ä�á å −0.05→ 0.25 −0.25→ −0.15
�:7�!��

;�ùMñ ß�ì & $ � # ä # ß�ã −0.75± 0.30
�:7 � �Þ $ ää # è�ß�ò�ì & ß å è � ß"âcõ −0.36± 0.20 −0.06→ −0.16
�:7�7��

Þ $ ää # è�ß 0.04± 0.04 0.015± 0.005
��7 � �Þ $ ää # è�ß�ò�è �-#%æ $ �Gõ −0.16± 0.18
� ��� �Þ $ ää # è�ß −0.046± 0.019
� �1� �
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s

M
(Q2 = 0) ¯n¸ r2

s

Õ1á & ã & ä # � # ã�á å ã[�%ß�ã å á(ä $ ä # á å ã #%å ä æ á�â &-# ä�ß"ã ê $ æ @ $ ÷ ß6�:�I!"�_ß�ä5ô & ã�á���é§�:�����[ÿ

µs = G
s

M
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s

2
(0)
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r2
s = −6(~c)2

(
dF

s

1

dQ2

)

Q2
=0

ò¨G;ð ��� G�õ

ρs =

(
dG

s

E

dτ

)

Q2
=0

ò¨G;ð ��� / õ
ò¨G;ð ��� 

õ

Þ�ß"ã/ì & $ å ä # ä�ç�ã µs

î
r2
s

ß"ä
ρs

ãá å ä æ ßp� # ç"ß�ã ê $ æ ÿ

(~c)2 ρs = −2

3
Mc2 r2

s − (~c)2 µs
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cad:¦ § rHo5��iEr s}rHo ÏIku��xqrH��iDo s	r�Ï�huiVj r |§x�iVkuy[¡urHo

ñ $ å ã=è�ß�ä�ä�ß�ãß�è�ä # á å�å á & ã $ �]�%á å ã7à9á å ä æ ß æ ì & ë8á å�ê ß & ä æ ßp� # ß æ �%ßDè�á å ä�ß å& ç�ä æ $ å�ï ß�ûQâ�ß"ã1ì & $ å ä # ä�ç�ãà9ß"ã &�æ $ ( �%ß"ã=ä�ßp�]�%ß5ì & ßu��ë $ ã}þ�à�ç"ä æ�# ß5â�ß ø�# á�� $ ä # á å â�ß ê $ æ2# ä�ç APV
ð

ØBÙj¨§Ù2Ú ��öBìOÝ�Þ�ä�ä1áâÜ�ãª©FãFæ�êâÞõçFÞ ê1��æ�äT
À���'à1Ý-áâÞõçFÞîè§áïÜ�êâæDà1áïÜ�ã çFÞîìFæ�Ý-á>à;�
Þjë<ß ý ê�æ ß"ã�ã # á å Z å $ ��ßjâ�ß���ë $ ãþ;à�ç"ä æ�# ßjâ6ß ø�# á�� $ ä # á å â�ß�� $ ê $ æ�# ä�çjâ $ å ãq� $ â #�÷X& ã # á å çp� $ ãä # ì & ßjçp��ß�è�ä æ á å�ú

ê�æ á(ä�á å ß"ãäN� $ ãá�à�à9ß[â#ë &�å ä�ß æ à�ßKã $ å ãBç"ä æ $ å�ï ß"ä�ç7ß"ä &�å ä�ß æ à�ßKè�á å ä�ß å $ å äjß ý ê � # è # ä�ß�à�ß å ä5��ë<ç"ä æ $ å�ï ß�ä�ç1ÿ
APV (~ep) = A0(~ep) +APV

s (~ep)
ò�G�ð ��� !:õ

$ ø ß�è�ÿ
A0(~ep) = A1−quark

V 0
(~ep) +A1−quark

A 0
(~ep) +Aanap

PV
(~ep)
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Þ�ß"ã�ä�ß æ à�ß�ã ê6æ ç�ãß å ä�ã�â $ å ã�� $ ã�á�à�à�ßkã�á å ä�â�ç æ2#�ø ç"ã�ß å�& ä # � # ã $ å äJ��ß�ã æ ßp� $ ä # á å ãkò¨G�ð ��� õöî5ò�G�ð � / 7:õ�ß"äò¨G�ð � 
 � õöð�),�%ã=ãá å ä1â�çfZ å-# ã ê $ æ ÿ
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√
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√
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Þjë $ ãþ;à�ç"ä æ2# ß $ å $ ê á�� $ #%æ ß Aanap

PV
(~ep)

$ ç"ä�ç9â # ã�è & ä�ç"ß9â $ å ãu� $ ã�ß"è"ä # á å&ê6æ ç�è"ç�â�ß å ä�ß(ð-ó $ ø $ �%ß &6æ)å&�úà9ç æ�# ì & ßAß�ãä5â�á å�å ç"ß$û ê $ æ ä #�æ â�ß�� $ æ ßp� $ ä # á å ò¨G;ð � 
 � õ�ð3ù@á�à�à9ßu�%ß"ã #%å è"ß æ ä # ä & â�ß"ã5ã &�æ �%ß�ã ê $ æ $ àw¦�ä æ ß�ãã�á å ä1ä æ ¦"ã ï�æ $ å â�ß"ã�î å á & ã $ ø á å ã/è � á # ã # â6ß ê�æ ß å â æ ß)â $ å ãK� $ ê�æ á�è"ç�â &�æ ßAâ#ë<ß ý ä æ $ è�ä # á å â�ß"ã/é $ è�ä�ß &�æ ã1â�ßé�á æ à�ß�ç"ä æ $ å�ï ß�ã�î�� $ é�á æ à�ß5ã # à ê � # Z�ç�ß5â�ß ü �& ò�ß�ìcð?G�ð � �"

õ $ ø ß"è &6å ß�é�á æ à�ß�â #%ê á�� $ #%æ ßAÿ

Aanap

PV
(~ep) = − 2 Q2 ε′ G

p

M

ε(G
p

E
)
2
+ τ(G

p

M
)
2

as + av

Λ2
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G
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A
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ÆCß�à $ æ ì & á å ã@ì & ßO��ë $ ãþ;à�ç"ä æ2# ß1ã $ å ã@ç"ä æ $ å6ï ß"ä�ç A0
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ð�ñ $ å ã§��ë � þ ê á*ä � ¦"ã�ß�á��}� $ � & à #%å á�ã # ä�çCâ & é $ # ã�è�ß $ & L ß�äB��ë $ å�ï �%ß1ã�á�� # â�ßâ�ß�â�ç"ä�ß�è�ä # á å dΩe′

å ß ø $ æ2# ß å ä ê $ ã�ß å ä æ ß�â�ß & ý Z ï�&6æ ß�ã$â�ß ê á�� $ æ�# ã $ ä # á å î5��ß9ä $ & ý â6ß�è�á�à ê ä $ ï ß�â &è $ ��á æ�# àw¦�ä æ ßDâ $ å ãH�%ß"ã=â�ß & ý ç"ä $ ä�ãCâ�ß�ã ê�#�å â#ë8çf�%ß"è"ä æ á å ã #%å è # â�ß å ä�ã=ß�ã}ä1â�á å�å ç ê $ æ ò θe′
Z ý ç�õ�ÿ

N = L T

∫
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á��
dσ0/dΩe′

ß�ãäO� $ ãá�à9à�ß�ã &�æ ��ë � çf� # è # ä�ç5â�ßA��ë<çp��ß�è"ä æ á å�#%å è # â6ß å ä1â�ß�ã1ã�ß"è"ä # á å ã1ßf��è $ è�ß�ã/â�ß)â #�÷X& ã # á å
~ep
á ( ä�ß å& ß"ã�û ê $ æ ä #�æ â�ß�ã $ à ê � # ä & â�ß"ã=â�ß�ã #%å ä�ß æ $ è�ä # á å ã/çf�%ß"è"ä æ á�à $ ï�å ç�ä # ì & ß�ß�äDé $ #]( �%ß�ß�ä T

� $ â &�æ ç"ßä�á(ä $ �%ß�â�ßA� $ à9ß"ã &�æ ß(ð�ô å â6çfZ å�# äH� $ Z ï�&6æ ß�â�ß�à9ç æ�# ä�ß5â�ßA��ë8ß ý ê ç æ2# ß å è�ß ê $ æ ÿ

F(Ee, θe′) = A2
PV (Ee, θe′)

∫

∆φe′

dσ0

dΩe′
(Ee, θe′) dφe′

ò¨G;ð ��� / õ

ù@á�à ê ä�ß ú ä�ß å�& â�ß"ãKß ý ê�æ ß"ã�ã # á å ãDò¨G�ð ���-� õBß"äDò¨G;ð ��� G�õ�î å á & ã ê á &6ø á å ã[ç�è æ2#%æ ßB�%ßMä�ß"à ê ã T å ç"è�ß�ãã $ #�æ ß ê á &�æà9ß"ã &�æ ß æH&�å ß $ ãþ;à�ç"ä æ�# ß $ ø ß�è &�å ß ê�æ ç"è # ã # á å â6á å�å ç"ß�ÿ

T−1 = P 2
e L
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F(Ee, θe′)
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õ

ù@ß"ä�ä�ß æ ßp� $ ä # á å¤#%å â # ì & ß�ì & ß*��ß�ä�ß�à ê ã$â�ß�à9ß"ã &�æ ß�ß"ãä9à #�å�# à & à���á æ ãì & ß*� $ Z ï�&�æ ß�â�ß�à�ç æ2# ä�ß�ß"ãäà $ ý # à $ ��ß(ð
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� & ý $ å�ï �%ß"ã $ ø $ å ä�î1�%ß1à $ ý # à & àSâ�ßM� $ Z ï�&6æ ßDâ6ß5à9ç æ�# ä�ßDâ6ßM��ë<ß ý ê ç æ�# ß å è"ßM3DCE�F
�ß�ã}ä=á ( ä�ß å& û &�å$ å�ï ��ßDà�á þ(ß å â6ß 35 ² ê á &�æ[&�å ß5ç å ß æ�ï�# ßDâ & é $ # ãè�ß $ &�#%å è # â�ß å ä@â�ß 854.3 MeV

ò�Z ïI&�æ ßMG�ð / â�ß ï $ & è � ß!õöðÞ�ß�ä æ $ å ã}é�ß æ ä�â�ß�� $ æ ç $ è�ä # á å ß"ãä $ ��á æ ã Q2 = 0.225 (GeV/c)2 ì &�# è�á æ�æ ß"ã ê á å â�û &�å ß$è�á(à (�#%å $ # ãá å� #%å ç $ #�æ ß5â�ß"ã=é $ è"ä�ß &�æ ã/â�ß�é�á æ à9ßDç"ä æ $ å�ï ß"ã�ÿ
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4 å ê6æ ß å $ å ä�ß å è�á(à ê ä�ß�� $ �%á å�ï�& ß &�æ â�ß�� $ è #0( ��ß(î��%ß"ã'ß ÷ ß"ä�ã�â�ß ê ß æ ä�ßgâ3ë8ç å ß æï�# ßgß�ä}�%ß�ãä æ $ ï(ï � #�å�ïß å ç å ß æ�ï�# ß(î§��ßkä æ $ å ã}é�ß æ ä�à9á!þ�ß å â�ßÉ� $ è #0( ��ßgß�ã}ä	�%ç ï ¦ æ ß�à�ß å ä�à�á�â # Z�çkß�ä ê�æ ß å âü� $ ø $ ��ß &�æ Q2 =
0.23 (GeV/c)2 ð�3Bá &�æCê á &6ø á #%æMê6æ á;è�ç�â6ß æ û &�å ß�ãç ê $ æ $ ä # á å â�ßuÆCá�ã�ß å�( � & ä � ûQè"ß"ää�ß ø $ �%ß &�æ à�á þ(ß å�å ß(î3NCE�F
 $ æ ß�è"á å Z ïI&�æ çB��ß7â # ã ê á�ã # ä # é�ß ý ê ç æ2# à�ß å ä $ ��ð(Þ_ß ê $ ã�ã $ ï ßMâ6ß�ã $ å�ï �%ß�ã $ ø $ å ä $ & ý $ å�ï ��ß�ã $ æ�æ2# ¦ æ ß7ß"ãäâ�ß ø ß å&�ê á�ãã #]( �%ß ï�æK³ è�ß5û &�å ß ê � $ ä�ß ú é�á æ à�ß ê�#�ø á(ä $ å ä�ßDà # ã�ß1ß å'ê � $ è"ßDâ $ å ã@è"ß (�& ä�ð-Õ1á & ã æ ß ø�# ß å â æ á å ãã &�æ � $ â�ß"ã�è æ�#%ê ä # á å â6ßu� $ å á &6ø ßp�]�%ß�è�á å Z ï�&�æ $ ä # á å ß å â�ç"ä $ # �3â $ å ãH�%ß�è � $ ê�# ä æ ß / ð
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»½¼u¾À¿QÁ6Â�þ�Ä`´sÉ Þ ÔTÈ/ÎóÍTÎ�Ö*ú	ÈwÉuÊÓÎY´Àõ½ç ÍTÎßØ:µ Î3Ú1×Yú	ÈwÉ�Î	ÌKÒ�Îxï�Å�¶¬· ×YËOÔ6È�Ô6ÌKÎVÒ	É�ð�Ø:Î Í�µ á|¸jÍjÈ/Ë Þ ù	ÌKÎ�î�´sÉ Þ ÔTÈ�Î�ÍTÎÞ ÇjÔàÒ�áYÎy¹YôWÎÖ\Ç�ÚÛÉuÖóÔTÖ Î�Ï	Ê Ëjð�ÊÓÎ	ÌYÔEºßØ:µ ÇjÌ Þ Ø:ÎÀÍTÎåÍjÉ »Ô[Ï	É�ËOÌ θe′ = 35 ¼ î!´sÉ Þ ÔTÈ/ÎåÍTÎÍjÈ�ËOÉuÊÓÎ7¹$ôWÎÀÖ\Ç�ÚÛÉuÖóÔTÖÍTÎnØÙÇ{Ð�ËOÌKÒ	Ê�É�ËOÌ
Y
ÍTú Ý ÌYÉ�ÎnÍ[ÇjÌ;ÏåØ:ÎtÊ�Î3ÚÛÊÓÎnº θe′ = 145 ¼ Ò�ËOÈwÈ/Î�ÏÓ×YËOÌHÍwº�ØÙÇóäOÇjØ:Î	ÔTÈnÍTÎ Q2 = 0.4(GeV/c)2 Â

2o=1LK;BSXInA	;ET1�!;B8:F�M�F08{;�S�½QA	FC8o;�L:L:6�g0L>FB¾�A	FC8°T!;�L>IK6�?0=�A�F087M�6�¿�=�8>D0F08o8:PQSXInM1DCIKFC?CI:D0F08{M�;BS�8o=1S+M�PQRO;B6	S1F;BS�½Q=�A	;B6	L>F{F0SXIKL>F
140 À FCI 150 À ;�]QF0?N=�S+;�S�½QA	FY?CF0SXIKL:;BA�M1F 145 À Â�q�;O?C6	S�DCR);#IK6	f_=�FYM�FHAZ;xL:D0;B?CI:6	PQStT�PQ=�LM�6�¿�D0L>F0SXIKFC8°DCS�F0L>½Q6	FC8¬M�ikDCA	FC?CIKL>PQS�8y6	S1?06	M1F0SXIK8¬FC8>I7M�PQS�S1D0FYT!;BL¬A	;�I�;Bu�A�Fn?06��¯M�FC8:8>PQ=�8 b Á6ÂÙÃ�c_dwÂ!q�;w]B;�L:6Z;#IK6	PBSM�F`A	;Áf_=!;�S_I:6�I:D
Y (Q2 , θe′ = 145 À ) ≡ F(Ee, θe′ = 145 À ) F0S�G�PQS�?JIK6	PBS�M1F`A�ikDCS�F0L>½Q6	F[M�FtAjiÂD0A�F0?CI:L:PQS6	S�?C6	M�FCS_I

Ee

ROPBS_I:L:F¬f_=�F7AZ;n\!½Q=1L:FyM�FyRODCL:6^IKF¬6	RET�PQ8:DCF¬T�PQ=1LÃA�F08�;BS1½QA	FC8@;�]�;BSXI b Q2 = 0.23 (GeV/c)2 dS�iÄ;#I:IKFC6	SXIUT!;�8w8K;`]�;BA�F0=�LNR);�Å16�R);�A	FE;B=WÅÆ;BS�½BA	F08w;BL:L>6	g0L>F b \!½Q=�L>FòÁ6Â�þ%M�FsM1L:PQ6^IKF'dwÂ4Ç}È�Éocv;`G.;�6�I�;BA	PQL>8A	F,?���PQ6�ÅÊM�FsI:LK;�]�;B6	A�A	FCLw;B=WÅÊ;BS�½QA�F08x;BL>L:6�g0L:F)F0S�M�F0��PBL:8UM�=�R);�Å16�Rw=�RËM�F[AZ;%\�½Q=�L:F,M1FtRED0L>6�I:F)T�PQ=�LROFC8:=�L>F0L4A�iÄ;�8>l|RODJIKL>6	FÃh
Q2 = 0.23 (GeV/c)2 Â�Ì°SNG.;�6	8:?CF�;B=N6	S�?C6	M�FCSXI4M�iÂD0S1F0L:½B6	FÃM�F 315 MeV

M�6�¿�=�8K;�S_I8:=�LN=�S�FE?06	u1A	FxM�FET�L:PBI:PQS�8Nht=1SV;BS�½BA	F
θe′ = 145 À T�F0L:REFCIHM�iÂPQu1I:F0S�6�LN=1SÆREPQROFCSXI{IKLK;�S�8>G�DCL:D Q2 =

0.224 (GeV/c)2 Â
pÛÁ
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Ee(MeV ) θe′ Ee′(MeV ) Q2(GeV/c)2 dσ/dΩe′(µb/sr)
570 145 ² 270.882 0.562 0.00217
315 145 ² 195.760 0.224 0.01291
300 145 ² 189.879 0.207 0.01451
285 145 ² 183.778 0.190 0.01634
280 145 ² 181.694 0.185 0.01701
270 145 ² 177.445 0.174 0.01843
255 145 ² 170.865 0.158 0.02082
225 145 ² 156.906 0.128 0.02674© SE 4� G�ð � 
 �PªD³¡½'Ên¾a¬I¸_³.¢pÀ�¯<¼�¯Aµø¬wÁÊ�¬�·n¸_³¨¹�½ ep→ ep ¬IÀIº�¬I½�®Iµ0¯±°<¬I{n³¨¿nÁ¯§È�¹�À�^À�½�¬I½�®Iµ0¯u¼�¯Aµ:Í Ênµ0¯±·n¸_Á¹�½¼I³ ÎHÀ°�Ê�¼�¯ 145 Ï ð

Þ_ß�ã ø $ �%ß &6æ ãDâ6ß�ã5è"á�ßn�9è # ß å ä�ã�è #�å ç�à $ ä # ì & ß�ã1â�ß�� $ æ ç $ è"ä # á å $ & ý $ å�ï ��ß�ã $ æ�æ�# ¦ æ ß τ
î
ε
ß"ä

ε′
â�çfZ å-# ã

ê $ æ � $ æ ßp� $ ä # á å ò�4jìcð�G�ðÅ� / õ@ã�á å ä1â�á å6å ç�ß"ã/â $ å ãH� $ ä $ ( �%ß$ò�G�ð � 

õ�ð
3 $ æ $ àa¦"ä æ ß Ee θe′ Q2 dσ/dΩe′ A0

PV τ ε ε′

GeV deg. (GeV/c)2 µb/sr ppm ú ú ú3DCV�O

0.315 145 0.224 0.0129 −16.61 0.064 0.045 0.26

© SV �� G�ð � � ��÷§¬I�¬I¾J¿n¸_Á¯±°�¼�¯Aµ:Í ¯2ºfÈ�Ên{³¨¯n½'·±¯F÷�ù#ÐyÑ�ý}¬I½�®Iµ0¯<¼�¯<¼I³ ÎHÀ�°n³¨¹�½¢¼�¯ 145 Ï ð

Þ $ à9ß"ã &�æ ßDâ�ßK��ë $ ã}þ�à�ç"ä æ�# ß1â6ß ø�# á�� $ ä # á å â�ß ê $ æ2# ä�ç ê $ æ 3DCE�F
 $ & ý $ å�ï ��ß�ã $ æ�æ2# ¦ æ ß=é�á &�æ�å-#%æ $ � $ à�ß�ã &6æ ßâ�ßA� $ è�á�à (�#%å $ # ã�á å ÿ
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ØBÙj¨§Ù�~ Ò§á,à1ðOæNà1áâÜ�ã æ�ß�à1ðOÞ�êïêâÞ çOÞ�ä¤Þ'öBì ��Ý-áâÞ�ãFß'Þ�ä
3N� & ã # ß &�æ ã�è�á��]� $ ( á æ $ ä # á å ã #%å ä�ß æ�å $ ä # á å $ ��ß�ã�ã�ë #%å ã2¦ æ ß å ä�â $ å ã &6åÙê�æ á ï�æ $ à�à�ßwâ�ß æ ß�è � ß æ è � ßhã &�æ��ë<ç"ä æ $ å�ï ß�ä�ç ê $ æ â #�÷X& ã # á å çp� $ ãä # ì & ß�â#ë<çp�%ß"è"ä æ á å ã ê á�� $ æ�# ã�ç"ã�ð�Õ/á & ã $ �0��á å ã ê $ ãã�ß æ ß å æ ß ø�& ßÃ�%ß"ã�â # é úé�ç æ ß å ä�ß�ã/ß ý ê ç æ�# ß å è"ß�ã1ß"ä ê�æ ç�ã�ß å ä�ß æ �%ß &�æ ã æ ç�ã & ��ä $ ä�ã�ð
ù@á�à�à�ß å á & ã§��ë $ ø á å ã #�å â # ì & çDâ $ å ãB� $ æ ß�à $ æ ì & ß5â &�ê $ æ $ ï�æ $ ê-� ß$ò¨G;ð / ð�
�ð � õ�î � $ (-# ä & ßp�0��ß�à�ß å ä5ò $ &

ê�æ�# ý â3ë &�å ßkè�á å é & ã # á å #�å& ä # �%ß!õöîN� $ è�á å ä æ2#0(�& ä # á å $ ý # $ �%ß�û���ë $ ãþ;à9ç�ä æ2# ß�ß�ãä'ç ø $ � & ç�ß�ß åú#�å èp� & $ å äa� $
ê $ æ ä # ß $ å $ ê áI� $ #�æ ß5â $ å ãH�%ß5é $ è�ä�ß &6æ â6ß)é�á æ à9ß $ ý # $ ��ð6ñ $ å ãCè"ß)é $ è�ä�ß &�æ â�ß�é�á æ à�ß $ ý # $ ��Ó"è�á�à ê ��ß"ä�Ó�î6á å
ê ß & äMä�á & �á &�æ ã@ã�ç ê $ æ ß æ ��ß�ã ê $ æ ä # ß�ã # ãá ú ãè $ � $ #%æ ßCß"ä # ã�á ú�ø ß"è"ä�ß &�æ ð-3Bá &6æ ç ø�# ä�ß æ ä�á & ä�ßDè"á å é & ã # á å $ ø ß�èM��ß�ã
å á(ä $ ä # á å ã & ä # � # ãç�ß"ã�� & ã�ì & ë8û ê�æ ç�ãß å äQâ $ å ã�è�ß�è � $ ê�# ä æ ß*î�� $ ê $ æ ä # ß # ã�á ú�ø ß"è"ä�ß &�æ â & é $ è"ä�ß &�æ â�ß$é�á æ à�ß$ ý # $ ��Ó�è�á�à ê �%ß�ä�ÓDãß æ $ å á(ä�ç�ß ′′

G
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A

′′ â $ å ã1è�ß ê $ æ $ ï�æ $ ê�� ß*ð
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ó1�5ô�3[Þq4 ( $ ã�ç"ß $ &�ê�æ ¦"ã9â & ô*),+ ú �[�N+H4Kó¡Þ #%å ß $ æ �=è�è"ßp�%ß æ $ ä�á æ ò�ô $ ã�ã $ è ��& ã�ß"ää�ã"îÀ+5ó1�5õAé & äa� $

ê�æ ß"à # ¦ æ ß+ß ý ê ç æ�# ß å è"ßQâ�ß ø�# á�� $ ä # á å â�ß ê $ æ2# ä�çAû9ç�ä & â # ß æ ��ë<ç"ä æ $ å�ï ß�ä�ç+â $ å ãM��ß å& èf�%ç"á å � �»� 7���ðX� ø ß"è�ã $
� /
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è #%å ç�à $ ä # ì & ß $ & ý $ å�ï ��ß�ã $ æ�æ2# ¦ æ ß(î�á å ß�ã}ä�ã�ß å ã #]( �%ß $ & ý é $ è�ä�ß &�æ ã�â�ß+é�á æ à�ßAà $ ï�å ç�ä # ì & ßAß"ä $ ý # $ ��ð�Þ_ßé $ # ãè�ß $ & â3ë8çf�%ß�è�ä æ á å ã�â#ë #%å ä�ß å ã # ä�ç 40 µA #�å ä�ß æ $ ï�# ä $ ø ß�è &6å ß�è #0( �%ß'â6ß ê�æ á(ä�á å ã�â�ß}��á å�ï�& ß &�æ 40 cm

ð
Þ�ß"ã7çf�%ß"è"ä æ á å ã[â #�÷'& ãç�ã[çp� $ ãä # ì & ß"à9ß å äKç"à9ß�ä�ä�ß å ä &6å9æ $ þ(á å�å ß"à9ß å ä ê $ æ ß ÷ ß"ä�Û@ß æ ß å�í á ø â $ å ã���ë $ #%æ ðj+ å�ß & â�ßQâ # ý à #�æ á #�æ ãCßp�]� #�ê ä # ì & ß�ã=é�á�è $ � # ã�ßu� $ � & à # ¦ æ ß)ã &�æM&6å ß å ãß�à ( �%ßQâ�ß ê�� á(ä�á�à & ��ä #%ê � # è $ ä�ß &�æ ã"ð�Þ_ß�ãà #�æ á #�æ ã@è"á &6ø;æ ß å ä &�å â�á�à $ #�å ß $ å�ïI& � $ #�æ ß5è"á�à ê�æ�# ã=ß å ä æ ß 130 ² ß�ä 170 ² ð
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T=1

A

$ & ì & ßp�B� $ à9ß"ã &�æ ß�ß ý ê ç æ�# à9ß å ä $ ��ß $ ã�ã #%ï�å ß &�å ß ø $ ��ß &�æQê6æ á;è � ß�â�ß −1
ä $ å â # ãì & ß�� $ ê�æ ç�â # è"ä # á å ä � ç"á æ�# ì & ß+â6á å�å ß −0.41

ð�Æ1ç"è�ß"à9à�ß å ä�îb��ß�ãCâ�á å�å ç�ß�ã $ è�ì &�# ã�ß�ã ê á &�æ �%ß�ã ê�æ ß�à # ¦ æ ß�ãß ý ê ç æ�# ß å è"ß�ã�á å ä�ç�ä�ç æ ç $ å $ ��þ;ãç�ß�ã"ðMÞ_ß�ã å á &6ø ßp�0��ß�ã ø $ �%ß &6æ ã�â�ß�ã $ ãþ;à9ç�ä æ2# ß�ã9à9ß"ã &�æ ç�ß"ã�ã &�æ �%ß"ã'â�ß & ýè #0( �%ß�ã"î�ß ý ê�æ2# à�ç�ß�ãCß å�ê $ æ ä # ß ê $ æ à # �]� # á å ò ê�ê à'õ�î�ãá å ä�� ����� î ����� �[ÿ
Ap = −5.61± 0.68± 0.88 ppm

ò¨G�ð ����� õ
Ad = −7.77± 0.73± 0.62 ppm

ò¨G�ð ��� 7:õ
â $ å ã<�%ß�ãì & ßp�]�%ß�ãA� $ ê�æ ß�à # ¦ æ ß$ß ææ ß &6æ ß"ãä+ãä $ ä # ã}ä # ì & ß�ß�ä�� $ ãß�è"á å â�ß9ß�ãä+ãþ;ã}ä�ç�à $ ä # ì & ß(ðBÞ_ß�ã)à9ß"ã &�æ ß�ãá å ä ê ß æ à # ã=â�ß æ ß"à9á å ä�ß æ û�â�ß & ý è�á�à (-#%å $ # ã�á å ã§� #�å ç $ #�æ ß"ã5ÿ

G
s

M
+ 0.46

′′

G
(T=1)
A

′′ ò¨G;ð ���I� õ
G

s

M
+ 2.31

′′

G
(T=1)
A

′′ ò¨G;ðÅG �I� õ
Þ $ è"á�à (�#�å $ # ã�á å â�ß5è�ß"ã=â�ß & ý æ ç"ã & ��ä $ ä�ãMà�á å ä æ ß/ì & ß^�%ß"ãMà9ß"ã &�æ ß�ã=ãá å ä=ß å $ è"è�á æ â $ ø ß�èA� $ ê�æ ç�â # è"ä # á åâ�ß ü �& ß"ä $ ��ðÑ+ å ß�ä æ á # ã # ¦"à9ß'à9ß"ã &�æ ß�ã &�æ Þ�ñ

2

$ ç"ä�ç æ ç $ � # ãç�ß ê á &�æ�&�å ß�é $ #]( �%ß ø $ ��ß &�æ â6ß Q2 =
0.038 (GeV/c)2 ðcÞ[ë $ ã}þ�à�ç"ä æ�# ß ø $ & äu� �I��� �jÿ

Ad = −3.51± 0.57± 0.58 ppm
ò¨G�ð?G �-� õ

ß"äK� $ è�á(à (�#%å $ # ãá å è�á æ�æ ß"ã ê á å â $ å ä�ß+ß"ãä+ÿ
G

s

M
+ 2.81

′′

G
(T=1)
A

′′ ò¨G;ðÅG � G�õ
�"
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����ÔQ���W�:� <nb�X�M�NO@�RTG�ÕÛR+á%×sØHØ�<nâ
8K�M3�3�4�ã ò_8 $ �]�b� 3 æ á(ä�á å 3 $ æ�# äVþw4 ý ê ß æ�# à9ß å ä2õ7ã�ë<ß�ã}äCâ�ç æ á & ��ç�ß $ & � $ ( á æ $ ä�á #�æ ßB+K@�ÕO�FLzò¨@(ß ÷ ß æ}úã�á å Þ $ ( î�C #�æ�ï�#�å�# ß*î;+Dó1��õMâ $ å ãH�%ß � $ �]��� $ &�ê6æ ¦�ã1â�ßA��ë $ è"è�çp��ç æ $ ä�ß &�æ ù§4��[�MLxò�ù@á å ä #%å& á & ãK4N�%ß"è"ä æ á å�@ß $ à �=è"è�ßf�%ß æ $ ä�á æ L $ è # � # äVþ6õ�ð�Þ_ß � $ �]���Üè"á�à ê�æ ß å â�â6ß & ý ã ê ß�è�ä æ á�àw¦�ä æ ß�ã # â�ß å ä # ì & ß"ã/â�ß � $ & ä�ß æ ç�ãá ú� & ä # á å ò_8 #%ïI� Æ1ß"ã�á�� & ä # á å ó ê ß�è"ä æ á�à�ß"ä�ß æ î�á & 8FÆ/ó�õ�ð�),��ã ê ß æ à�ß"ää�ß å ä[â�ßCãßp�%ß"è"ä # á å�å ß æ ß åa# à ê�& ��ã # á å ��ß�ã

ê $ æ ä # è & �%ß"ã5â #�÷X& ãç�ß�ã $ ê�æ ¦"ã^� $ è #0( ��ßQâ#ë � þ;â æ á ï ¦ å ß�� # ì &-# â�ß+â�ß��%á å6ï�& ß &6æ 15 cm
ð�8K�M3�3�4}ã $ à�ß�ã &�æ ç� $ è�á(à (�#%å $ # ãá å G

s

E
± 0.392 G

s

M

ê $ æ â�ç�ä�ß�è�ä # á å â�ß�ã�çf�%ß"è"ä æ á å ã�â #�÷'& ã�ç�ã�çf� $ ã}ä # ì & ß�à�ß å ä�ã &6æ5ê�æ á*ä�á å û
θe′ = 12.3 ² ð�4 å G ��� 
�îb8K�M3�3�4�ã $ à�ß�ã &�æ ç ê á &�æ �%ß�à9á(à9ß å äCä æ $ å ã}é�ç æ ç Q2 = 0.477 (GeV/c)2 &�å ß$ ãþ;à�ç"ä æ2# ß6��! � � A =

[
− 15.05± 0.98(stat)± 0.56(syst)

]
ppm

ì &�# $ è�á å â &�# ä1û &6å ß�ß ý ä æ $ è"ä # á å â�ß� $ è�á�à (�#%å $ # ã�á å � #%å ç $ #�æ ßAÿ
G

s

E
+ 0.392 G

s

M
= 0.014± 0.020 (stat+syst) ± 0.010

ò¨G�ð?G � / õ
Þ $ â6ß æ�å-# ¦ æ ßkß æ�æ ß &�æ ä æ $ â &-# ã $ å äJ��ë #%å è"ß æ ä # ä & â�ß�ã &�æ ��ß�ã�é $ è"ä�ß &�æ ã�â�ßké�á æ à9ß�çp��ß�è�ä æ á(à $ ï(å ç"ä # ì & ß�ã"ð@Þ $è�á��]� $ ( á æ $ ä # á å 8K�M3�3�4}ã $ ê á &�æ ã &�#�ø1# ã $ è $ à ê $ ï�å ß/â�ßDà9ß"ã &�æ ßDã &6æ[&�å ßDè #0( �%ßCâ�ß 4 81ß(ð�Þ_ß�ãMçf�%ß�è�ä æ á å ãçp� $ ãä # ì & ß�ã1á å ä1ç"ä�ç�â�ç�ä�ß"è"ä�ç"ã5û &�å $ å�ï ��ß θe′ = 5.7 ² è"á æ�æ ß�ã ê á å â $ å ä5û &�å Q2 = 0.091 (GeV/c)2 ðb4 åG ��� ��î�8O�M3�3�4}ã $ á ( ä�ß å& � ���I� �q��ë $ ã}þ�à�ç"ä æ�# ß5ã &�#�ø $ å ä�ß$ÿ

APV =
[
6.72± 0.84(stat) ± 0.21(syst)

]
ppm

ò�G�ðÅG � 

õ
è�ß)ì &-# è�á ææ ß�ã ê á å âkû�� $ ø $ ��ß &�æ â & é $ è�ä�ß &�æ â�ß�é�á æ à�ß�ç"ä æ $ å6ï ß$ÿ

G
s

E
= −0.038± 0.042(stat) ± 0.010(syst) ò¨G;ðÅG � ��õ

Þ�ß æ ç�ã & ��ä $ äCâ�ß�8K�M3�3�4}ãÜà�á å ä æ ß &�å ß�è�á å ä æ�#0(-& ä # á å ç"ä æ $ å�ï ß)çf�%ß"è"ä æ2# ì & ß�è�á(à ê $ ä #0( �%ß $ ø ß�èu� $ ø $ �%ß &�æ
� ð4 å G ��� !6î�8K�M3�3�4�ãí� �I� G�� $ ê�&�( � # ç &6å ß å á &6ø ßf�0��ß1à�ß�ã &�æ ßCâ#ë $ ã}þ�à�ç"ä æ�# ß1ã &�æ�&�å ß1è #]( �%ßMâ3ë � þ;â æ á ï ¦ å ßû &�å Q2 = 0.109 (GeV/c)2 ðcÞ_ß æ ç"ã & ��ä $ äCâ�ßA� $ à�ß�ã &�æ ß�ß"ãä�� ��� G��[ÿ

APV = −1.58± 0.12(stat) ± 0.04(syst)ppm
ò�G�ðÅG � !:õ

ù@ß æ ç�ã & ��ä $ ä $ ê ß æ à # ã�â#ë8ß ý ä æ $ #%æ ß¢� $ è�á�à (-#%å $ # ã�á å â6ß�ã�é $ è"ä�ß &�æ ã�â�ß~é�á æ à9ß~ç�ä æ $ å�ï ß�çp��ß�è�ä æ�# ì & ß�ß"äà $ ï(å ç"ä # ì & ß�ÿ
G

s

E
+ 0.09 G

s

M
= 0.007± 0.011(stat) ± 0.006(syst) ò¨G;ðÅG ��� õ

����ÔQ���W�:� <nb�X�M�NO@�RTG�ÕÛRåä 0

� $ ã�ç�ß $ & ãã # $ & � $ ( á æ $ ä�á #%æ ßM+K@�ÕO�FL@îb��ë<ß ý ê ç æ�# ß å è"ß $ ç�ä�ç ê�æ ç ø�& ßQâ $ å ãO��ß (�& äDâ�ß)à�ß�ã &6æ ß æ ã�ç ê $ ú
æ ç�à�ß å ä<�%ß"ã5ä æ á # ã�é $ è"ä�ß &�æ ã�â�ß�é�á æ à�ß�ì &-# â�ç�è æ�#�ø ß å äQâ6ß�ã)ì & $ æ�í ã)ç"ä æ $ å�ï ß"ã�ã &�æu&�å ßa� $ æï ß ï $ à9à�ß�â�ß
Q2 ð
3�ß å â $ å ä�� $ ê�� $ ãß $ ø $ å ä�ò 53 ² ≤ θp′ ≤ 76 ² õ�îq��ë $ ãþ;à�ç"ä æ�# ß�ß"ãäAà9ß"ã &�æ ç�ß�ß å â6ç"ä�ß"è"ä $ å ä��%ß ê�æ á(ä�á åâ�ß æ ß�è & �[ã &�æ �%ß"ì & ßp�N��ë<çp��ß�è�ä æ á å $ â #�÷X& ãç(ð�Þ $ à�ß�ã &�æ ß�ã�ë<ß�ã}äAß ÷ ß"è"ä & ç�ß9ã &�æu&�å ß$è #]( �%ß$â�ß ê�æ á(ä�á å ã+ã &�æ� $ ï $ à�à9ß 0.12 < Q2 < 1 (GeV/c)2 ðBù@ß�ãQâ�á å�å ç�ß"ãAá å ä+ç"ä�ç ê�æ2# ãß�ãAâ6ç (�& ä 2004

ð53Bá &�æ � $ à�ß�ã &�æ ß$ & ý $ å6ï �%ß"ã $ æ�æ2# ¦ æ ß(î1�%ß5â6ç"ä�ß"è"ä�ß &�æ $ ç"ä�ç æ ß"ä�á &�æå ç(ðcÞ $ â�ç�ä�ß�è�ä # á å ã�ß æ $ ß ÷ ß�è"ä & ç�ß)ã &6æ ��ë<çp�%ß"è"ä æ á å â #�÷'& ã�çû &�å $ å�ï �%ß�à�á þ(ß å â�ß 110 ² ð�Þ $ ê6æ�# ãß$â�ß$â�á å�å ç"ß�ã)ã�ß$é�ß æ $ ê á &�æ � $ ø $ ��ß &�æ â6ß Q2 = 0.63 (GeV/c)2

���



����£��¥¤P� � �5Uq�PTV� � �fS����q���5U � TV�P�WDU � �����qUqSEY��N� �
ã &�æ�&�å ß1è #0( �%ßCâ�ß ê6æ á(ä�á å ã ê�&�# ãKâ�ß1â�ß & ä�á å ã"ð1�ªè�ß�äMß ÷ ß�ä�î��ë<ß ý ê ç æ�# ß å è"ß & ä # � # ã�ß &6å é $ # ã�è�ß $ & â3ë8çf�%ß�è�ä æ á å ã
ê á�� $ æ�# ã�ç"ãCû 80%

î�â#ë<ç å ß æ�ï�# ß 3 GeV
ß�ä/â3ë #�å ä�ß å ã # ä�ç 40 µA

ð
Þ_ß�ã ê $ æ ä # è & �%ß�ã=â #�÷X& ã�ç"ß�ãCã�á å ä $ å $ ��þ;ã�ç"ß�ãCâ $ å ã &6å ã ê ß"è"ä æ á�àa¦"ä æ ß9ò�Z ïI&�æ ßuG�ð?��õKä�á æ á # â $ ��ã &�ê6æ $ è"á å�úâ & è"ä�ß &�æ ß å ä�á &6æ $ å ä &6å ß7è #0( ��ß7â6ß���á å�ï�& ß &�æ 20 cm

ð�),�
è�á(à ê á æ ä�ß�7/ãß�è"ä�ß &�æ ã�ð�ù � $ ì & ßMá;è"ä $ å ä�è"á�à ê6æ ß å â
16
â�ç"ä�ß�è�ä�ß &6æ ãCè�á�à ê á�ã�ç"ã=è � $ è &6å â#ë &�å ß ê $ #%æ ßDâ�ß^� $ ää�ß"ãMâ�ß�ã�è #%å ä # �0� $ ä�ß &�æ ã7ã # ä & ç�ß"ãCâ $ å ãB��ß ê � $ å é�á�è $ �â & ã ê ß�è�ä æ á�àw¦�ä æ ß(ð#ñ $ å ãDè"ßQà�á�â�ß�â�ßAâ�ç"ä�ß�è"ä # á å î���ë # â�ß å ä # Z�è $ ä # á å â6ß�ãDç ø ç å ß�à�ß å ä�ã�çf� $ ã}ä # ì & ß�ãDãßAé $ # ä

ï�æK³ è"ß5ûu� $ ã�çp��ß�è�ä # á å ß åJ# à ê�& �%ã # á å â & ã ê ß�è�ä æ á(àw¦�ä æ ß/ß"äMû &�å ß/à9ß"ã &�æ ß/â6ß/ä�ß"à ê ã@â�ß ø á���â�ß�ã ê�æ á*ä�á å ã"ðù@ß ê ß å â $ å ä�î $ & ý $ å�ï ��ß�ã $ æ�æ�# ¦ æ ß(î��%ß�ãDçp�%ß"è"ä æ á å ãDç"ä $ å ä æ ßp� $ ä #�ø�# ãä�ß�ã/ì & ßp�0��ßQì & ßQãá # ä^��ß &�æ ç å ß æ�ï�# ß�ò $ &�úâ�ßp�%û$â6ß)ì & ßf�%ì & ß"ã5ô�ß>C�õ�î�� $ à9ç�ä � á;â�ß�â & ä�ß"à ê ã=â6ß ø á�� å ß5é�á å è"ä # á å�å ß ê � & ãCß"äH� $ ã�ç ê $ æ $ ä # á å â &�ê�# èçp� $ ãä # ì & ß/ß�äMâ�ßO� $ æ ç ï�# á å â & ∆
î
ã�ß1é�ß æ $ ï�æ:³ è�ßDû<� $ â�ç�ä�ß�è�ä # á å â�ß"ãMçp��ß�è�ä æ á å ã7ß å è�á #%å è # â�ß å è�ß $ ø ß�èDâ�ß�ãâ�ç"ä�ß�è"ä�ß &�æ ãDã # ä & ç�ã1û�� $ ã�á æ ä # ß�â�ßA� $ è #]( �%ß�ò�ù æ þ(á�ãä $ äO4 ý # ä1ñDß"ä�ß�è"ä�á æ á & ù§4Kñ5õ�ð

Faisceau 

d’électrons

Détection 

des particules

Cible de LH2

Aimants 

supraconducteurs

« ���¬� G;ðÅ� �`Ü�·±«�Ên¾a¬J¼�Í ¯n½-°�¯n¾a´pµ0¯u¼IÀ}°,È�¯±·n¸_±¹�¾J¿n¸_Á¯ G0 ¼�¬I½-°Aµø¬uÈ�«-¬�°�¯u¬IÀ"º	¬I½�®Iµ0¯±°<¬I¶�¬I½�¸ ð

Þ_ß�ã ê�æ ß"à # ß æ ã æ ç"ã & ��ä $ ä�ã}� �I� / �@â�ß G0 î�á å ä�ç�ä�ç ê-&�( � # ç�ã+ß å � &�#�å 2005
ðBÞ[ë<ß å ã�ß�à ( �%ß�â6ß�ã�â�á å6å ç�ß"ãá å ä #�å â # ì & ç &�å ß�è�á å ä æ�#0(-& ä # á å å á åªå& �0��ßgâ�ß�ã�ì & $ æí ã�ç�ä æ $ å�ï ß�ã $ & ý â # ã}ä æ2#0(�& ä # á å ã�â�ß�è � $ æï ß�ß"äà $ ï(å ç"ä # ã $ ä # á å ðKÞ�ß~è"á�à ê á æ ä�ß"à9ß å ä'â�ßÉ� $ è�á�à (-#%å $ # ã�á å � #%å ç $ #�æ ß�â�ß�ã�é $ è�ä�ß &�æ ã�â�ßgé�á æ à�ßkç"ä æ $ å6ï ß�ãà9ß"ã &�æ ç/ãß æ $ # äKß å é $ ø ß &�æ â�ßK� $ è�á(à (�#%å $ # ãá å â�ß/â6ß & ý ä�ß æ à�ß�ã $ þ $ å ä7â�ß�ãKè�á å ä æ�#](�& ä # á å ã[è�á å ã�ç"ì & ß å ä�ß"ãß"ä1â�ß�ã #�ï�å ß�ãCá ê6ê á�ãç�ã+ò�Z ï�&�æ ßu!6ð ��� õöð

����ÔQ���W�Ù� <nb�X�M�NO@�RTG�ÕÛR%ØYæ{× �
Þ $ è"á��0� $ ( á æ $ ä # á å 3NCE�F
 & ä # � # ã�ß�ûgô $ #%å��6&�å è $ �%á æ�# àa¦"ä æ ß�çf�%ß�è�ä æ á�à $ ï�å ç"ä # ì & ß*î_è�á å ä�ß å $ å ä 1022è æ�# ãä $ & ý â�ßOç & á æ�&6æ ß�â�ß ê �%á(à ( ä æ ¦"ã æ $ ê-# â�ß"ã ê á &�æ â�ç"ä�ß�è"ä�ß æ ��ß�ã)çp��ß�è"ä æ á å ãAâ #�÷'& ãç�ã"î-û*��ë $ # â�ß$â#ë &�å ßçp�%ß"è"ä æ á å�# ì & ß�ãá ê���# ãä # ì & ç�ß*ð�4��]�%ß $ à9ß"ã &�æ ç*��ë $ ã}þ;à9ç�ä æ�# ß�â�ß ø1# á�� $ ä # á å â�ß ê $ æ�# ä�ç $ & ý $ å6ï �%ß"ã $ ø $ å äß å ä æ ß 30 ² ß�ä 40 ² â $ å ã^� $ â #�÷'& ã # á å çp� $ ãä # ì & ßQã &6æ ��ë � þ�â æ á ï ¦ å ß ê á &�æ â6ß & ý ø $ �%ß &6æ ãDâ6ß Q2 = 0.23

ß"ä
0.108 (GeV/c)2 ðcÞ[ë $ ã}þ�à�ç"ä æ�# ß�à9ß"ã &�æ ç�ß ø $ & ä ê á &�æ �%ß"ã=â�ß & ý à�á�à�ß å ä�ãMä æ $ å ãé�ç æ ç�ã)ÿ

Q2 = 0.230 (GeV/c)2 APV = (−5.44± 0.54(stat) ± 0.26(sys)) ppm [
�I7

]
ò�G�ðÅG � 7:õ

Q2 = 0.108 (GeV/c)2 APV = (−1.36± 0.29(stat) ± 0.13(sys)) ppm [
� � ] ò�G�ðÅG ��� õ

�I!
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4 ý ê ç æ�# ß å è"ß ù #]( �%ß ù #%å ç"à�ð Q2 (GeV/c)2 ó�ß å ã #0( � # ä�ç ã}ä $ ä & ä
ó $ à ê �%ß 8

2

$ ææ�# ¦ æ ß � ð �»� G
s

M
+ 0.46

′′

G
(T=1)
A

′′ � � 7"�
ñ

2

$ ææ�# ¦ æ ß � ð �»� G
s

M
+ 2.31

′′

G
(T=1)
A

′′ � ���»� �
ñ

2

$ ææ�# ¦ æ ß � ð � / 7 G
s

M
+ 2.81

′′

G
(T=1)
A

′′ � ���»� �
8K�M3�3�4}ã 8

2

$ ø $ å ä � ð:
 � G
s

E
+ 0.39 G

s

M

�:! � �
8

2

$ ø $ å ä � ð �I� G
s

E
+ 0.08 G

s

M

� ��� G��
4 8/ß $ ø $ å ä � ð �I� G

s

E

� ���I� �
9 0 8

2

$ ø $ å ä � ð �"ú±� G
s

E
+ (0.1− 0.9) G

s

M

� ��� / �
8

2

$ ææ�# ¦ æ ß � ð?G / î � ð�
 � î � ð?7 G
s

M
+ (0.2− 0.3)

′′

G
(T=1)
A

′′ G �����!ú G ��� 7
ñ

2

$ ææ�# ¦ æ ß � ð?G / î � ð�
 � î � ð?7 G
s

M
+ (0.9− 1.5)

′′

G
(T=1)
A

′′ G �����!ú G ��� 7
3DCE�F
 8

2

$ ø $ å ä � ðÅG / G
s

E
+ 0.23 G

s
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Ia�^��T,����%X�7+F��6C67+F�`% "$������T����7��6CI9".��6CT,�KDK�,���7+$%X�7+F����%C%��X"$��67
+$�7%X��6z�7H�67[3Ha�p".H��JV9".T,T,6>Ia���	��
_�������������$P�áQ���
��T,����%���+F����[3H��E67
�����,"$T,�2/F+$HGRF�������ET?��V���T��,���&%X�.P¤}y��T�T,�d£(�����WV�"$��/F� %X+FH�%X��6>T,��6

20 ms
P��5��6j
�"$�X"$DKv�%�����6>IGH
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ã*ä µ#±_-¾5¬5²�§c¨«å�¸æ²�º�±_´�¬5¯²�®#°¤²eª~ç~èké¼êÝëeµ#¯®�ì

lw"$�,67���B".HM�w�,�`%�����67��%X�.�$�������7/F�,�.�F
+$6���%��,+F�c��P&Pà4¤6�+$�3%uDK��67H�����6���%��7��/FT���6�:*IG��RF����6���DE
�T,"$����DE���`%X6�67H���T-"xT��,/F�G�
I�HNlw"$��6�����"$HaP��¤��6y��T,����%X�7+F��6~
+FT,"$����6���6~���3%�����"$/F�,676X"$�`%y"BRF���xT-"]���,8GT,�QIa�^V`'SI��7+F/Fv��G�*T,��[SHG�,I��z6�+$�3%yI���%����	%X��6
I9"$��6)H��f��"$T,+$���,DKv�%����]��T����	%X��+$DN"$/$����%��,[3H��kIG�2��89í

2

Pa�5"N���,8�T��k��67%]��+$�3%���îFT����j
9"$�*T���6*V3H��&%*DK+F����%���H��76
I��UT,HGDE����+F6��&%X�.P5��"r��+F���9".�,6�6�"$�����UI��UT,"<
_+FT-"$�7�,6�".%X��+F�¼I�H�lw"$�,67����"$H���6g% ��������676X"$�����U
_+FH��CIG��%X����DK�,�����
T?�^"$67'SDK��%X�7�,�)
�V`'S6���[3H��$P_�#+$H��z����T,"G��
�T�H�6�����H��76z
+FT,"$����DEv	%X�7��6y67+F�`%QI��,67
+F�G�,8�T���6�P

�N��ï ðU�]��ñ5�y�z�>� �i�(���	�z�~�¤�#�k�Zñò�\�ôó õöó ÷

áQ���UR."$������%X�EI��\
��7+F/F�X".DEDK��6j�	��
������DE���3%X"$H���I��\�����WV����7�WV��<���L
�V`'�67�,[3H��Z�3H���T��B"$�����N"$H�
��7v�6 I��
T?�^"$������T,���X".%���H��)IG�K;<�);<0��	���,/$���`%>H��flw"$�,67���B".H�Ic�^��T,���	%X�7+F��6)�,�`%�����67�K�	%)lm+F�7%���DK���`%]
_+FT-"$�7�,67�k
_+FH��)H��
%X��DK
�6�I��|DE��6�H��7�y[3H��3
��HG%#I�H������#
GT,H�67�,��HG��6�V���H��7��6�P$áQ���~67+FH��7���~{9"$8�T,�u[3H��`lm+F���	%X��+F�����|Ia��H����|DN"$�G�,v��7�
67%W".8�T,�*��67%z
��7�,DK+F��IG�-"$T���
+FHG��T,��6�H�����v�6zIa��H����*%���T�T,�x�7���WV������WV��.P��#+FHG��T,��6y�	��
��������������6�I��*RS�,+$T-".%��,+F�KI��

9"$���&%X�.�9T,��6Q�B".�X"$�	%X���7�,6g%X�,[3H���6�IGH<lw"$��6�����"$HJ�m
+$6���%��,+F�c�G�,�`%�����67��%X�.����������/F���$� · · · 4�I�+F�&RF���3%�ß�%����j6��,DK�,T,"$�,�7��6I9"$��6|T,��6~I���H��K��%X".%X6|I��Q
+$T-"$�7�,6X"h%X�,+$�aP.ø�+FHG%���IG��¢�����������Q���`%����xT���6uI���H��E��%W"h%X6uIa��V���T��,���&%X��I���6y��T,���	%X�7+F��6
�,�����,I����3%�6\����/$����I��7����"bI���6\lw"$H�6�67��6M"$6g'�DK��%�������6�P�;@"h���,DK�,67���NT,"�
+$T-"$�7�,6X"h%X�,+$�ÛI�HÝlw"$��6����B"$HÂ�,�G���,IG���`%
��67%EH��bI���6 I��	{96KDN"��7��H���6 I���6 �	��
��������������6KI��\R���+FT-"h%X�,+$��I��ZT-"f
9"$�7��%��$P��Q+FH�6K"BRF+F��6 DK+F�`%X�7�MI�"$��6
T-"J6�����%X��+F�ù�?Y�P ¥ PpYF4N[3H��¼T,�rlw"$�&%\Ia�^"$H�/FDK���`%����ZT-"�
_+FT-".���,6�".%X��+F�úIG��6M��T,����%���+F��6Z
_���7DE�	%ZI��¼I��,DK�,�3H����
T?�������7��H���67%X".%X��67%��,[3H��u����T-".%���RF�u67H��#T!�p".67'SDE�	%X�7�,��
�V`'S6���[SHG�$P.Þ*"$��6����	%�%X�~6�����%X��+F�a�=��+$H�6#IG�����7��R$+F��6�T,"�6�+FH��7���
Ia�^��T,����%X�7+F��6C
_+FT,"$����6���6>[3H���"<��%X�EI���R$��T�+F
�
_���\
9"$�jT-"M��+FT�T-"$8_+F�X"h%X�,+$�¼û�Y<I��Z;M�);<0>"$H���+FH��76kI��U����6
I����7���,v�����6�"$���G����6jüæs�YFY�ý!P

þQÿ���ÿ�� �����
	���������������������
�	����! �	����"$#��%���
�5"E67+FH��7���CIa����T����	%X��+$��6x
_+FT-".���,67��6z��6g%*89".6����k6�H���T,�>
�����������
�>I��kT!�^��DE��6�67�,+F�Z
�V�+.%X+S��T,����%����,[3H��.PcáQ���


�V�+$%�+���".%XV�+SI�� �	��
_+F6����N:\H��G�KT�H�DK�,v��7�C+FH¼H����X"B'F+$������DK���`%>��T����	%X��+$DN"$/$����%��,[3H��2I��2lm����[3H��������E67HGl-£
{96X"$DKDK���`% ��T���RF���Z
����DK��%2Ia����DK��%7%X�7�MIG��62��T����	%X��+$��6 
9"$�C�	¢c�	% 
�V�+$%�+���T,���	%X�7�,[3H��$P���"r
GV�+$%X+S�B"h%XV�+SI��
67%W".��I9"$�7IU��6g%�H��U������67%W".T_67��DK�&£ ��+F��IGH���%���H��~Ia�p".��6������,HG���xIG��/`".T,T,��H�D

(GaAs)
P����^������"$I��-"h%X�,+$�2I�HU���7�,6g%W"$T


9"$��H��2��"='$+F������DE���`%~Ic�^�������7/F�,��".I9"$
G%�����
_����DK��%�Ia�^�d������%�����I���6���T�����%���+F�G6����`%X�7��I���6��	%W".%�6�I���%�����DK�,�G��6
I��]T-"289"$��IG�>IG�]R."$T��������)RF���76�T,"C89"$��IG�>IG�>��+F��I�HG��%X��+F�aP

gap
E      = 1.43 eV

∆
E=0.33 eV

+1/2

−3/2 −1/2 +3/2+1/2

+1/2−1/2

−1/2

P

P3/2

1/2

E

J z

S1/2

J
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������%W"h%]I�� 6�
�����IG��6]��T�����%���+F�G6>67����"M��DE
_+F6��k
9"$�)T-"U
_+FT,"$����6X".%��,+F�<I�He��"B'F+F���G��DK���`%>�,�����,I����3%�P¤�¤��6
��T,����%���+F��6jRF+F�`% DK�,/F�7�����7H�6�[3Ha�^:rT-"@67H��7lw".���UI�HJ������67%W".T~
�HG�,6Cß	%X���N��DK�,6kI�"$��6CT��ERS�,I��.P�}x����6g% /F�32$���U:
6X"Z67%X�7H���%�H���� ���e89".��I���6E�¯{9/FH��7� qGPàY$4x[SHG�KT!�^��654]"U��6g%jHG�e8_+F�¼���7�,67%X"$T�
_+FH��)
G��+SI�H��,�7�2I���6]��T,���	%X�7+F��6

+FT,"$����6���6M
�"$�Z
+FDK
9"$/$��+$
G%X��[SHG�$P�0(T]�	���,6g%X��H�� 
_+F���3%MI���T-"LA�+$���eIG�iûy�7�,T�T,+FH���� �w
_+F���3%

Γ
4\+F¡ÜT-"

I���¢���7�������2Ia�^�������7/F�,�j���`%X�7�2T-"K89"$��I��kI��C��+$��I�H��	%X�,+$�r��%)T,"E89".��I��CI��jR$".T,���G���C��67%)DK�,����DN".T,�)��%�R."$HG%
Egap = 1.43 eV

P9�xH<
+$�,�`%
Γ
�9T,�]DE+$DE���3%z+$��8��&%W"$TaIG��6x��T,����%X�7+F��6�R."$HG%

L = 0
�w��%X".%

S
4>�m����6�
aP

L = 1�w��%X".%
P
4�4dPcÞxHrlw".��%B��I�Hf��+FH�
�T,"$/F�j6�
�����£(+F�78���%��$�_T?����%X".%

P
I��2T,"E89"$�GI��CI��kR."$T��������C��6g%)�9".%�H�����T,T���DK���`%

I���RS�,67�)���ZI���H��M6�+FHG6g£(�G��RF��"$H��
P1/2

�	%
P3/2

6���
9"$����6z
9"$��H����)IG��¢�����������]Ia�����G����/$�,�
∆ESO = 0.34 eV

P
�5��6����&RF�B".H��

S1/2

��%
P1/2

6�+F�`%yI���H��Elm+F��6~I���/F���G������6���I���H��N��%X".%X6~DN"./F����%��,[3H���6
Jz = mj = ±1

2

��"$T,+F�76
[SHG�jT��)����R$�B"$H

P3/2


+$6�6�v�I��>[SH�".%X�7�>�	%W".%�6zDN"$/$����%��,[3H���6��
Jz = mj = ±3

2
,±1

2

P
6 �¼RF+F�&%jIG+F���K[SHG�E67�|T��2���7�,67%X"$T���6g%k����T,"$�,�7�K
�"$�]I���6>
�V�+$%�+F��6>
+$T-"$�7�,6���6)��������HGT-"$������DK���`%)�	%kIG+F���

Ia�^VG��T,�����&%X�uI�+F���G���
∆mj = ±1

��6���HGT,��6#T,��65%��X"$�G6���%��,+F�G6����`%X���~T,��6��	%W".%�6�"BR$����H��jDE+$DE���3%#"$�G/FH�T-".�,����8��,���
I���{9�G�S67���7+F�`%�����I�H��&%X��6�P���"$�5�d�G��DE
GT,�$�=
_+FH��5H��>
�V�+.%X+F�>I���+$��%

∆mj = +1
�����jR$���g%XHkIG�~T,"���+F��67���gR$"h%X�,+$�

I�H<DK+FDK���`%z+F�78���%X"$T%�+$%W"$T/7	��6���H�T,��6�T���6�%X��"$��67��%X��+F��6�67H���R."$�`%���6k�m%W".8�T,�)q�P�s�4y67+F�`%Q
����DK�,6���6�P
ø��X".��6��&%X�,+$� û�".��I��]I��)R."$T,������� û�"$��I��]I��]��+F��I�H��	%X��+F�

∆mj

T1 |3
2
,−3

2
> |1

2
,−1

2
> −1

2
− (−3

2
) = 1

T2 |3
2
,−1

2
> |1

2
, +1

2
> +1

2
− (−1

2
) = 1

T3 |1
2
,−1

2
> |1

2
, +1

2
> +1

2
− (−1

2
) = 1
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∆mj = +1

Ö

�¤��6>�X".
�
+$�7%X6]I���6C"$DK
�T���%XHGI���6)�7��T-"h%X��R$��6]I���6>%���+F��6]%��X"$�G6���%��,+F�G6��aI�+$��������6k
9".�jT���6]��+S���K�������`%X6jI��
}yT,��8G6��WV�£�4]+F�7I9"$�a�967+F�`%> 

P (T1)

P (T2)
= 3,

P (T3)

P (T2)
= 2.

�!qGP��34

A �)T?����������/F���fI���6Z
�VG+$%X+F�G6
Eγ

".HG%X+F�7�,67�fT,��6U%���+F��6U%X��"$��6��&%X��+F��6\"$T�+F��6\T,"�
+$T-"$�7�,6X"h%X�,+$�úI���6<��T,���	%X�7+F��6

+FDK
_��6�RF����6QT-"C89"$�GI��]I��]��+F��IGH���%��,+F�M��6g%��3H�T�T,�

Pe =
3− 2− 1

3 + 2 + 1
= 0.

�!qGP ¥ 4
0(Ty"$
G
9"$�X".��%jI�+F���E��������6�6�"$�,�7�UIa�^"��7H�6g%X���kT?����������/F���

Eγ

I��UT,"MT�H�DK�,v��7� �,�����,I����3%��N����£(I���6�67+FH�62I�H�67��H���T
Ia�^�d������%X".%X��+F�MI��kT," ��+FH��WV��

P1/2

�
Egap < Eγ < Egap + ∆ESO

4d�_
_+FH��Q�,�`%�����IG�,��T-"2%X��"$��67��%X��+F�
T3

P��5"

+FT,"$����6X".%��,+F�NI���RS�,���`%x".T,+F�76) 

Pe =
3− 1

3 + 1
= 50%.

�!qGP â 4
� ���E67%X"$I��$��T,��6k��T,���	%X�7+F��6>
��H�
�T-".�3%kT-"Z89"$��IG�NI��E��+F��IGH���%��,+F��IG+F��R$���`%kIG��¢H�6����kI9"$�G6kT,� RS�,I��K
_+FH��
ß�%X�7�K"$������T,������6�P¤� T-"U67H��7lw".��� I�H¼���7�,67%X"$T?�_T,��6)��T�����%���+F�G6>67�2V���HG�7%X���`%C:UH��G�K8�"$���7�,v��7�CI�� 
_+$%X���3%��,��T�I��
0.4eV

Pu�#"$�E��+F��67��[3H����G���$�~H����M
�V�+$%�+���DE��6�67�,+F�J�	�E��"$���<��������676���%��<T,"fI��,DK�,�3HG%��,+F�JI��Z����%�%��<�������7/F�,�
B
J CEDGFIHJFIDLKNM�HJO�PRQSM�TJUVMWHXMYTXU ~J = ~L + ~s Z ~L F[H\FIDLKNM]TXKR^\_RU`TJQSO�DJZ ~s aWbRQ`KdceDGU,f gLU`D�h�MWO�HJKEi
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+FHG�C[3H��\T,��6C��T�����%���+F�G626��UT��,8_v������`%2I�HJ���7�,6g%W"$T!P��5"r6�HG�7lw"$���UI�HL���7�,67%X"$T|��67%K".T,+F�76k������+FH�RF���g%X�ZIa��H����
��+FH��WVG��I��kj9HG+F��H��7�zI��z����67�,H�D

Cs−F
�w+FH

Cs−O
4#[3H��9��v�I��zH����z
9"$�g%X�,��IG�Q67��6u��T����	%X��+$��6|"$H ������67%X"$T?P

}y�����y
����DK��%CIG�UI��,DK�,�3H����j���U
_+$%X���3%��,��T5�7H�67[SHc�p:rT,"<���7�B".%��,+F�iIa�^HG���Z".�K����%��N��T,���	%X�7+F���,[3H��E����/F".%X�&RF�
�!�xt��*4>���`%����NT��2R���I��K��%CT,"\89"$��I��EI��N��+F��I�HG��%X��+F��:ZT-"Z6�HG�7lw"$���NI�He������67%X"$T?P¤���,��67�?�¤T,��6j��T,����%X�7+F��6>6��
%X��+$HGRF���3%yT,��8�����6~:]T-")67H��7lw"$����IGHN���7�,6g%W"$T!PF0(T,6u6�+$�3%~����/F��+$H�
��6~�	%~"$������T,������6y6�+$H�6~T,"*lm+F��DK��Ia��H��Elw"$��6����B"$H
���<"$
�
�T��,[3H9"$�`%zH����)%�����67�,+F�M��T�����%�����[SHG�)6�H��zT-"2��".%XV�+SI��.P
0(T¤��67%�
+F676���8�T,�]Ia�^".%�%�������I����]H��G�j
_+FT-".���,6�".%X��+F�UI���6���T,����%X�7+F��6Q
�T,HG6Q��T,�	RF���j���<T,��R."$�`%QT-"2I���/F���G������6g£

�����G���ZI��\T-"<��+FH��WVG�
P3/2

P��5"r67+FT,HG%��,+F�c���7��%����3H��M:¼;<�);M0W����6g% H��J���7�,67%X"$TyIc�p"$�76������,H��7�UI��\/`".T,T,��H�D
��+F�`%X��"$�,�`%)IG+F
� ".H¼�uVG+F6�
�VG+F���

(AsGaP )
Pa���^�������7/F�,�kI���6)���&RF��"$H��

mj = ±1
2

��6g%k".T,+F�76x�,��lm��������H��7�C:
T?����������/F���*I���6��G��RF��"$H��

mj = ±3
2

P����^���B"$�g%z���\�������7/F�,�*��67%zI��)T!�^+$��I��7�xI��
0.1 eV

PGt��M�7��/FT,"$�`%�67+F�,/F�G��H�£
6���DK���`%)T,"KT�+F��/FHG��H��QIa��+F��I��jI�Hr�X"B'$+F������DE���3%*I��j%���T,T��)lw"ml�+F�@:E
_+FDK
����T���6Q��%W"h%X6

mj = ±3
2

RF����6*T��

�����DE�������	%W".%

S1/2

I��)T,"k89"$�GI��*I��)��+F��I�H��	%X��+F�a�GT,"k
_+FT-"$�7�,6�".%X��+F�EIG��6���T����	%X��+$��6�
+$H�����"$��%y".%�%�������I����xT-"
T,�,DK��%���%XV���+F����[SHG��I��

100%
P$ø�+FHG%���lm+F��6��hT-"x
G����67�������zI���I��	lw"$HG%X6�������67%X"$T,T��,��6���%�IG��
���7%���I���
_+FT-".���,6�".%X��+F�

I���6u��T����	%X��+$��6�T,+F�76�I��zT,��H���DK�,/F��".%X��+F�jR$���76|T,"*6�H��glw"$����DK��%7%X���3%uT���6�DK����T,T,��H�����6�
_���glm+F��DE"$������6u"$�	%XH���T,T,��6
:

80%
Pcá��r67�WV���DE"UI��C
��7�,�����,
_�jIG�kT-"E6�+FH��7���CIc�^��T,���	%X�7+F��6*
_+FT-".���,67��6QI��2;M�);<0z��6g%)
��7��6����`%X� 6�H���T-"

{9/FH��7�N�wqGP^q`4	P

Cathode

l‘injecteur

100 kV êlectrode

Vers

n>o.pkq�r�s`rutwvyx5z@{J|~}��
�I���X�.��xJ�`�@�u�
����}��e���%�3x5���/��{J���5xJ���5�����[�@����}m�J���e{5���
�d�������N�

�����I�Y� ���¡ �¢� ¤£¦¥%§©¨Iª�¢�«>¥%£L¨[ª�¬

[®V¯~¯~°²±$®V³$´kµW¶`·¹¸m®V±$´I¸
³wº�»½¼N¾\¼N¿$°\¯*¯~°N±ÁÀNÂ@µ�°�À½°N¯~º$´k±$¼N¾\°N´�´3·mÃ,»½°�º¤®m³$»k®VÄ�À½°N±$Ã,»I³$±$°dº$»�¼N¾\Ã�´½Ã,®V±�´�À3·�Å
À3Ã�´LÀ3Ã,Æ
³�°u¿$®m±$±$¼N°�´½³�»�µW¶`·m´LÇ
¯*¼JÀ3»½Ã,°�°JÈ%º¤¼\»½Ã,¯*°\±EÀ3·mµ�°�¿$¼\º¤°\±$¿É¿�°�µ�¶ÊÃ�±ÁÀ½°N±$´�Ã,À3¼d¿�³wË�·mÃ,´½¾N°N·m³É°JÀ�¿$³É¿$°\ÌV»½¼u¿$°

Í r



§c¨,+_¨ ¿ µ#.-h°¤²9µ¤¹b·y¸æ´�¶S²_°a¾5¬½�®/-K·#²�ëeè2ë10


+FT,"$����6X".%��,+F�NI���6z��T����	%X��+$��6z�,�����,I����3%�6] 

T ∝ 1

IPe
2

�wqGP`ÎF4

�u��HG%��,T,��6X".%��,+F�NI�HZ������67%X"$TaIa�^"$��67������H����]I��]/`".T,T,��H�D ��+F�`%��X"$���3%z
_���7DE�	%zI��>����IGH��,�7�)T,�*%X��DE
G6QIG�>DK��67H����.P
4>"$/$�����U���Ý
+$T-"$�7�,6X"h%X�,+$�Û��67%ZI�+F�G�r
�T,HG6U���K�B".���f[3H��fI��r/F"$/F�����U���Â�,�`%�����67��%X�<I��f��+$H��X"$�`%�P�}y��%7%X�
�,�`%X����6��&%X�>I���
_����I@I��jT!�^�	�K�B"$����%X�][3H9"$�`%��,[3H��

Qe

I��>T-"2
�V�+.%X+S�B".%�V�+�IG�U�m�$����67%x:EIG�,���]I��>T-"Clm��"$��%��,+F�MI��

�V�+$%�+F��6][3H����Õ�7����%����`%>��¢����%���R$��DK���`%>H��¼��T,����%���+F��4d�cI�� T,"N
�H���6�6X".����� +F
G%��,[3H��

P
��%]I��2T!�^�������7/F�,�kI���6


�V�+$%�+F��6j�mlm�7��[3H����G���
ν
4�[3H��aR$+F�`%Q�	�����&%X���QT���6z��T����	%X��+$��6�RF���76�T,"C89"$��IG�>IG�>��+F��I�HG��%X��+F�� 

I = Qe
P

hν

�wqGPSÏ`4
}y��
_����I9".�3%��¤T,��6*
���7lm+F�7DN".������6*���f%X����DK�CI��C
_+FT,"$����6X".%��,+F�MI���6)��T,����%X�7+F��6*IG��
_����I����`%jIc�^H��G�2DN"$�G�,v��7�
%X��v�6y������%��,[3H��QI��xT!�^�	�K�B"$����%X�QI�HE
+FDK
9"$/$��+F
�%X�,[3H��.P3�xH�/FDK���`%����yT,">
_+FT,"$����6X".%��,+F�2I�HElw"$�,67���B".HN�,�G���,IG���`%
��������6�67��%��KIG�26�+F��IG���)T-"E
+F
GH�T-".%��,+F�<I���6)67+FH�6Õ£(��%X".%X6)DE"$/F�G��%X��[3H���6

mj = ±3/2
��%]IG+F���CH��G�2��������/F���

�,�Glm�����,��H����]:
Eγ < Egap + ∆ESO

PGÞ*"$��6z���	%�%��>/F"$DEDK�xIc�^�������7/F�,�)T!�^�	�E��"$���&%X�)[3H9"$�`%��,[3H��]��6g%zT,�,DK��%����> 
��T,T��C"$HG/FDE���`%X�k67����67�,8�T���DK���`%)"BR$���2T?�����G����/$�,�kIG��6*
�VG+$%X+F�G6*�,�����,I����`%X6�P_0(T#lw".HG%*I�+$���k%X�7+FHGR$���*H��@��+FD2£

���+FDK�,6j���`%X�7�\lm+F�7%��U
+$T-"$�7�,6X"h%X�,+$�e�	% ��+FH���"$�`%2�,DK
_+F�7%X"$�`%BP#�5��62��+F�`%��X"$���3%���62[3H��yR$+F�`% I���%����7DE�������CT��
�WV�+F�&�NI��)T,">%X���WV�����[SHG�>H�%X�,T��,67���Q
+FHG��
���+SI�H�������T,��6~��T�����%���+F�G6�
+FT,"$����6���6~67����+$�3%zIG+F���*T,"kDN"��G��DE��6X".%��,+F�
I��]T-"C{9/FH��7�]I��]DE������%��*I��]T-"267+FH������

(IP 2
e )
P

þQÿ���ÿ!þ ÐI	���$�¤�����²ÑÒ#��������%�

Ó ; Ó ;<0W�3TÕÔ*6�ÖFH$×½Ø\ÙzT,H�D~Ú�Û$Ù�H�6½Ù�Ü¯{@ÝFH$×�ÙzqGPÊÞ34�H�ß3Ú�T�Ú�6½àNÙ[á¤ÖFH�×�T�Ùká�ÖFD*á$ÔmÝVÙIÖVá%ß3Ú,[3H$Ù�I�Ù�6�à�T�Ù\Ø\ß½×½ÖVÛ�6"Ù�6�ß
H$ÛZ6�âS6�ß�v�D~Ù>; 6dã Ó üæs�YFY�ý"Ü?;ÉÔ.6�ß3Ù\×g£ 6 6�ØNÚ�T,TÕÔ�ß3ÖV×Õ£ ã Öeä>ÙN×Õ£ Ó D~á�T,Ú�{@Ù\×5åGæ�â
ØWV$×�ÖVÛ$Ú�æ�àdæ�H$×�T�Ô�×3Ô.I$Ú�Ö>lç×½à�[3H$Ù\Û$ØNÙ
I$ÙNæ�Ø¹ÔBR
Ú,ß½àNæ�ÔmØNØ\à�T,àN×3Ô�ß3×½Ú,ØNÙ\æQI�Ùk; Ó ;wèWP

(Changement de signe)

Cellule de Pockels
(Changement de signe)

+/-

Photocathode

Telescope

(Compensateur)

Télescope

Laser

déflection

Miroir de 

glan

Cristal GaAsLumière polaris"e 

  circulairement
Lumière polaris"e 

lin"airement

¿ ¯³�¨ q�PSÞMÀêéaÒhÎSÃXÆWÈUÓ ÎSÙ2Ä¯ÅcÈ	Î`Ì=ÈZÉSÈ*ë�(�ë�ì�Ö�×aËfÓ Î�Ù2Ä�í	ÃXÈ\Ó&ËhÌ=È	Ã]Ç_ÃXÒ�É$Î�Ä¯Ô(ÈjÇGË$ÃNÓ,ÈEÌJî=Ì	Ô�í	ÙNÈ~ëðï~Á¤( ÈWÌ	Ô
Ô!Ã7Ë$ÅGÌ(Ç9ÒhÃdÔÕÐWÈ]Ì	ÎSÃ]Ó,ÈQÇ_Ó&Ë$ÅfÉSÈ>Ó&Ë²ñ#Ø$ÎSÃXÈ�Ö/ò~Ó¯Ó,È2ÈWÌ	Ô�ÉSÐ	Ñ=Ä?ÐWÈ]Ñ$È	ÃXÌ>Ó,Èd?GË$ÎSÔ�Ç9È	Ã Ç9È	Å_É$Ä?Æ	Î�Ó&Ë$Ä¯ÃXÈ	ÙNÈ	Å9Ô>=NÓ&Ë�ñ#Ø$ÎSÃWÈ
ÇGË$Ã>ÎSÅfÙ2Ä¯ÃXÒhÄ¯Ã)Ñ$È	ÃdÔ!Ä?Æ�Ë$Ó`ó|ÔwÃ7Ë$Ñ$È	ÃWÌ=È)Ó&ËMÆWÈ	Ó¯Ó Î�Ó,ÈjÉSÈxÁQÒ=Æ5ô`È	ÓpÌyÇ_Î�Ä,Ì2ÈWÌ	ÔöõBÒ=Æ�Ë$Ó Ä,Ì=ÐWÈxÌ	ÎSÃ]Ó&Ë>Ç@?9ÒhÔÕÒ=Æ�Ë$Ô.?9Ò�ÉSÈ�Ö

â Þ



ã*ä µ#±_-¾5¬5²�§c¨«å�¸æ²�º�±_´�¬5¯²�®#°¤²eª~ç~èké¼êÝëeµ#¯®�ì

÷�ÙxT�Ômæ½Ù\×>Ù\æ�ß[ØNÖVÛ$æLß3Ú�ß3ø$à�ùyúSø�Û$Ù²ù$Ú,Ö%ù$ÙQøkÚ�æ3Ômá�V�Ú�×�P
÷]Ôuù�Ú�Ö
ù$Ù�Ù\æ�ßkØ\ÖVÛÁß3×7îFT�à\Ù�á@Ôû×yT�Ù�æ½Ú,ÝVÛ@Ô$Töù$Ù�T�úÊÖVæ½Ø\Ú,T�TÕÔh£
ß3ÙNø�×IüýÔ�þ�ß3×�Ùz[
ø�Ú�ÙNæLßÿÔmØ\ØNÖV×�ù$à²æ½ø�×[ø$Û$Ù�lç×½à�[Eø$Ù\Û$ØNÙdù�Ù

2.45 GHz
P$÷]Ôuù�Ú�Ö
ù$Ù�á$×�Ö%ù�ø$Ú,ß>ø$ÛNl�ÔmÚ,æ½Ø\Ù¹Ômø�á�ø�T�æ�à

ù$Ù]T�ÖVÛ$Ýmø$ÙNø$×kÙ\Û'ß½ÙNü~á$æÿù$Ù
45 ps

Ù\ß�ù$Ù�á$ø$Ú,æ½æ½ÔmÛ$ØNÙ
2.8 mW

P

÷]ÔkT,ø$ü*Ú�vN×�Ù�Ù\æ�ßkÙ\Û$æ½ø�Ú,ß3Ù�ù$Ú�×�Ú�ÝVà\ÙQRmÙN×½ækø�Û�Ú�æ�ÖFTÕÔûß½ÙNø$×�ÖVá�ß½Ú,[Eø$Ù²á�ø$Ú�æ|lçÖ%ØNÔ$T�Ú,æ½àNÙ�æ½ø�×Iø$Û$Ù²ù�Ú�Ö
ù$Ù�Ôûü*á�T,Ú�{G£
Ø¹Ôûß½×½Ú�Ø\Ù$Pö÷�Ù)l�ÔmÚ�æ�ØNÙNÔmø<T�Ômæ½Ù\×Iß3×½Ô=RmÙN×�æ½ÙuÔ$T�ÖV×�ækø$Û��@ÔmÛ$Ø�ÖVá�ß½Ú,[Eø$Ù.�@ØNÖVü~á¤Ömæ½à�ùyúÊø$Ûwá�×½Ú�æ�ü*Ù���4)TÕÔmÛ���@ùyúÊø$Û$Ù
TÕÔmü~Ùuù�ÙNü~Ú&£¦ÖmÛ$ù$Ù�Ù\ß²ù�úSø$Û�Ù�ØNÙ�T,T,ø�T�Ù�ù$Ù ã Ö%ØWOûÙ�T,æ��a[Eø$Ú/á¤Ù\×½ü~Ù\ß�ù$Ù�×�àNÝFT,ÙN×QTÕÔ*á�ø$Ú�æ�æ3ÔmÛ$Ø\Ù�Ú�Û�ØNÚ�ù�ÙNÛÁß3Ùuæ½ø$×�TÕÔ
á�V$Ömß½Ö.£¦ØNÔûßXV$Ö
ù$Ù²ÙJßkùyúÊÖ���ß½ÙNÛ$Ú,×[ù$Ù\æká�V$Ömß½ÖVÛ$æká�ÖFTÕÔm×�Ú�æ�àNæ�ØNÚ�×�ØNø�T�ÔmÚ�×�ÙNü~ÙNÛÁßBPSt"ÛG{@Ûc��T�ÙQl�ÔmÚ�æ�ØNÙ¹Ôûø�ÙNæ�ßÿù�Ú�×½Ú,ÝVà�Ù\ß
lçÖ%ØNÔ$T�Ú,æ½à æ½ø$×>TÕÔ�Ø¹Ô�ßXV$Ö
ù$Ù~á@Ôm×�ø$Û ß½à�T,ÙNæ½Ø\ÖVá�Ù$P:÷/Ô�á�V$Öûß3Ö
Ø¹Ôûß�V$Ö%ù�Ù*á$×�Ö%ù�ø$Ú,ß�Ô$T,ÖV×½æ�ø$Û ØNÖVø�×3ÔmÛÁß�ù�Ù

20µAá¤ÖFT�Ôm×½Ú,æ½à��
80%

P

þQÿ���ÿ
	 �<������y$�
�]ÑÒ���>�ê��� �L�Ò u	������#��%�G�%#�	��

}[ÖVü~ü~Ù'Û�ÖVø$æKT�úSÔ=RmÖVÛ$æ R
ø á$×½à\ØNà\ù$ÙNü~ü*Ù\ÛÁßB��Ô.{@Û<ù$ÙÉæ\ú`Ô.¢¤×3ÔûÛ$ØWV$Ú�× ù$Ù\æýÙ\×½×½Ù\ø$×½æ*æ�â
æ�ß½àNü*Ôûß3Ú�[Eø$ÙNæ��>Ú�T
ÙNæ�ßIÚ�ü~á¤à\×3Ôûß½Ú�l_[Eø$Ù*T�Ù\æ[á@Ôû×3ÔmüKv\ß½×½ÙNæ�ù$øNl�ÔûÚ�æ½Ø\Ù¹Ômø Ü�Ú,ÛEß½ÙNÛ$æ�Ú,ß½à$�
àNÛ$Ù\×½ÝVÚ,Ù$�Eá¤Ömæ½Ú,ß½Ú�ÖVÛc�EÔ$T�Ú,ÝVÛ$ÙNü~ÙNÛÁß>ÔmÛ$Ýmø�TÕÔmÚ,×½Ù¹å
æ½ÖVÚ,ÙNÛÁßkÚ�ù�ÙNÛÁß3Ú�[
ø�ÙNæIÙ\ÛEß½×½Ù*T,ÙNæIù�ÙNø��ýà\ß3Ôûß3æIù�ú^V$à�T�Ú,ØNÚ,ß½à$P�á�Û�×�ÙNÛ`RVÙ\×½æ�ÙNü~ÙNÛÁß�×3Ômá$Ú,ù$Ù�ÙJß�lç×½à�[Eø$ÙNÛÁßÿù$Ù*T�Ôuá�ÖFTÕÔ�£
×½Ú�æ½Ôûß3Ú,ÖVÛ�ù$øZl�ÔmÚ�æ�ØNÙNÔmø�ÙNæ�ß�Ú,Û$ù$Ú�æ�á¤Ù\Û$æ3Ô���T�Ùdá�ÖVø$×ká�ÖVøGRmÖVÚ�×kØ\ÖVÛ$æ½Ú,ù$àN×�ÙN×z[Eø$Ù>T�Ùxl�ÔmÚ,æ½Ø\Ù¹Ômø'ÙNæLß�á�ÙNø'á�ÙN×�ß½ø$×���à
ÙNÛÁß3×�Ùuù$Ù\ø��Z{@ÝVø�×½ÙNæÿù$Ù�á�ÖFTÕÔû×½Ú�æ½Ôûß3Ú,ÖVÛýæ�ø$ØNØ\ÙNæ�æ½Ú�RmÙNæ�P
Þ²ÔûÛ$æ*T�Ù�Ø¹Ôûæ²ù$ÙkT�Ô*æ�ÖVø$×½Ø\Ù�ù$Ù�� Ó �wèW����Ù�×�ÙNÛ��VÙ\×½æ�ÙNü~ÙNÛÁß�ù$ø æ½á�Ú�Û ù$Ù\æ²à��,ÙNØJß3×½ÖmÛ$æ�Ù\æ�ßd×�à¹Ô��,Ú�æ½à��
ÚÕÔ��,Ù

×½ÙNÛ��mÙN×½æ�ÙNü~ÙNÛÁß"ù$Ù��ÕÔká�Ö��ÕÔû×½Ú�æ½Ôûß3Ú,ÖVÛ²ù$Ù\æ:á��$Ömß3ÖmÛ$æ���÷�Ù>×�ÙNÛ��VÙ\×½æ�ÙNü~ÙNÛÁß"ÙNæLß Ömá¤à\×½à�Ø �@Ô�!Eø$Ù
20ms

ÝV×32mØ\Ù���ø$Û�Ù
ØNÙ��"��ø#�,Ùuù�Ù ã Ö
Ø $mÙ%��æ2üæs'&$q.ý(�¤÷/Ô*ØNÙ��"��ø#�,Ùuù�Ù ã Ö
Ø $mÙ%��ædÙ\æ�ßdØ\ÖVü*á�ÖVæ�àNÙ�ù�úSø$Û Ø\×½Ú,æ�ß5Ô��:ù$Ù

KD∗P
Ü�á#��ÖVæ½á#�$Ôûß3Ù

ù$Ú)�Áâ
ù$×½ÖmÝVàNÛ$à�ù�Ù�á¤Öûß5Ômæ�æ½Ú�ø�ü�åÿá$×½à\æ½ÙNÛÁß3ÔmÛÁß�ø$Û Ù�¢¤Ù\ßdà%��ÙNØJß3×�Ö.£¦ÖVá%ß3Ú)!Eø$Ù��a}�úÊÙNæLß�ÙNÛrl�ÔmÚ�ß²ø$Û ü~Ú)�,Ú�Ù\ø*�$Úæ£�Ô+�%Ù��
÷�úSÔmá$á���Ú�ØNÔûß3Ú,ÖVÛ1ù�úSø$Û!Ø �$Ômü*á!à%��Ù\Ø\ß3×�Ú)!Eø$Ù�ü~Ö
ù$Ú�{@Ù���úÊÚ�Û�ù$Ú�Ø\Ùýù$Ù�×�à�lç×½ÔmØ\ß½Ú�ÖVÛðù�ø!ØN×½Ú,æ�ß3Ô��,�:÷]ÔÉá¤Ö��ÕÔm×�Ú�æ3Ô�ß3Ú�ÖmÛ
��Ú�Û�à¹ÔmÚ,×½Ù²ù$Ù���Ô���ø$ü~Ú,v\×½Ù²Ú,Û$ØNÚ,ù$ÙNÛÁß3ÙdÙ\æ�ß�Ô���Öm×½æIÖV×�Ú�Ù\ÛEß½àNÙ-�

45 . á@Ôm×k×½Ômá$á�ÖV×�ß�Ôûø��'Ô+�%ÙNæÿù$Ù���Ô Ø\Ù��"��ø#�,Ù��
ã ÖVø$×]ø$Û$Ù"ß3Ù\Û$æ½Ú,ÖVÛ�á¤Ömæ½Ú,ß½Ú"�mÙ�Ômá$á#�,Ú)!Eø$àNÙ

V + Üç×½Ù\æ½á/�
V − = −V + åd�0��Ù"Ø\×½Ú,æ�ß5Ô��Væ½Ù�ØNÖmü*á�ÖV×�ß½Ù"ØNÖVü~ü~ÙGø$Û$Ù�ÕÔmü~Ù�ùyúÊÖVÛ$ù�Ù

λ/4
Ü�×�ÙNæ�á/� −λ/4

å1��÷]Ô2��ø$ü~Ú,v\×½Ù3�ÕÔmæ�ÙN×���á�Ö��ÕÔm×�Ú�æ�àNÙ�×½ÙNØJß3Ú"��Ú�ÝmÛ$ÙNü~ÙNÛÁß>ÙNæ�ßIù$ÖVÛ$Ø�ß½×3ÔmÛ�æ7lçÖV×�ü*à\Ù
ÙNÛ�á¤Ö��ÕÔm×�Ú�æ3Ô�ß3Ú�ÖmÛýØNÚ,×½Ø\ø#�ÕÔmÚ,×½Ù�ù$×½ÖmÚ,ß3Ù�Ü�×½Ù\æ½á/��ÝÁÔmø$Ø �$Ù¹å4���ÕÔ�æ�ÖV×�ß½Ú�Ù²ù$ø�Ø\×½Ú�æLß5Ô��(��÷�Ù²ß½ÙNü~á$ækù$Ùd×½Ù\Û��VÙN×�æ½Ù\ü*Ù\ÛEß
ÙNæ�ß5��Ú,ü*Ú�ß3à�á@Ôm×6�ÕÔ2�
Ú�ß3ÙNæ�æ½Ù�ù$Ù��@Ômæ�ØNø#�,ÙNü~ÙNÛÁß�ù$Ù��ÕÔ�ß3Ù\Û$æ½Ú,ÖVÛ'Ù\ß3��Ù²ß½ÙNü~á$æÿÛ$àNØ\ÙNæ½æ½ÔmÚ�×�Ùuá�ÖVø$×4!Eø$Ù-��ÙdØ\×½Ú,æ�ß5Ô��
×½Ù\ß½ÖVø$×�Û$Ù2��æ�ÖVÛwàJß5Ôûßÿù�úSà%!
ø�Ú)��Ú"�$×½Ù��

ã ÖVø$×�ß3×½ÔmÚ,ß½ÙN×7��ÙNæjl�Ômø$æ½æ�ÙNæ~ÔmæLâ%ü~à\ß½×½Ú,ÙNæ�Û$ÖmÛêØ\ÖV×½×�à��,àNÙNæ8�9�Wú:��à���Ú,ØNÚ�ß3à$�]ø$Û�Ù;�ÕÔmü~Ùýù$Ù\ü*Úæ£¦ÖVÛ�ù$Ùýæ�ø$á$á#�,à	£
ü*Ù\ÛEß3ÔmÚ�×�Ù�ÙNæ�ß�Ú,ÛEß½×½Ö
ù$ø$Ú�ß3Ù�Ô0�ûÔmÛÁß5��Ô�ØNÙ��"��ø#�,Ù²ù$Ù ã Ö
Ø $mÙ%��æ�� A ÖmÛwÚ,Û$æ½Ù\×�ß3Ú,ÖVÛ�á¤Ù\×½ü~Ù\ß�ù$Ù�×½Ù\Û��VÙN×�æ½Ù\×<��ú=�$à��,Ú�Ø\Ú,ß3à
ù$ÙNæ~à��,ÙNØ\ß½×½ÖVÛ�æ�æ3ÔmÛ$æ~ü~Ö%ù$Ú&{@ÙN×7��Ù\æ~×�àNÝ���ÔmÝVÙ\æ�ù$Ù>�ÕÔ æ�ÖVø$×½Ø\Ù��|t"Û<Ø\ÖVÛ$æ�à�!Eø$ÙNÛ�ØNÙ$����Ù\æCl�Ômø$æ�æ½ÙNæ*ÔmæLâ%ü~à\ß½×½Ú,ÙNæ
ØNÖV×�×½à��,àNÙ\æ4�2��ú=�$à%��Ú�Ø\Ú,ß½à�æ�ø#�$Ú,æ½æ½Ù\ÛÁßÿø$Û�Ø �@ÔmÛ�ÝVÙNü~ÙNÛÁßkù$Ù�æ½Ú�ÝmÛ$Ù���t"Û�×½Ù1�mÔûÛ$Ø �$Ù$����ÙNæ|l�Ômø$æ�æ½ÙNæÿÔûæ�â
ü*àJß3×�Ú�ÙNæ>Û$ÖVÛ
ØNÖV×�×½à��,àNÙ\æ8�?��ú=�$à��,Ú�Ø\Ú,ß3à Ø\ÖVÛ$æ½Ù\×@�mÙNÛÁß���ÙNø�×½æ�æ�Ú�ÝVÛ$Ù\æ�Ù\ß�æ½ÖVÛÁß�ù$ÙýØNÙNl�ÔmÚ�ß�ù�à\ß3Ù\Ø\ß3Ô��#��Ù\æ�Ù\ß�Ø\ÖV×½×�Ú�ÝVÙNÔ��#�,ÙNæ�á@Ôm×
ØNÖVü~á@Ôm×½ÔmÚ�æ�ÖVÛ�ù$ÙNæ�ü~ÙNæ½ø�×½ÙNæ�Ô0�VÙ\Ø�ÙJßÿæ3ÔmÛ$æ�Ú�ÛÁß½×½Ö
ù$ø$Ø\ß½Ú�ÖVÛ�ù�Ù-��Ô��ÕÔmü~Ù²ù$Ù\ü*Úæ£¦ÖVÛ�ù$Ù��
}[Ù\á¤Ù\Û$ù@ÔmÛÁßB��ØNÙN×Lß5ÔmÚ,Û$ÙNæ[Ø¹Ôm×½ÔmØ\ß½àN×½Ú,æ�ß½Ú)!Eø$ÙNæ[ù$øUl�ÔmÚ�æ�ØNÙNÔmø�á¤Ù\ø��VÙ\ÛÁßzß\ß3×�Ù²æ½ø���Ù\ß½ß½ÙNæ3��ù$Ù\ækù$àN×�Ú"�mÙNæA�,ÙNÛÁß3Ù\æ��

A ø$á$á�ÖVæ½ÖmÛ$æ4!Eø$Ù���úÊÚ�ÛÁß3Ù\Û$æ½Ú�ß3à
I
ù�øUl�ÔmÚ�æ�ØNÙ¹Ôûø�ù$àNØ\×½ÖVÚ,æ½æ�ÙdÔmø�ØNÖmø$×½æIù�ø�ß3ÙNü~á$æ%� A Ú¤Ø �@Ô�!Eø$Ùdá@ÔmÚ,×½Ù

(+,−)
Ömø

(−, +)
ù$à%�$ø�ß3Ù�á@Ôû×kø$Û$Ùdà\ß3Ôûßÿù$Ùdá�Ö��ÕÔû×½Ú�æ½Ôûß3Ú,ÖVÛ~á¤ÖVæ�Ú,ß½Ú"�VÙ

(+,−)
�#�,Ù²ØNÖmø$×3ÔmÛÁß�ü~ÙNæ½ø�×½à

I+ á�ÖVø$×kØ\Ù\ßÿà\ß3Ôûß
æ½ÙN×½Ô ß½ÖVøh��ÖVø�×½æÿæ½ø$á�àN×�Ú�Ù\ø$×�Ômø�ØNÖVø$×½ÔmÛÁß�ü*Ù\æ½ø$×�à�á�ÖVø$×6��Ô�á¤Ö���Ôm×½Ú,æ3Ôûß½Ú�ÖVÛ*ÖVá$á�ÖVæ½à\Ù

I−
Ü!í:Ú�ÝVø$×�Ù)q�� ¥ å1�

â`¥
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¿ ¯³�¨ q�� ¥ À'ò_Ú*È	ÔuÌJî=Ì	ÔÕÐ	ÙKË$ÔwÄ
B�Î9ÈkÉ�C =NÎSÅcÈjÉSÐ	ÃdÄ¯Ñ$È]Ó,È	Å9Ô(ÈkÉSÈ]Ó�Í Ä¯Å9ÔÕÈ	ÅGÌ	Ä¯Ô(ÐkÉ$Î�õ�Ë$Ä,Ì=ÆWÈ�Ë$Î@É�Í Ð	Ó,ÈWÆ	ÔwÃXÒhÅGÌ>Ö

ã ÖVø$×Ià%��Ú�ü~Ú�Û�ÙN×D��Ù\æIÙ�¢¤Ù\ß½æIù$ø$æA��ù$ÙNækù�àN×½ÚE�VÙ\æIù$ÙNæká$Ôm×3ÔmüKv\ß½×½Ù\æ[ù$øGF�ÔmÚ,æ½Ø\Ù¹Ômøa�
ø$Û�×�ÙNÛ��VÙ\×½æ½Ù\ü*Ù\ÛÁß�Ô���à¹Ô�£
ß3ÖVÚ,×½Ù�ùyú:��à���Ú,ØNÚ�ß3àÿÙNæLßkÚ�ü~á¤Ömæ½à��E÷]Ô�æ½ø$Ø\ØNÙNæ�æ½Ú,ÖVÛ�ù$ÙNæ>à\ß5Ô�ß3æ[ù�ú:�$à%��Ú,ØNÚ,ß½àuÜ

+
Ù\ß − å�æNúÊÙ�¢¤ÙNØJß3ø$Ù²Ù\Û�Ø �$ÖVÚ,æ½æ�Ú�æ½æ½ÔmÛÁßB��<��úSÔmÚ�ù$Ù�ùyúÊø$Û ÝVàNÛ�àN×3Ô�ß3ÙNø�×Gá$æ½Ù\ø$ù$Ö.£¦Ô���àNÔûß3ÖmÚ�×½Ù.���WúSø�Û$Ù[ù$Ù\æ"ØNÖVÛ�{@ÝVø$×½Ôûß3Ú,ÖVÛ$æ æ�ø$Ú"�ûÔmÛÁß½ÙNæ

+−−+
ÖVø −++− �

÷]Ù�ØNÔm×3ÔmØJßXv\×½Ù�Ô��,à¹Ôûß½ÖVÚ�×�Ù�ù$Ù\æ�æ�à�!Eø$Ù\Û$ØNÙ\æ�ùyú=�$à��,Ú�Ø\Ú,ß3à�ÙNæ�ß�ø�ß½Ú)�,Ú�æ½à�á¤Ömø$×kØNÖVü~ü*ÔmÛ$ù$Ù\×A�ÕÔ�ß½ÙNÛ$æ�Ú�ÖVÛ'Ômá$á���Ú)!Eø$à\Ù
æ½ø$×8�ÕÔ Ø\Ù��"��ø#�,Ùýù$Ù ã Ö
Ø $mÙ%��æ%�"èH�Iá¤Ù\×½ü~Ù\ß ùyúÊà%�
Ú�ß3ÙN×�ß½ÖVø�ß½Ù'Ø\ÖV×½×�à���Ôûß3Ú,ÖVÛðÙNÛÁß½×½Ù>��Ù\æ�à\ß5Ô�ß3æ�ù$Ù�á�Ö��ÕÔû×½Ú�æ½Ôûß3Ú,ÖVÛ/�
}[ÙNØNÚGÔýù$ÖVÛ$Ø�á¤Ù\×½ü~Ú�æ�á�ÖVø$×5��úÊÙ1�%á�àN×½Ú,ÙNÛ$Ø\Ù ãJI Ó Þ�ùyúÊÖVá¤à\×½Ù\×<��Ùu×½ÙNÛ��mÙN×½æ�ÙNü~ÙNÛÁß�ù$Ù���Ô*á�Ö��ÕÔm×�Ú�æ½Ôûß3Ú,ÖVÛ��ýø$Û$Ù
Fç×½à�!Eø$Ù\Û$ØNÙ�ù$Ù

50Hz
�¤÷]Ô�Fç×½à%!
ø�ÙNÛ$Ø\Ù�ù$Ù�×½Ù\ÛK�mÙN×�æ½ÙNü~ÙNÛÁß�ÙNæ�ß�æ�â
Û$Ø ��×½ÖVÛ$Ú,æ½à\Ù�æ½ø$×3�ÕÔ�Fç×�à�!Eø$ÙNÛ�ØNÙ�æ�ÙNØJß3ÙNø�×�ù$Ù

F�ÔmlNÖVÛ>��æ\ú`Ôh¢�×½ÔmÛ$Ø �$Ú,×Iù$Ù²ß3Ömø�ß3Ù²æ�ÙNÛ$æ�Ú)�$Ú"��Ú�ß3à5��ù$ÙNæ4�$×�ø$Ú,ß½æA��Ú,àNæ��ù$ÙNæAFç×�à�!Eø$ÙNÛ�ØNÙNæÿæ�ø$á¤à\×½Ú,ÙNø$×�ÙNæ6�
50Hz

Ù\ß
Û$Ömß5Ôûü*ü~ÙNÛÁß6��Ùd×�àNæ�Ù¹Ômø'à��,ÙNØ\ß½×½Ú"!
ø�Ù��

÷]Ôdá#�$Ömß½Ö%ØNÔûßL��Ö%ù$ÙÿÙ\æ�ß>ü*ÖVÛÁß½àNÙÿæ½ø$×�ø$Û$Ùÿà%��ÙNØJß3×�Ö%ù$Ùÿü*ÔmÚ�ÛÁß½ÙNÛEø$Ù3��ø�Û*á�Ömß3Ù\ÛÁß3Ú�Ù%�@ù$Ù −100 kV
� Ó Ú�Û$æ�Ú?�

��ÙNæÿá#��Ömß3Ö
à��,ÙNØ\ß½×½ÖVÛ�æ�æ�Ù7�,Ú)��àN×½ÔmÛÁßÿù$øwØ\×½Ú,æ�ß5Ô���æ½ÖVÛÁß�Ù1�
ß3×½ÔmÚ,ß½æ�ù�øwØ\×½Ú�æLß5Ô��]Ô0�mÙNØ�ø�Û$Ùdß3ÙNÛ�æ½Ú�ÖmÛwù$Ù
100 kV

ù$Ù
�ÕÔ�æ½ÖVø�×½ØNÙ��_}[Ù\ß�ß3Ù�ß3ÙNÛ�æ½Ú�ÖmÛ'Ø\ÖV×½×�ÙNæ�á¤ÖVÛ�ù9����úÊàNÛ$Ù\×½ÝVÚ,ÙdùyúÊÚ�Ûh��Ù\Ø\ß3Ú,ÖVÛ�ù$Ù7� Ó �wè �

þQÿ���ÿNM O*#L�Y�
$�©���QP #����

Ó �ÕÔ�æ½Öm×�ß3Ú,Ù ù$Ù���Ô�æ�ÖVø$×�ØNÙ$�R��Ù\æuà%��Ù\Ø\ß3×�ÖVÛ$æ�æ½ÖVÛÁßuá¤Ö��ÕÔm×�Ú�æ½à\æ���ÖVÛ$ÝmÚ,ß3ø�ù$Ú�Û@Ô���ÙNü~ÙNÛÁß���÷]Ô*�,Ú�ÝVÛ�Ù�ù$Ù~ß½×3ÔmÛ�æg£
á¤ÖV×Lßÿù$ø;F�ÔmÚ�æ�ØNÙNÔmø�á¤Ö���Ôm×½Ú,æ½à|��ø�æ�!Eøyú:����Ô�æ3Ô��"��Ù²ù$Ù��WúSÙS�%á¤à\×½Ú�Ù\Û$ØNÙ�Û$à\ØNÙ\æ½æ½Ú�ß3Ù�ø$Û'ÝV×3ÔûÛ$ù�Û$ÖVü��$×�ÙdùyúÊà���à\ü*Ù\ÛÁß3æ
üýÔmÝmÛ$à\ß½Ú)!Eø$ÙNædù�ÖVÛÁß���úÊÙ�¢¤Ù\ßdÙ\æ�ß�ù$Ù�ü~Ö%ù�Ú"T@Ù\×U��úÊÖV×�Ú�ÙNÛÁß3Ôûß3Ú,ÖVÛÉù$ø æ�á$Ú�Û ù$Ù\ædà���Ù\Ø\ß½×½ÖVÛ$ædá$Ôm×dá$×½à\ØNÙ\æ½æ½Ú,ÖVÛ/��÷]Ô
á¤Ö���Ôm×½Ú,æ3Ôûß½Ú�ÖVÛ8�,ÖVÛ$ÝVÚ�ß3ø$ù$Ú,Û@Ô��,ÙIù$øGF�ÔmÚ,æ½ØNÙNÔmøýù$ÔmÛ$æA�,Ù5�@Ô��)�öÙ1�%á�àN×½Ú,ü*Ù\ÛÁß5Ô��öæ½Ù\×3Ô�ù$ÖmÛ$Ø�ù$Ú,ü*Ú,ÛEø$àNÙ�� ã ÖVø$×>ØNÖVü2£
á¤Ù\Û$æ½Ù\×�ÕÔ�á$×�àNØNÙ\æ½æ�Ú�ÖVÛ*ù$øýæ�á$Ú�Û*ÙNÛÁß3×�Ù5��Ô�á#��Ömß3Ö
Ø¹Ôûß��$Ö
ù$ÙÿÙ\ßV��úÊÙNÛÁß3×�àNÙ�ù$ø��@Ô��)�$ÙS��á�àN×�Ú�ü~ÙNÛÁß5Ô��?���ÕÔdù$Ú,×½Ù\Ø\ß3Ú,ÖVÛ
ù$øwæ�á$Ú�Û'ù$Ù\æ�à%��ÙNØJß3×�ÖVÛ$æÿÙNæLß�Ô=��ø$æ�ß½àNÙ7�8��Ô�æ½ÖV×Lß3Ú�Ùdù�Ù-��Ô�æ½ÖVø$×�ØNÙ�ù@ÔmÛ�æ�ø�Û$Ùuù�Ú�×½Ù\Ø\ß½Ú�ÖVÛ�Ômù�à�!Eø@Ôûß½Ùuá�ÖVø$×4!Eø$Ù
��Ùdæ½á�Ú�Û'ù$ÙNæÿà��,ÙNØJß3×½ÖmÛ$æÿæ½ÖVÚ�ß�Ô���Ú,ÝVÛ$àdÔ0�VÙ\Ø7�,ÙNø$×kù�Ú�×½Ù\Ø\ß½Ú�ÖVÛ�ù$Ù�á$×�ÖVá@ÔmÝVÔûß3Ú,ÖVÛ�Ômø�Û$Ú"�mÙ¹Ômø'ù$Ù��ÕÔ�Ø\Ú)�#�,Ù��
��ÖVø$æIÔ��)��ÖmÛ$æ>ù�àNØN×�Ú�×�Ù�ù$Ù²ü*ÔmÛ$Ú"WN×�Ù�ù$àJß5ÔmÚ"�)�,àNÙÿØNÖVü~ü~ÙNÛÁßIØ\Ù\ß½ß½Ù²ØNÖm×½×½Ù\Ø\ß½Ú�ÖVÛ��2�ÕÔ�ù$Ú�×�ÙNØ\ß½Ú�ÖVÛ*ù$ø�æ�á$Ú�Û�Ù\æ�ß

Ù�¢¤ÙNØ\ß½ø$àNÙ��FÞ�Ù\á$ø$Ú,æX��Ôÿæ�ÖV×�ß½Ú�Ù�ù$ÙY�ÕÔkæ�ÖVø$×½Ø\Ù5��ø$æ@!EøyúZ�3��úÊÙNÛÁß3×�àNÙ�ù$Ù��ÕÔkæ3Ô��"��Ù"ù$ÙY�WúSÙS��á�àN×�Ú�Ù\Û$ØNÙ.�+��Ôká$×½à\ØNÙNæ�æ½Ú,ÖVÛ�ù$ø
æ½á$Ú,ÛwùyúÊø$Û'à��,ÙNØ\ß½×½ÖVÛ�ù@ÔûÛ$æÿø$Ûwá��ÕÔmÛ�á�ÙN×�á¤Ù\Û$ù$Ú�Ø\ø#�ÕÔûÚ�×½Ù²Ômø�Ø �@Ômü~áwü*ÔmÝVÛ$àJß3Ú"!
ø�Ù ~B

Ôûø#!Eø$Ù���Ú"�yÙNæLß�æ�ÖVø$ü~Ú�æ��
ÙNæ�ß�ù$ÖVÛ�Û$àNÙ�á@Ôm×] 

η =
g − 2

2
γ

e

p

∫
Bdl

Ü([�� ¦ å
ÖF¡

g
ÙNæLß�,Ùk×3Ômá$á�ÖV×Lß�Ýmâ
×½ÖVü*ÔmÝVÛ$àJß3Ú"!
ø�Ùkù$Ù6��úÊà���Ù\Ø\ß½×½ÖVÛa�

e
æ½Ô�Ø �@Ôû×½ÝVÙ.�

p
æ�ÖVÛýü~ÖVü~ÙNÛÁßB�

m
æ3Ô�ü*Ômæ½æ�Ù�ÙJß

γ =
E/mc2 ��÷]Ô�ß3ÙNØ ��Û$Ú)!Eø$Ù ø�ß½Ú)��Ú,æ½à\Ù�á�ÖVø$×dØ �@ÔmÛ�ÝVÙN×��WúSÖV×�Ú�Ù\ÛEß3Ôûß3Ú,ÖVÛ ù$ø æ�á$Ú�Û ù$Ù\æ�à%��Ù\Ø\ß3×�ÖVÛ$ædÙ\æ�ß���úÊø�ß½Ú)��Ú,æ3Ôûß½Ú�ÖVÛ

âFâ
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ùyúSø�Û�T\��ß3×�Ùkù$Ù4] Ú�ÙNÛ Ú,Û$æ�ß3Ô��)�,à4���ÕÔ²æ½Öm×�ß3Ú,Ùkù$Ù6�ÕÔ²æ�ÖVø$×½Ø\Ù��EèH�@æNúSÔmÝVÚ�ß"ùyúÊø$Û~ù$Ú�æ�á¤ÖVæ�Ú,ß½Ú"Föá$×�Ö%ù$ø�Ú�æ3ÔûÛEß�ø�Û*Ø �@Ôûü*á
à���Ù\Ø\ß½×½Ú)!Eø$Ù ~E

ÙJß:ø�Û�Ø �$Ômü*á�ü*ÔmÝVÛ$àJß3Ú)!Eø$Ù ~B
æLß5Ôûß½Ú)!Eø$ÙNæ��eá¤Ù\×½á�ÙNÛ$ù�Ú�ØNø��ÕÔmÚ,×½ÙNæ�ÙNÛÁß3×�Ù>Ù\ø���Ù\ß/Ø\ÖVÛÁß3Ù\Û
ø�æ:ù@ÔûÛ$æ^��Ù

á#�ÕÔmÛ�ß½×3ÔmÛ$æ_�VÙ\×½æ½Ù5�<�ÕÔ²ù�Ú�×½Ù\Ø\ß½Ú�ÖVÛ�ù$Ùká�×½ÖVá@ÔûÝÁÔûß3Ú,ÖVÛ�ù$Ù\æ�à���Ù\Ø\ß½×½ÖVÛ$æ%�Á÷"ú`Ôûá$á#��Ú,Ø¹Ôûß½Ú�ÖVÛ�ù$ø Ø �@Ômü~á~ü*ÔmÝVÛ�à\ß3Ú"!Eø$Ù
á¤Ù\×½ü~Ù\ß�ù$Ù�F�ÔmÚ�×�Ù²á$×�ÙNØNÙ\æ½æ�ÙN×U�,Ùdæ½á$Ú,Û�ù$ÙNæ�à��,ÙNØ\ß½×½ÖVÛ�æ�ù�úSø$ÛwÔmÛ$Ý���Ù

θWien

ù�ÖVÛ$Û$à�á@Ôm×) 

θWien =
L

cβ

e| ~B|
mec

[
g

2
(1 + β2)− 2]

Ü
[��E`baÁå

ÖF¡
L
ÙNæ�ß-��ÔG��ÖVÛ$Ýmø$ÙNø$×dù�øcT\��ß3×�Ù�Ù\ß ~β = ~v/c

�ed"Û Ô���ø$æ�ß3ÔmÛÁß-��Ù�Ø �@Ômü~á üýÔmÝmÛ$à\ß½Ú)!Eø$Ù�ù@ÔmÛ�æ-�,Ù�T\�,ß½×½Ù�ù$Ù
] Ú�ÙNÛ!ù�Ùýß3Ù%�)��Ù8F�Ôml\ÖVÛf�ÉØNÙ�!
ø�Ù

θWien = −η
�R�ÕÔwá$×½à\ØNÙNæ�æ½Ú,ÖVÛ!ù$ø!æ½á�Ú�Û

η
á¤Ù\ø�ß2ß\ß½×½Ù�Ø\ÖVü~á¤Ù\Û$æ½à\Ù��G÷�Ù\æ

à���Ù\Ø\ß½×½ÖVÛ$æ�æ½ø#�$Ú,æ½æ�ÙNÛÁß�ø$Û$Ù�ù�à\j@Ù\Ø\ß3Ú,ÖVÛ ù$ø$Ù�Ômø Ø �@Ômü~á ü*ÔmÝVÛ$àJß3Ú)!Eø$Ù�� ã ÖVø$×²Ø\ÖVü~á¤Ù\Û$æ½Ù\×²ØNÙJß½ß3Ù�ØNÖVø$×@�$ø$×�Ù$�
ø$ÛwØ �$Ômü*á'à��,ÙNØJß3×½Ú"!Eø$ÙdÙNæLß²Ômá�á#��Ú"!
ø�àdù$Ù�æ½ÖV×Lß3Ù�!Eø$Ù-�ÕÔ2FçÖV×�ØNÙ�ù$Ù�÷�ÖV×½Ù\ÛEß�g�×½àNæ�ø#�,ß3ÔmÛÁß3Ù�æ½ÖmÚ,ßÿÛEø#�)�,Ù2 

~F = q( ~E +
~β

c
∧ ~B) = 0.

Ü([��E`�`Rå
d�Û~æ½Öm×�ß3Ú,Ùkù$ø8T\�,ß½×½Ù$����Ùkæ½á�Ú�Û~ù$ÙNæ�à��,ÙNØJß3×½ÖmÛ$æ�Ômø$×3Ôdá$×�àNØ\ÙNæ½æ�à�ß3ÔmÛ$ù$Ú,æD!
ø�Ù3�,ÙNø$×"Ú,ü*á�ø#��æ�Ú�ÖVÛ�×�ÙNæLß3Ù�Ú�Û$Ø �@ÔûÛ$ÝVàNÙ��

�N�g� hÂ�(�j�y�y���������)�5�z�\� �\� ó �]���;i

÷�ÙNæ�à%��ÙNØJß3×�ÖVÛ$æ�á¤Ö���Ôm×½Ú,æ½à\æ²á$×½Ö
ù$ø$Ú�ß3æ-�;�ÕÔ�æ½Ömø$×½Ø\Ù*æ�ÖVÛÁß�ÔmØ\ØNà%��àN×�àNæ�ù@ÔmÛ$æ��,ÙNæ>��ø3� Ü!��ÔmØNÙ ø/×3ÔmØ $c�wÚæ£
ØN×½Öûß3×½ÖmÛöå>Ù\ßkß½×3ÔmÛ�æ½á�ÖV×�ß½àNæ#��ø$æ@!
ø�ú`Ômø>�@Ô��)� Ó Þ#�$÷"úÊÚ�ÛÁß3Ù\Û$æ½Ú�ß3à²ÙJß4��úÊàNÛ�ÙN×½ÝmÚ�Ù²ù$ø;F�ÔmÚ,æ½Ø\Ù¹Ômø�æ�ÖVÛÁßkØNÖVÛ�æ�ß5Ôûü*ü~ÙNÛÁß
ØNÖVÛÁß3×7î���à\ÙNæ%�aá�Û æLâ
æ�ßLW\ü*Ù�Ù\æ�ßdÚ,ÛÁß3àNÝm×½à�æ�ø$×<��Ôj��Ú,ÝVÛ$Ù�ù$ø9F�ÔmÚ,æ½ØNÙNÔmø/��èH� á�ÙN×�ü*ÙJß²ù$Ù�æ�ø$×@�mÙNÚ"�)��Ù\×U�,Ùuù$Ú�Ômü�W\ß3×�Ù
ù$ø�F�ÔûÚ�æ½Ø\Ù¹Ômøk�

Calorimêtre PbF2

Moniteurs de 

luminosit�

Polarimêtre 

Compton

Mesure de  la 

position et 

stabilisation

Mesure du courant 

et stabilisation

Mesure de l’�nergie 

et stabilisation

Source d’�lectrons 

polaris�s Polarimêtre 

Moller

Polarimêtre Compton 

à transmission

¿ ¯³�¨ [�� â ÀÝÁ~Ó&Ë$Å ÉSÈ<Ó�Í ËSÆWÆWÐ	Ó,Ð	Ã7Ë$Ô(È	Î�Ã�ë�(�ë�ìiÈ	ÔCÉSÈWÌ¼É$Ä Ú*Ð	ÃXÈ	Å9Ô¯Ì�?GË$Ó¯ÓpÌ¼È7Ï�Ç9Ð	Ã	Ä¯ÙNÈ	Å9Ô?Ë$Î.Ï3Öx×]Í È7Ï�Ç9Ð	ÃdÄ?È	ÅcÆWÈ
Á�l�(4mfÌ=È)Ì	Ä¯ÔwÎ9ÈkÉ`Ë$ÅGÌ]Ó&Ë Ì�Ë$Ó¯Ó,È�(4m_Ö

â Î
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á�Û*æLâ%æLßLW\ü*Ù�ù$Ù�æ�ß5Ô��$Ú)�,Ú�æ3Ô�ß3Ú�ÖmÛ�Ô0�VÙNØ�×½àJß3×½ÖVÔmØ\ß½Ú�ÖVÛ ÙNæLß�ø�ß3Ú"��Ú�æ�àká¤Ömø$×"æ�ß3Ô��$Ú)�,Ú�æ�ÙN×D��úÊÚ�ÛÁß½ÙNÛ$æ�Ú,ß3à.���ÕÔdá�ÖVæ½Ú�ß3Ú,ÖVÛ
Ù\ß5��ÙdØNÙ\ÛÁß3×3ÔûÝVÙuù�ø�F�ÔmÚ,æ½Ø\Ù¹Ômø/�ö÷]Ô á¤Ö��ÕÔm×�Ú�æ3Ô�ß3Ú�ÖmÛ�ù$ø>F�ÔmÚ�æ�ØNÙ¹ÔûøwùyúÊà��,ÙNØJß3×½ÖmÛ$æ�á�ÙNø%ß�ßJß3×�Ùuü~ÙNæ�ø$×½à\ÙuÔ0�mÙNØuß½×½ÖVÚ,æ
á¤Ö���Ôm×½Ú,üjWJß3×�ÙNæ~ù$Ú�¢¤àN×�ÙNÛÁß3æ%��á�Û Ômá�ÙN×�lNø ù$Ùn�Wú`ÔmØ\ØNà%��àN×½Ôûß3Ù\ø$×�ÔûÚ�Û$æ�ÚU!Eø$Ùn�ÕÔ ù$Ú�æLß3×½Ú"�$ø�ß½Ú�ÖVÛ<ù$ÙNæ�ù$Ú&¢�à\×½Ù\ÛEß½ÙNæ
æ3Ô��"��ÙNæÿÙS��á�àN×�Ú�ü~ÙNÛÁß5Ô���ÙNækæ�ÖVÛÁß�Ú"�)�,ø$æ�ß½×½àNæ[ù@ÔmÛ$æ3�ÕÔ2T@Ýmø$×½ÙýÜ([�� â åS�@÷�ÙNæ�á$×½Ú,Û$ØNÚ,á@Ômø���ÖV×½ÝÁÔûÛ$ÙNæÿù$Ù�ØNÖVÛÁß½×�î��,Ùdù$ÙNæ
á@Ôm×3ÔûüjWJß3×½Ù\æÿù$ø�F�ÔûÚ�æ½Ø\Ù¹Ômø�æ�ÖVÛÁß�Ú,Û$ù$Ú"!
ø�àNæ��

þQÿwþzÿ�� Ðok�E��p]ÑÒ���������¤�������y$�G�%#�	��

÷]Ôðæ½Ö���ø�ß½Ú�ÖVÛ Ômù�ÖVá�ß3à\Ùq�r�ÉÔmÚ�Û�g ÙNæLßwØ\Ù��"��Ù ù$ø ü~Ú�Ø\×½Ömß½×½ÖVÛ ù�ÖVÛÁß>��Ù á$×�Ú�Û$Ø\Ú�á�Ù ÙNæLß'Ú)�)�,ø$æ�ß½×½àðÜsT@ÝVø�×½Ù
[�� Îmå1�y÷"úSÔmØNØ\à��,àN×3Ô�ß3ÙNø�×²ùyúÊà���Ù\Ø\ß½×½ÖVÛ$æ�� Ó �wè�æ½Ù�ØNÖVü~á¤Ömæ½Ù�ù$Ùuß3×½ÖmÚ�æ�ü~Ú�Ø\×½Ömß½×½ÖVÛ�æ�ØNÔmæ½ØNÔmù$àNæ>��ø3� Ô0�mÙNØ�ø$Û
Ú�Ûh��Ù\Ø\ß3Ù\ø$×R��Ú�Û�à¹ÔmÚ,×½ÙGù$Ù

3.5 MeV
�R÷�Ù\æ:á@Ôû×�ß3Ú,ÙNæ/ÔmØ\ØNà��,àN×½Ôûß3×�Ú�ØNÙ\æ]ØNÖVø$á���àNÙ\æt�ÿù$Ù\æ ØNÖmÛ$ù$ø$Ú�ß3ÙNæ]ù$Ù�×½Ù\ØNÚ,×½ØNø��ÕÔûß½Ú�ÖVÛ

ù$ø-F�ÔûÚ�æ½Ø\Ù¹Ômø�×�ÙNá$×�àNæ½Ù\ÛÁß3ÙNÛÁß ø$Û$Ù�æ½Ö��,ø�ß3Ú,ÖVÛdàNØ\ÖVÛ$ÖVü~Ú)!Eø$Ù"ÙJßeTöÔ��#�,Ù"á¤Ömø$×e��úÊÖ���ß½ÙNÛÁß3Ú,ÖVÛdùyúÊø$Û-F�ÔûÚ�æ½Ø\Ù¹Ômø�Ø\ÖVÛÁß3Ú�ÛEø
ù$Ù��@Ômø�ß½Ù²Ú�ÛÁß½ÙNÛ$æ�Ú,ß3à���÷�Ù²ù�ÙN×½Û�Ú�ÙN×[à\ß5ÔûÝVÙ)��ø3�?[�Ôûø$ÝVü~ÙNÛÁß3Ù<�WúSà\Û$ÙN×�ÝVÚ�Ù�ù$øGF�ÔmÚ,æ½Ø\Ù¹Ômø�ù$Ù

180 MeV
��ø$æ�!Eøyú:�

855 MeV
�

Aimant magnêtique

Extraction

Section accêlêratrice

¿ ¯³�¨ [��`ÎUÀ éöî=Ì	Ô�í	ÙNÈUÉ�Í ËSÆWÆWÐ	Ó,Ð	Ã7Ë$ÔwÄ?ÒhÅbÉ$ÎiÙ2Ä?Æ	ÃXÒhÔ!ÃXÒhÅvu(wd;yë�x$Ö|×]Í Ð	Ó,ÈWÆ	Ô!ÃXÒhÅ«ÈWÌ	Ô*Ä¯Å0yBÈWÆ	Ô(Ð\É`Ë$ÅGÌKÓ,ÈZÆ5?GË$ÙxÇ
ÙKË=Ø$ÅcÐ	Ô!Ä
B�Î9ÈEÉSÈ2Ó�Í Ë$Ä¯ÙKË$Å9Ô�ÉSÈ]Ø`Ë$Î�Æ5?9ÈEÉ$Î9wd;yë Ë$Ñ$ÈWÆCÎ�ÅcÈkõ�Ë$ÄwÊ�Ó,ÈNÐ	ÅcÈ	Ã?Ø$Ä?È�Ö�×]Í Ð	Ó,ÈWÆ	Ô!ÃXÒhÅbÈWÌ	Ô�ÉSÐ	Ñ=Ä?ÐEË$Ó,ÒhÃXÌ
ÉSÈ

180 z È	ÔKË$ÔwÔ(È	Ä¯Å9Ô2Ó�Í Ë$Ä¯ÙKË$Å9ÔKÉSÈ¼É$ÃXÒhÄ¯Ô(È�Ö)×]Í Ð	Ó,ÈWÆ	Ô!ÃXÒhÅ ÈWÌ	Ô~=bÅcÒhÎSÑ$È�Ë$ÎÜÉSÐ	ÔÕÒhÎSÃdÅcÐeÈ	Ôkõ�Ë$Ä¯ÔNÒ$Ê(yBÈ	ÔKÉ�Í ÎSÅcÈËSÆWÆWÐ	Ó,Ð	Ã�Ë$ÔwÄ?ÒhÅZÉ`Ë$ÅGÌzÓ&Ë)Ì=ÈWÆ	Ô!Ä?ÒhÅZËSÆWÆWÐ	Ó,Ð	Ã7Ë$ÔwÃdÄ?ÆWÈ�u7È	Å\ÃXÒhÎFØSÈHx$Ö�(�Ç_Ã3íWÌzÓ,È�ÇGËhÌWÌ�Ë=ØSÈzÉSÈ*ÆWÈ	Ô!Ô(È�Ì=ÈWÆ	ÔwÄ?ÒhÅ�ó5Ó�Í Ð	Ó,ÈWÆ	Ô!ÃXÒhÅ
Ø`Ë=Ø$ÅcÈUÎSÅcÈ@Ð	ÅcÈ	Ã!Ø$Ä?È

∆E
Ö�×]Í Ð	Ó,ÈWÆ	ÔwÃWÒhÅLÌ=È	Ã7ËeÉSÐ	Ô(ÒhÎ�ÃdÅcÐjÇGË$ÃNÓ,È@Æ5?GË$ÙxÇúÙKË=Ø$ÅcÐ	ÔwÄ
B�Î�È\Ë$Ñ$ÈWÆNÎ�ÅÛÃ�Ëmî`ÒhÅÝÉSÈ

ÆWÒhÎ�Ã�Ê�ÎSÃWÈQÇ_Ó Î`Ì]Ø$Ã7Ë$Å_É`Ö](�Ç_Ã3íWÌ
n
Ô(ÒhÎ�ÃXÌ5óyÓ�Í Ð	Ó,ÈWÆ	Ô!ÃXÒhÅeË$Î�Ã7ËMËSÆ�B�Î�Ä,ÌjÎSÅcÈ Ð	ÅcÈ	Ã?Ø$Ä?È

n ∆E
È	Ô|Ì=È	Ã�ËjÇ_ÃL{	Ô#Ç9ÒhÎSÃ

Ó�Í È7ÏFÔ!Ã7ËSÆ	ÔwÄ?ÒhÅfu7È	Åw?GË$Î�ÔyÉSÈ>Ó&Ë�ñ#Ø$ÎSÃXÈHx$Ö

÷�Ù!×3Ôûá$á¤Öm×�ß ü~Ö%ù$Ù\æ�ß½Ù!ÙNÛÁß3×�Ù|�WúSà\Û$ÙN×�ÝVÚ�Ùðù�úSÙ\ÛEß½×½à\Ù<ÙJß ù�Ù!æ½ÖV×Lß3Ú�Ù!ù�ÙêØ �$Ô�!Eø$Ù<àJß5ÔmÝmÙ Ô á�ÙN×�ü*Ú,æ ù$Ù
ØNÖVÛ$æLß3×�ø$Ú�×�ÙG��Ù\æ�ü*Ú,ØN×�Ömß3×�ÖVÛ$æ�Ù\Û!à%�
Ú,ß3ÔmÛÁß�ù$Ù\æ�á$×½Ö����)WNü~ÙNæuùyúÊÚ�Û+}�Ù\Ø\ß3Ú,ÖVÛðÙJß�ù$ÙGFçÖ
Ø¹Ô��,Ú�æ3Ô�ß3Ú�ÖmÛ ù�ø~F�ÔmÚ�æ�ØNÙ¹Ôûø/�
d�Ûw×3ÔmÚ,æ½ÖVÛ�ù$Ù-�ÕÔ��@Ôûø�ß3Ù�á$×�àNØNÚ,æ½Ú,ÖVÛ�Ù\ß5��ú=�$ÖVü~ÖVÝVàNÛ�àNÚ,ß½à²ù$Ù\æ�ÔmÚ,üýÔûÛEß½ækùyúÊÙ1�
ß3×�àNü~Ú,ß3à��\��Ù²ß½×3ÔmÛ$æ�á¤Öm×�ß�ù$Ù�F�ÔmÚ�æÕ£
ØNÙ¹Ôûø!á@Ôm×-��ÙNæuü*Ú,ØN×�Ömß3×�ÖVÛ$æ���ÖVÛ�ÝVÚ,ß½ø$ù$Ú�Û$Ô���Ù\ü*Ù\ÛEß�ÙJß�ß½×3ÔmÛ$æ_�VÙ\×½æ3Ô���ÙNü~ÙNÛÁß�æ½Ù�F�ÔmÚ�ß�ùyúSø�Û$Ù�ü*ÔmÛ$Ú)W\×½Ù á$×�ÙNæ�!Eø$Ù
Ú�ù$àNÔ���Ù��y÷]Ô�ÝVÙNæLß3Ú�ÖmÛ ù�ø Ø\ÖVÛÁß3×7î���Ù�ù�øcF�ÔmÚ,æ½Ø\Ù¹Ômø Ômæ�æ½Ú�æLß3à\Ù�á@Ôm×dÖV×�ù$Ú�Û@Ô�ß3ÙNø�×d×½ÙNÛ�ù á���ø$æ<F�ÔmØ\Ú)�,Ù2��úÊø�ß½Ú)��Ú,æ3Ôûß½Ú�ÖVÛ
ù$ø*Ø\ÖVü~á#��ÙS��ÙIÔmØNØ\à���à\×3Ôûß½ÙNø$×%�Kd"Û~Ömø�ß3×�Ù��Vá#�,ø$æ½Ú,ÙNø$×�æ"×½ÖVø%ß3Ú�Û�ÙNæ"ù$Ù4�,Ú�Û$àNÔm×½Ú,æ3Ôûß½Ú�ÖVÛ�Ômø�ß3ÖmüýÔûß½Ú)!Eø$Ù\æGæ½ÖVÛÁß�ü~Ú�æ½Ù\æ

â Ï



ã*ä µ#±_-¾5¬5²�§c¨«å�¸æ²�º�±_´�¬5¯²�®#°¤²eª~ç~èké¼êÝëeµ#¯®�ì

ÙNÛ á#�ÕÔmØ\Ù��yÙ%�)�,ÙNæ²á�ÙN×�ü*ÙJß½ß3Ù\ÛÁßuù�úSÚ,Û$æ�ß3Ô��)�,ÙN×�ÙJß�ùyúÊÖVá�ß3Ú,ü*Ú,æ½Ù\×U��Ù�F�ÔûÚ�æ½Ø\Ù¹Ômø á�ÙNÛ$ù$ÔmÛÁß�ù$Ù ØNÖVø$×Lß3Ù\æ�ù�ø$×½à\ÙNæ��]÷]Ô
æ�ß5Ô��$Ú)�,Ú,ß3à ù$Ù��ÕÔ�ü*ÔmØ �$Ú�Û�Ù*Ù\æ�ß�ÙS�%ØNÙ��"��Ù\ÛEß½Ù��X��ÖV×�üýÔ���ÙNü~ÙNÛÁß��e��Ù ß3ÙNü~á$æ�ü*ÖeâmÙNÛðÙ\ÛEß½×½Ùj��ÙNæ�ØNÖm×½×½Ù\Ø\ß½Ú�ÖVÛ$æuù$Ù
��úÊÖVá¤à\×3Ôûß½ÙNø$×]Ù\æ�ß:ù$Ù>á���ø$æ]ù$Ù

10
�$ÙNø�×½ÙNæ%��d"Ûu×3ÔmÚ,æ½ÖVÛ�ù$Ù��ÕÔkæ�ß3Ô��$Ú"��Ú,ß½à"ù$ÙY��úSÔmü~á#��Ú�ß3ø$ù$Ù ù$ÙV��Ôk×3Ômù$Ú,Ö.£NFç×�à�!Eø$Ù\Û$ØNÙ

ù@ÔmÛ$æ��,ÙNæuæ½ÙNØJß3Ú,ÖVÛ$æ�ÔûØNØNà%��à\×3Ôûß½×½Ú�Ø\ÙNæ%�X�WúSÚ,ÛEß½ÙNÛ$æ�Ú,ß½à*ù$ø~F�ÔûÚ�æ½Ø\Ù¹Ômø á¤Ù\ø�ß2ßJß3×½Ù�F�ÔmØNÚ"��Ù\ü*Ù\ÛEßuØ �@ÔmÛ�ÝVàNÙ�ÙJß�üKßNü~Ù
á$ø#��æ�àNÙA}�ø$æ�!Eøyú:� á#��ø$ækù�Ù

110 µA
Ô0�VÙ\Øuø$Û�ß3Ù\ü*á�ækù$Ù�ü*ÖVÛÁß½àNÙ�ù$Ù

100 µs
�

Ó �ÕÔ�æ�ÖV×�ß½Ú�Ù�ù$Ù~ù$Ù���úSÔmØNØ\à���à\×3Ôûß½ÙNø$×��,Ú�Û$àNÔmÚ�×�Ù�����ÙNæ�à%��ÙNØJß3×�ÖVÛ$æ�á¤à\Û#W\ß½×½ÙNÛÁß7��Ù Ø �@Ômü~á üýÔmÝmÛ$à\ß½Ú)!Eø$Ù�ø$Û$Úæ£
FçÖV×½ü~Ù�ù$Ù7��úSÔmÚ�ü*ÔmÛÁß�ÜsT@Ýmø$×½Ù2[�� Îmå3!Eø$Út�,ÙNæ�ù$à\j@à\Ø �$Ú,ß²ù$Ù

180 . � Ó á�×½àNædø�Û$Ù�æ�ÙNØ\ß½Ú�ÖVÛ æ½ÔmÛ$æ²Ø �$Ômü*áÉà���Ù\Ø\ß½×½Ö.£üýÔmÝmÛ$à\ß½Ú)!Eø$Ù��^�,ÙNæ�à���Ù\Ø\ß½×½ÖVÛ$æ�ÙNÛÁß½×½ÙNÛÁß�ù@ÔmÛ$æ7��Ù ù$ÙNø���Ú"WNü~Ù�ÔmÚ,üýÔûÛEß�!Eø$Ú���Ù\æ�×½ÙNÛ��mÖVÚ�Ù*ù@ÔmÛ$æ7��Ù8��Ú,Û@ÔmØ�á�ÖVø$×
ß\ß3×�Ù��~Û$ÖVø��mÙ¹Ômø ÔûØNØNà%��à\×½àNæ%��÷]Ô8�mÔû×½ÚÕÔ�ß3Ú�ÖmÛ�ù$øÉ×½ÔeâmÖVÛ ù$Ù�ØNÖmø$×��$ø�×½Ù�ù�Ù2�ÕÔ�ß3×½Ô'}�ÙNØJß3ÖVÚ,×½Ù�ù$Ù\æ�à��,ÙNØJß3×½ÖmÛ$æ�Ù\æ�ß
Ú�Û��VÙ\×½æ½Ù\ü*Ù\ÛÁß²á$×�ÖVá¤Öm×�ß3Ú,ÖVÛ$Û$Ù%�)�,ÙdÔmø'Ø �@Ômü~áwü*ÔmÝVÛ$àJß3Ú"!
ø�Ù ~B

ù@ÔmÛ�æ3�,ÙNæÿù$Ù\ø��ÉÔmÚ�ü*ÔmÛÁß3ækù$ø'ü~Ú�ØN×�Ömß3×�ÖVÛ/�\d"Û
Ù�¢¤Ù\ß0�]Ôûá$×�W\æ�Ø �$Ô�!Eø$Ù á@Ômæ½æ½ÔmÝVÙ��e��Ù�×½ÔeâmÖVÛ ù$Ù�ØNÖVø�×��$ø$×�Ù ù@ÔmÛ$æ��,ÙNæ�ÔmÚ,üýÔmÛÁß½ædÔmø$ÝVü~ÙNÛÁß½Ù�Ù\ß���Ù\ædá@Ôm×Lß3Ú�Ø\ø#��Ù\æ
ø�ß3Ú"��Ú�æ�ÙNÛÁß�ù$ÙNæ�ß3×½Ô'}�ÙNØJß3ÖVÚ,×½ÙNæ�ù$Ù�×½Ù\ß½ÖVø$×�ù$Ùuá���ø$æ�ÙNÛÉá���ø$æ�à��,ÖVÚ�ÝVÛ�àNÙNæ%���[Ù\ß½ß½Ù�á$×�Ö%Ø\àNù$ø�×½Ù�Ù\æ�ß²ÔmÚ�Û$æ�Ú]×½àNá�à\ß½àNÙ
}�ø$æ�!Eøyú:�uØ\Ù4!
ø�Ù5�,ÙNæ"à��,ÙNØJß3×½ÖmÛ$æ�ÔmØ�!Eø$Ú"WN×�ÙNÛÁß�ø$Û$ÙÿàNÛ$Ù\×½ÝVÚ,Ùkæ½ø��~æ½ÔmÛÁß3Ù�Ù\ß>Ôûß½ß½ÙNÚ,ÝVÛ$ÙNÛÁßY�WúSà%��àNü~ÙNÛÁß"ü*ÔmÝVÛ�à\ß3Ú"!Eø$Ù
ùyúSÙS�
ß3×3ÔûØ\ß3Ú,ÖVÛG!Eø$Ú���ÙNø�×>á�ÙN×�ü*ÙJßIù$Ù5!
ø�Ú,ß½ß½ÙN×V��Ù�ü*Ú,ØN×½Öûß3×½ÖmÛ/� Ó á$×@WNæ

n
ß3ÖVø�×½æ�,ÙNæ>à���Ù\Ø\ß½×½ÖVÛ$æ[Ôûß½ß½ÙNÚ,ÝVÛ$ÙNÛÁß>ø$Û$Ù

àNÛ$Ù\×½ÝVÚ,Ù
E = n∆E

�öÔûá$×�W\æ3�
Ú�Ù\ÛÁß6��úÊà\ß5Ôûá¤Ùdù�úSÙS�%ß½×3ÔmØJß3Ú,ÖVÛ/�
÷]Ù\æ�ü~Ú�Ø\×½Ömß½×½ÖVÛ�æIæ½ÖVÛÁß�ÝVÖVø��VÙN×�Û$àNæ�á@Ôm×6��Ô�ØNÖVÛ$ù�Ú,ß3Ú,ÖVÛ�ù$Ù�×½à\æ½ÖVÛ$ÔmÛ$ØNÙK 

2.096 (cm Tesla MeV −1)∆T = ν λ B
Ü([��E`'&Vå

ÖF¡
∆T

ÙNæ�ß3�,ÙdÝÁÔmÚ�Û�Ù\Ûwà\Û$ÙN×�ÝVÚ�Ùdù$ÔmÛ$æ6��Ù��,Ú�Û@ÔmØ��
λ

��Ô���ÖVÛ�ÝVø$ÙNø�×kùyúSÖmÛ$ù$Ù�ù$Ù��ÕÔ�×½Ômù$Ú�Ök£YFç×�à�!Eø$Ù\Û$ØNÙuÔmØNØ\à��,à	£
×3Ôûß½×½Ú�Ø\Ù�ÙJß

B
�,Ù�ü~Ö
ù$ø#��Ùÿù$øýØ �@Ômü~á�üýÔûÝVÛ$à\ß½Ú)!Eø$Ù�ù$ÙNæIÔmÚ�ü*ÔmÛÁß3æ%�

ν
×½Ù\á$×½à\æ½Ù\ÛEß½Ù���Ù�Û$ÖVü���×½Ù�ù�ÙU��ÖmÛ$ÝVø$Ù\ø$×½æ

ùyúSÖmÛ$ù$Ù�ù�ÖVÛÁß��Ô�ß½×3Ô'}�Ù\Ø\ß3ÖmÚ�×½Ùÿù$Ù\æ[à%��ÙNØJß3×�ÖVÛ$æ[Ù\æ�ß[Ômø$ÝVü~ÙNÛÁß½àNÙ5�uØ �@Ô�!Eø$Ù�ß3ÖVø$×�ù@ÔûÛ$æ�,Ù�ü~Ú�Ø\×½Ömß½×½ÖVÛk�Á÷�ÙNæ[á$Ôh£
×3Ômü�W\ß½×½ÙNæ:á$×½Ú,Û$ØNÚ,á@Ômø���æ�ÖVÛÁß"á$×�àNæ½Ù\ÛÁß3àNæ"ù$ÔmÛ$æJ��Ôÿß3Ô��#��Ù²Ü([��Z&Vå]ÔmÚ�Û�æ½ÚK!Eø$ÙA��Ù\æt!Eø@Ô��,Ú,ß½àNæ/ù$ø2F�ÔmÚ,æ½ØNÙNÔmø�ù$Ú,æ�ß½×½Ú)��ø$à
Ômø���æ½Ô��)�,ÙNækÙ1�%á�àN×�Ú�ü~ÙNÛÁß5Ô��,ÙNæ%�

�U�b�#���9���7� ���;�����n� ���;�����>� ���;���8� �>�X���b���
�����������'�s��� ã �$Ömß3Ö
Ø¹Ô�ßL�$Ö
ù$Ù�4�Ô Ó æ ã ���IÔmÛ$ÖmÛ�`ba�a� dÙ I �ö÷]Ú,Û@ÔmØ�[�� ¥ �wÙ I
¡>���R�R�K���j�����^��¢'�\£s���
d�Û�ÙN×½ÝmÚ�Ù�ùyúÊÙNÛÁß3×�àNÙ

3.455 14.35 179.5 MeVd�Û�ÙN×½ÝmÚ�Ù�ù$Ù�æ½ÖV×Lß3Ú,Ù
14.35 179.5 854.6 MeV��ÖVü���×½Ù�ù$Ù�×½Ù\ØNÚ�×�ØNø#��Ôûß3Ú,ÖVÛ$æ
18 51 90

£
¤k¥ �1�b¦�§¨�n§¨�#���^���'�(©kªR�
Þ�Ú�æLß5ÔmÛ$Ø\ÙuÙ\ÛÁß3×½Ù��,ÙNæÿÔmÚ,üýÔmÛÁß½æ

1.668 5.597 12.86
ü

Þ�ÙNÛ$æ�Ú,ß½àuù$ø�j@ø��
0.1026 0.555 1.2842

ø
Þ�ÚÕÔmü�W\ß½×½Ùdü*Ô+�%Ú�ü*Ô���ù$Ù���úÊÖV×��$Ú�ß3Ù

0.964 2.166 4.432
ü

�ÉÔmæ½æ�Ùuá$Ôm×�ÔmÚ�ü*ÔmÛÁß
1.3 43 450

ß
÷/Ôû×½ÝVÙ\ø$×ÿù$ÙNæÿÝÁÔmá�æ

6 7 10
ØNü

¤k¥ �1�b¦�§¨�n«^�?¢'�\«R�
�#¬�N¢'��©kªR���R���
��ÖVü���×½Ù�ù$Ù�$K�,â
æ�ß½×½ÖVÛ$æ

1 2 5
£

÷]ÖmÛ$ÝVø$Ù\ø$×ÿù$ø*�,Ú�Û@ÔûØ
0.8 3.55 8.87

ü
Þ�Ú�æ�æ½Ú�á$Ôûß3Ú,ÖVÛ�ù$Ù��ÕÔ�á$ø$Ú,æ½æ½ÔmÛ$ØNÙ>�Qí

8 48 102
$%]

ã ø�Ú�æ½æ½ÔmÛ$Ø\Ùk�Qí!ù$ø�F�ÔûÚ�æ½Ø\Ù¹Ômø
1.1 17 68

$%]
4�ÔmÚ,Û�ÙNÛwàNÛ$Ù\×½ÝVÚ,Ù

0.599 3.24 7.50
�wÙ I

âF¦



§c¨æ§c¨«å�¸ µ¤°¤°¤´�¶S´�¬5µG¾5²_¹�¬�·#²�ëeµ#¯®#ì

¤ �b¢+ªR���'ªR¢'���;® 6 Û$ù�Ù�æLß5Ôûß½Ú�ÖVÛ�Û@ÔmÚ�×�Ù<�$Ú,á¤à\×½Ú�Ö
ù$Ú"!
ø�Ù��
ß3ø��¤Ù�ù$Ù�ØNø�Ú"�
×½Ù

OFHC Φ = 14mm¯*£ ¥ �%�b¢'���X� ø4�$ÖVü~æ½ÖVÛ�°hø6±�&�aÁÎ ¥ Ù\ßU� ã è_° I�²ÁA £LÎ ¦$â a����
50kW

�
2449.53MHz�5³/�b¢'�\���'�s��� ã ÖVø$×ÿØ �@Ô�!Eø$ÙuÛ$ÖVü��$×�Ùdá@ÔmÚ,×Iù$Ù�×½ÙNØ\Ú�×�ØNø#��Ôûß3Ú,ÖVÛ$æ[ù$ÔmÛ$æ

RTM3
�

Esortie = 180 + 2n ∗ 7.5MeV
�
n = 1. · · · 45®e�\�
�0���K�\ª

855MeV
�
100µA

d"ß3Ô���Ù\ü*Ù\ÛÁßÿÙNÛ'àNÛ$Ù\×½ÝVÚ,Ù2 
30keV

ÜwíX]v±<�Éå
Þ�à\×½Ú"�mÙuÙ\Ûwà\Û$ÙN×�ÝVÚ�Ù2 

100keV
Ü!íX]v±U� å

d�ü~Ú,ß�ß5ÔmÛ�ØNÙ��$ÖV×�Ú)g\ÖVÛÁß5Ô��,ÙC 
13 π mm mrad

Ü_`
σ
å

d"ü~Ú,ß½ß3ÔmÛ$Ø\Ù<�VÙN×Lß3Ú,Ø¹Ô��,Ù2 
1.7 π mm mrad

Ü´`
σ
å

8 µ:9�¨ [��µ&>ÀMÁ�Ë$Ã7Ë$Ùýí	Ô!ÃXÈWÌjÉSÈ>Ó�Í ËSÆWÆWÐ	Ó,Ð	Ã7Ë$Ô(È	Î�Ã�ë�(²ë�ì�=~ëfË$Ä¯Å�¶=Ö

÷�úÊÚ�Û'}�ÙNØ\ß½Ú�ÖVÛýù@ÔmÛ$æA�,Ù�á$×�ÙNü~Ú�Ù\×[à��,àNü~ÙNÛÁßkÔûØNØNà%��à\×3Ôûß½ÙNø$×IÙ\æ�ß�Ômæ�æ½ø$×�àNÙdá@Ôû×[ø$Û I ÔmÛ�ù�Ù�4�×½ÔVÔ.¢�!Eø$Úyá�ÖV×�ß½ÙU�,ÙNæ
à���Ù\Ø\ß½×½ÖVÛ$æÿÚ,æ½æ½ø�æ�ù$Ù���Ô�æ½ÖVø$×�ØNÙ-�

3.5 MeV
�

þQÿwþzÿY� ·;¸u����� �Kok�Á���]ÑÒ�G�%#´¹I����� ��� �¤	��>�
#º����©���¼»5��#��
�������

÷"úSÔmæ�â
ü~à\ß3×�Ú�Ù�Ù1�%á�àN×�Ú�ü~ÙNÛÁß5Ô��,Ù Aexp ù$àNá�ÙNÛ�ù�ù$ÙNæ/Û$ÖVü2�$×½Ù\æ:ù$Ù�ù$Ú&¢�ø$æ�Ú�ÖVÛ�æ/à%�ÕÔmæLß3Ú"!
ø�ÙNæ
~ep

ù$ÔmÛ$æR��ÙNæ]ù$Ù\ø��
à\ß5Ô�ß3æ�ù$Ùÿá¤Ö���Ôm×½Ú,æ3Ôûß½Ú�ÖVÛuù$ø8F�ÔmÚ�æ�ØNÙ¹Ôûø*Ú,Û$ØNÚ,ù$ÙNÛÁß0� I øj�WúSÖV×�ù$×½Ùkù�Ù�Ým×3ÔmÛ$ù�ÙNø$×�ù$Ù3��úSÔmæ�â
ü~à\ß½×½Ú�Ù Aexp(10−6)

!Eø$Ù
��úÊÖVÛ*Ø ��ÙN×½Ø ��Ù<��ü*Ù\æ½ø$×�ÙN×��Eø$Û~ù$Ú,æ½á�ÖVæ½Ú�ß3Ú"F�ù$Ù�ü~ÙNæ½ø�×½ÙÿÙ\ß>ù$ÙÿØNÖVÛÁß½×�î��,Ù�ù�Ù3F�ÔmÚ,æ½Ø\Ù¹Ômø ÙNæLß[ü~Ú�æ"Ù\Ûýá#��ÔmØNÙÿæ�ø$×Y�ÕÔ
��Ú�ÝmÛ$ÙIù$Ùkß3×½ÔmÛ$æ�á¤ÖV×Lß�ù$ÙNæ�à��,ÙNØJß3×½ÖmÛ$æ�ù$Ù5� Ó �wè ���[Ù\æ>ü~ÖVÛ$Ú�ß3ÙNø�×½æGù$Ù4F�ÔmÚ,æ½Ø\Ù¹Ômø~æ½ÖVÛÁß�ØNÖmø$á#��à\æ���ø�Û*æLâ%æLßLW\ü*Ù
ù$Ù²æ�ß3Ô��$Ú"��Ú�æ½Ôûß3Ú,ÖVÛ�á�ÖVø$×�,Ú�ü~Ú,ß½ÙN×J�,ÙNæ>j$ø$Ø\ß½ø@Ôûß3Ú,ÖVÛ$æ>ù$ø�F�ÔmÚ,æ½ØNÙNÔmø/����ÖVø�æ[á$×�àNæ½Ù\ÛÁß3ÖVÛ$æ4�,ÙNæ>ü*ÖVÛ�Ú,ß3Ù\ø$×½æ�ø�ß½Ú)��Ú,æ½à\æ
á¤ÖVø�×�ü~ÙNæ�ø$×½Ù\×ÿØNÙNæÿá@Ôû×3Ômü�W\ß½×½ÙNæ%�

½e¾"½/¾ � ¾ � �����0ª^¢'�n«^�n����ªR¢'�\���

á�Û1ù$Ú,æ½á�ÖVæ½Ú�ß3Ú"F´��ØNÖVü~á¤Ömæ½à~ù$Ùýü~ÖVÛ$Ú�ß3ÙNø�×½æ�ùyúÊÚ�ÛÁß3Ù\Û$æ½Ú�ß3à~Ù\ß�ù�úSø$Û�Ùýæ½ÖmÛ$ù$ÙG®e�/�K¢+�%�b�K¢K�]ÙNæLß�Ú�Û�æ�ß5Ô��)��à�æ�ø$×
�ÕÔ���Ú,ÝVÛ$Ù²ù�Ù²ß3×3ÔûÛ$æ½á�ÖV×�ßÿù�ø�F�ÔmÚ,æ½Ø\Ù¹Ômø/�%èH��á¤Ù\×½ü~Ù\ßÿù$ÙdØ\ÖVÛÁß3×7î���Ù\×kÙNÛ�á¤Ù\×½ü*ÔmÛ$Ù\Û$ØNÙ���úÊÚ�ÛÁß½ÙNÛ$æ�Ú,ß3à�ù$ø;F�ÔmÚ�æ�ØNÙ¹Ôûø/�
÷]Ù\æ�ù�ÙNø���æLâ
æ�ßLW\ü*Ù\æ�æ�Ù�ù�Ú�¢¤àN×½Ù\Û$ØNÚ,ÙNÛÁß3�ÕÔm×�ÝVÙNü~ÙNÛÁßká$Ôm×4��Ù\ø$×ká$×½Ú,Û$ØNÚ,á¤Ùdù�Ù�FçÖmÛ$Ø\ß½Ú�ÖVÛ$Û�ÙNü~ÙNÛÁß0�

÷�ÙNæ�ØNÔb�
Ú�ß3àNæ�×�àNæ½ÖmÛ@ÔmÛÁß3Ù\æ>Ø\ÖVÛ$æ�ß½Ú,ß½ø$ÙNÛÁßV��ÙkØNÖm×½á$æ�ù$Ù\æ�ü~ÖVÛ$Ú�ß3Ù\ø$×½æ"ùyúÊÚ�ÛÁß½ÙNÛ$æ�Ú,ß3à��KdD�)��Ù\æ"æ½ÖVÛÁß�á�ÖVæ½Ú�ß3Ú�ÖmÛ$Û$àNÙ\æ
Ômø�ß3Ömø$×�ù$ø~F�ÔmÚ,æ½Ø\Ù¹Ômø/�:÷�ÖV×½æ@!Eø$Ù;��Ù�F�ÔmÚ�æ�ØNÙ¹ÔûøðùyúÊà���Ù\Ø\ß½×½ÖVÛ$æ�æ½Ù�ù$à\á#�ÕÔûØNÙ;�?�WúSÚ,ÛÁß3àN×�Ú�Ù\ø$×uù�Ù�ØNÙ\æ�ù$à\ß½ÙNØ\ß½ÙNø$×�æ��
Ú)�"â Ú�Û$ù�ø$Ú,ß�ø$Û Ø �@Ômü~á1ü*ÔmÝVÛ$àJß3Ú)!Eø$Ù��X�[Ù*Ø �@Ôûü*á Ú�Û$ù$ø�Ú,ß�ø$Û1Ø\ÖVø$×½ÔmÛÁß�ù@ÔmÛ�æuø$Û�Ù���Ö��$Ú�Û�Ù*á#��ÔmØNà\Ù*ù$ÔmÛ$æ
�ÕÔ Ø¹Ô0�
Ú,ß½à��"÷]Ô ü~ÙNæ½ø�×½Ù�ù$Ù>��úÊÚ�ÛÁß½ÙNÛ$æ�Ú,ß3àýù$Ù�ØNÙ�æ½Ú,ÝVÛ@Ô��>á¤Ù\×½ü~Ù\ß�ù�Ù'×�ÙNü~ÖVÛÁß3Ù\×8�9��úÊÚ�ÛÁß3Ù\Û$æ½Ú�ß3à�ù$ø¿F�ÔmÚ,æ½Ø\Ù¹Ômø
ùyúSà%��Ù\Ø\ß3×�ÖVÛ$æ%� Ó � Ó �'è �yù$ÙNø�� ü*ÖmÛ$Ú,ß½ÙNø$×�æ�ùyúÊÚ�ÛÁß3Ù\Û$æ½Ú�ß3à ã è_� 6 aVÏ�ÙJß ã è_� 6 &VÎ��yÚ,Û$æ�ß3Ô��)�,àNæ�ÙNÛ Ômü~ÖVÛÁßdù$Ù
�ÕÔ ØNÚ)����Ù��öÔûæ½æ½ø�×½ÙNÛÁßU�ÕÔ�æ�ß3Ô��$Ú)�,Ú�æ½Ôûß3Ú,ÖVÛ�ù$ø�F�ÔmÚ�æ�ØNÙ¹Ôûø/��÷]Ù�á$×�Ú�Û$Ø\Ú�á�Ù�ÙNæ�ß5�@Ômæ�à�æ�ø$×5��Ô�ü*Ù\æ½ø$×�Ùuù$øwØNÖVø�×3ÔmÛÁß�Ù\ß
æ3Ô�ØNÖVü~á@Ôm×½ÔmÚ�æ�ÖVÛ�Ô0�VÙ\Ø�æ½Ô��mÔ���ÙNø�×Iá$×½à\ù$à%T$Û$Ú�Ù��9ø:ÖVø%ß3Ùdà%�mÙNÛÁß3ø�Ù��)�,Ù�ù$à%�
ÚÕÔ�ß3Ú�ÖmÛ�ù$ø�æ½Ú�ÝmÛ@Ô���Ù\æ�ßÿØ\ÖV×½×�Ú�ÝVà\Ù����ÕÔ
æ½ÖVø$×�ØNÙ-����úSÔmÚ,ù$Ù�ù�Ù���úÊÖVæ½Ø\Ú)�)��Ôûß3Ù\ø$×�üýÔ�þ�ß3×�Ù�ù$Ù���Ô�ù$Ú,Ö%ù$Ù5�ÕÔmæ�ÙN×%�\�[ÙNá�ÙNÛ�ù@ÔmÛÁß0�\�,ÙNæIü~ÙNæ�ø$×½Ù\æAFçÖVø$×½Û�Ú�ÙNæ[á@Ôm×A�,ÙNæ
ü*ÖVÛ�Ú,ß3Ù\ø$×½æ ù$ÙkØNÖVø�×3ÔmÛÁß�Û$Ùÿæ½ÖmÛEßY!Eø$Ùkù�ÙNæD�ûÔ���Ù\ø$×½æG×�Ù���Ôûß3ÚE�VÙNæ"á�×½ÖVá�ÖV×�ß½Ú�ÖVÛ�Û$Ù��"��ÙNæX����úÊÚ�ÛÁß3Ù\Û$æ½Ú�ß3à>ù$ø�F�ÔmÚ�æ�ØNÙ¹Ôûø/�
ã ÖVø$×�Ö���ß½ÙNÛ$Ú,×�ø$Û$Ù�ü*Ù\æ½ø$×�Ù�Ô���æ½Ö��,ø$Ùÿù$øýØ\ÖVø$×3ÔûÛEß����ÕÔ�Ø¹Ô��,Ú)�$×½Ôûß3Ú,ÖVÛ�ù$Ù\æ>ü~ÖVÛ$Ú�ß3Ù\ø$×½æ�ùyúÊÚ�ÛÁß3Ù\Û$æ½Ú�ß3àÿù$ÙU� Ó �'è
ÙNæ�ß�×½àNÔ���Ú,æ½à\Ù��8�Wú`ÔûÚ�ù$Ù²ù�Ù-��Ô�æ½ÖVÛ�ù$Ù2®e�/�K¢+�%�b�K¢K�

÷]Ô�æ½ÖVÛ�ù$Ùuø%ß3Ú)�,Ú�æ�Ùdù$ÙNø����$ÔmÛ$ù$Ù\æ�ü*ÔmÝVÛ$àJß3Ú"!
ø�ÙNækß3ÖV×�Ö�ÀYù$Ô���Ù\ækÚ�ù$Ù\ÛEß½Ú)!Eø$Ù\æ3!Eø$Ú]æ�ÖVÛÁß�á#��ÔmØNà\ÙNæ�Ômø�ß½ÖVø$×ÿù$ø
F�ÔmÚ�æ�ØNÙ¹Ôûø�ùyúÊà���Ù\Ø\ß½×½ÖVÛ$æ%�$÷�ÙNæ[ù$ÙNø��ýß3ÖV×�Ö�ÀYù�ÙNæ[æ�ÖVÛÁßkÙ1�%Ø\Ú,ß3à\æIá@Ôm×>ø$Û�ØNÚ,×½Ø\ø$Ú,ß>ü*Ö
ù$ø#��Ôûß3Ù\ø$×�Ù\ßkæ�ÖVÛÁßkØNÖmø$á#��à\æA�

Î�a



ã*ä µ#±_-¾5¬5²�§c¨«å�¸æ²�º�±_´�¬5¯²�®#°¤²eª~ç~èké¼êÝëeµ#¯®�ì

ø$Û�ÝVàNÛ$à\×3Ôûß½ÙNø$×kÙS�
ß3ÙN×�Û$Ù�á@Ôm×A�WúSÚ,ÛÁß3ÙN×�ü*à\ù$ÚÕÔûÚ�×½Ù�ù$Ù\ækÙNÛ$×�ÖVø#��Ù\ü*Ù\ÛÁß3ækù$Ùdæ�ÙNÛ$æÿÖVá$á�ÖVæ�àNæ4��úÊø$Û�ù$Ù��Wú`Ôûø�ß3×�Ù��#d"Û
��úSÔ��$æ½Ù\Û$ØNÙ�ù$ÙUF�ÔmÚ,æ½ØNÙNÔmø/���ÕÔ�ù$Ú�¢¤àN×�ÙNÛ$Ø\Ù²ù$Ù�á�Ömß½ÙNÛÁß3Ú,Ù���ÙNÛÁß3×�Ù<��Ù\æ[ù$Ù\ø��;��Ö��$Ú,Û$ÙNæ>ÙNæ�ß[ÛEø#�)�,Ù��%÷/Ôuá$×½à\æ½ÙNÛ�ØNÙdù$ø
F�ÔmÚ�æ�ØNÙ¹Ôûø'Ù\ÛÁß3×½Ù��,ÙNæIù$Ù\ø���ß½ÖV×½Ö�À�ù$ÙNækÚ,Û$ù$ø$Ú�ßIø$Û�j@ø���ù@ÔmÛ$ækØ �$ÔmØNø$Û'ù$Ù\ækÙNÛ$×�ÖVø#��Ù\ü*Ù\ÛÁß3æ4!Eø$Ú�æ½ÖmÛEßkß½ÖVø+}�ÖVø�×½æ
ÙNÛ ÖVá$á�ÖVæ�Ú,ß3Ú,ÖVÛ ù�Ù á#�@Ômæ�Ù��A�[ÙNØNÚ�Ú�ÛÁß3×�Ö%ù$ø�Ú,ß*ø$Û$Ù ù$Ú&¢�à\×½Ù\Û$ØNÙ ù�Ù á¤Öûß3ÙNÛÁß½Ú�Ù���Û$ÖVÛ ÛEø#�"��Ù'ÙNÛÁß3×�Ùn��Ù\æýù$Ù\ø��
�¤Ö���Ú�Û$Ù\æ���d"Û á$×3Ô�ß3Ú)!Eø$Ù���ø$Û Ø\ÖVø$×3ÔûÛEß*ÙNæLß�×�àNÚ�Û'}�ÙNØ\ß½à?� ß3×½Ôb�mÙN×�æ���Ù\æ*ù�ÙNø��êß3Öm×½Ö�À�ù$ÙNæ<}�ø$æ�!Eøyú:�1Ô�ß½ß3Ù\Ú�Û$ù�×½Ù
ø$Û$Ù��ûÔ���Ù\ø$×dù$Ù�j@ø�� Û
ø��)��Ù�� Ó Ú�Û$æ�Ú,�k��Ô��ûÔ���Ù\ø$×²ù$ø ØNÖVø�×3ÔmÛÁß�Ú�Û'}�ÙNØ\ß½à�ÙNæLßuà\ÝÁÔ��,Ù��;��úÊÚ�ÛÁß3Ù\Û$æ½Ú�ß3à�ù$ønF�ÔmÚ,æ½Ø\Ù¹Ômø
ùyúSà%��Ù\Ø\ß3×�ÖVÛ$æ%�

½e¾"½/¾ � ¾ � �����R�s�0��ª^¢G«^�?ÁD���0���'�s���

÷�Ù��@Ô��)�"ÙS�%á¤à\×½Ú�ü~ÙNÛÁß3Ô���ÙNæ�ßuà�!Eø$Ú,á¤à*ù$Ù~ù$ÙNø�� ü~ÖVÛ$Ú�ß3ÙNø�×½æ�ù$Ùýá�ÖVæ�Ú,ß3Ú,ÖVÛ<Ü
XYMO20

�
XYMO27

å1�
èH��æ�æ�ÖVÛÁß²æ�Ú,ß3ø�àNæ<�

8.4 m
Ù\ß

1.2 m
ÙNÛ Ôûü*ÖVÛÁß�ù$Ù2��Ô~Ø\Ú)�#�,Ù���÷�ÙNæ�ü*Ù\æ½ø$×�ÙNæ�ù�Ù�á�ÖVæ½Ú�ß3Ú�ÖmÛwù$ø�F�ÔmÚ�æ�ØNÙNÔmø æ½ÖmÛEß

Ú�ÛÁß3à\ÝV×½à\ÙNæ�ù$ÔmÛ$æU�,ÙuæLâ
æ�ßLW\ü*ÙuùyúSÔmØ�!Eø$Ú,æ½Ú,ß½Ú�ÖVÛ'ù$Ù\æ�ù$ÖVÛ�Û$àNÙ\æ²ù$Ù Ó Þ#���[ÙNæ�ü*Ù\æ½ø$×�ÙNæ²á�ÙN×�ü*ÙJß½ß3Ù\ÛÁß�á#�,ø$æÿß5Ôm×�ù/�
á¤Ù\Û$ù@ÔmÛÁß��Wú`ÔûÛ@Ô��,â
æ�Ù���ù$Ù~ù$Ú�æ�á¤Ömæ½ÙN×�ù$Ù\æuù$ÖmÛ$Û$àNÙ\æ�æ�ø$×2�WúSàJß5Ôûß�ù$øcF�ÔmÚ�æ�ØNÙNÔmø Üçá¤ÖVæ�Ú,ß½Ú�ÖVÛ ÙJß�ÔmÛ�Ý���Ù¹ådá�ÖVø$×��,ÙNæ
ù$ÙNø��êàJß5Ôûß½æ�ùyú=�$à��,Ú�ØNÚ�ß3à�� ã Ömø$× ãDI Ó Þ��J��úÊø�ß3Ú"��Ú,æ3Ôûß½Ú�ÖVÛ ù$Ù�ØNÙ\æ~ü~ÙNæ�ø$×½Ù\æ Û$àNØ\ÙNæ½æ�Ú,ß½Ù���Ô Ø¹Ô��,Ú)�$×½Ôûß3Ú,ÖVÛ1ù�Ù'Ø\ÙNæ
ù$ÖVÛ$Û$à\ÙNæ�Ù\ß��ÕÔ²ü~ÙNæ�ø$×½Ùÿù$Ù6��Ô�ß5ÔmÚ"�)��Ù�ù$ø8F�ÔmÚ�æ�ØNÙNÔmø/� ã ÖVø$×�ØNÙ%�ÕÔ��Vø�Û*ù$Ú,æ½á�ÖVæ½Ú�ß3ÚEF´�ûù$Ú�ß"ØNÚ"�#��Ù6�<T\�(�mÙ\æ�ß�ø�ß3Ú"��Ú,æ½à��ûèH�
ÙNæ�ß>ØNÖmü*á�ÖVæ½àÿùyúÊø$Û~ù$Ú�æ@!Eø$ÙÿØN×½Ù\ø��~à�!Eø$Ú,á¤àÿù$Ù3!Eø@Ôûß½×½Ù�ÔmÛÁß3Ù\Û$Û$ÙNæ²Ü�ù$Ù\ø��8�$Öm×½Ú)g\ÖVÛÁß5Ô��,ÙNæ"ÙJß>ù�ÙNø��8�mÙN×�ß½Ú�ØNÔ���Ù\æ5å
á@Ôm×3Ô��)�)W%��Ù\æ���á�Û*�$Ô��ÕÔ¹âÁÔûÝVÙ��$ÖV×�Ú)gNÖmÛEß3Ô��yÙJß4�VÙN×Lß3Ú,Ø¹Ô��]Ô0�VÙ\Ø7�,Ù<F�ÔmÚ�æ�ØNÙNÔmø�ùyúSà%��Ù\Ø\ß3×�ÖVÛ$æÿÚ�Û�ù$ø$Ú,ßIø$ÛwØ\ÖVø$×½ÔmÛÁß�æ�ø$×
��ÙNæ[ÔmÛÁß3Ù\Û$Û$ÙNæ%�@÷�ÙNæIæ�Ú�ÝVÛ$Ômø��ýÔmÚ�Û�æ½Ú�ù$à\ß½ÙNØ\ß½àNæká�ÙN×�ü*ÙJß½ß3Ù\ÛÁßIù$Ù²×�ÙNØ\ÖVÛ$æ�ß½×½ø$Ú,×½Ù5�ÕÔuá�ÖVæ�Ú,ß3Ú,ÖVÛýù�ø�F�ÔmÚ�æ�ØNÙNÔmø/��Þ�ÙNæ
j@ø$Ø\ß½ø@Ôûß½Ú�ÖVÛ$æ~ù$Ù��ÕÔ á�ÖVæ½Ú�ß3Ú�ÖmÛ<Ôûø�£¦ù$Ù%�Â� ù$Ù���úÊÚ�ÛÁß3Ù\×@�ûÔ��"��Ù

(50 − 400) nm
ù$àNØ%��ÙNÛ�Ø �$ÙNÛÁßG�Wú`ÔûØ\ß3ÚE�ûÔûß3Ú,ÖVÛ!ù$ø

æ�â
æ�ß�WNü~Ù�ù$Ù�æ�ß3Ô��$Ú)�,Ú�æ½Ôûß3Ú,ÖVÛ ù$Ù;�ÕÔ'á¤ÖVæ�Ú,ß½Ú�ÖVÛ/�X�[Ù�æLâ%æLßLW\ü*Ù�Ù\æ�ß�Ø\ÖVü*á�ÖVæ�à�ùyúÊø$Û$Ù;��ÖVø$Ø��,Ùýù$Ùý×½à\ß½×½ÖÁÔûØ\ß3Ú,ÖVÛ
à���Ù\Ø\ß½×½ÖVÛ$Ú"!Eø$Ù�!
ø�Ú�á¤Ù\×½ü~Ù\ßÿùyúSÔ'}�ø$æLß3ÙN×3�ÕÔ�á�ÖVæ�Ú,ß3Ú,ÖVÛ�ù$ø>F�ÔmÚ�æ�ØNÙNÔmø�ù$ÙNá$ø�Ú�æ6��ÙdæLâ%æLßLW\ü*Ù�ù$Ù7� Ó �'è �

½e¾"½/¾ � ¾)½ �����R�s�0��ª^¢G«YÃÄ���R�K¢'���
�

÷"úÊàNÛ$Ù\×½ÝVÚ,Ù�ù$Ù\æ²à��,ÙNØ\ß½×½ÖVÛ�æ²ÙNæLßdü*Ù\æ½ø$×�àNÙ��G�WúSàJß5ÔmÝmÙk��ø3�*[�ù$ø ü~Ú�ØN×�Ömß3×�ÖVÛ Ô0�mÙNØ���Ùuü*ÖmÛ$Ú,ß½ÙNø$×�ùyúÊàNÛ$Ù\×g£
ÝVÚ�Ù

ENMO
�/÷�úÊàNÛ�ÙN×½ÝmÚ�Ù~ÙNæ�ß�ù$à\ß½ÙN×�ü*Ú,Û$àNÙ8�
ÚÕÔ>��Ù�ß3Ù\ü*á$æuÛ$àNØ\ÙNæ�æ3ÔmÚ,×½Ù�Ôûø�� à��,ÙNØ\ß½×½ÖVÛ�æuá�ÖVø$×�ß3×½Ôb�mÙN×�æ½ÙN×2��Ù

ù$ÙNø��%Ú"WNü~Ù�ÔmÚ,üýÔmÛÁß�ù$Ùk��ø3�?[���d"Û?F�ÔmÚ,ß��\��Ù�ß3Ù\ü*á$æ�ù$à\á¤Ù\Û$ù ù$Ù2�WúSà\Û$ÙN×�ÝVÚ�Ù��öèH�/Ù\æ�ß�ü*Ù\æ½ø$×�à�á�ÙNÛ$ù@ÔûÛEß<��úÊÙ1�3£
ß3×3ÔûØ\ß3Ú,ÖVÛÉù�ÙNæ²à%��ÙNØJß3×�ÖVÛ$æ<�j��úSÔmÚ�ù$Ù�ù$Ùuù$ÙNø�� ØNÔb�
Ú�ß3àNæU�@Ômø�ß½Ù7Fç×½à%!Eø$ÙNÛ$Ø\Ù�á#�ÕÔûØNàNÙ\æ�Ù\Û Ômü*ÖmÛEß�Ù\ß�ÙNÛ Ô0�ûÔ��/ù$Ù
��úSÔmÚ�ü*ÔmÛÁß0�/÷]ÔÉü~ÙNæ½ø�×½Ù�Ù\æ�ß�à\ÝÁÔ���Ù\ü*Ù\ÛÁß�ÙNü~á#�,ÖRâmàNÙ�á�ÖVø$×uæ�ß3Ô��$Ú)�,Ú�æ�ÙN×-��úÊàNÛ$Ù\×½ÝVÚ,Ù*ù$ø~F�ÔûÚ�æ½Ø\Ù¹Ômøk� ÷"úÊÚ�Û+}�Ù\Ø\ß3Ú,ÖVÛ
ù@ÔmÛ$æ5��Ù>��ø3�?[~ÙNæ�ß�×½àNÔ���Ú,æ½àNÙ�ù$Ù�F�Ôml\ÖVÛ9�~ØNÙ-!
ø�Ù2��Ùdß½ÙNü~á$æ�ù$Ù-�ÕÔ�ß3×½Ô0�VÙN×�æ½à\Ù�ÙNÛÁß3×�Ù7�,ÙNæ�ù$ÙNø��ÉØNÔ0�%Ú�ß3à\æ���Ù\ß
á@Ôm×[Ø\ÖVÛ$æ�à�!Eø$ÙNÛÁß��#��úÊàNÛ$Ù\×½ÝVÚ,Ù�ù�ÙNæIà%��ÙNØJß3×�ÖVÛ$æ��
æ½ÖmÚ,ß>ØNÖVÛ$æLß5ÔmÛÁß½Ù2üE`b&ûÞ.ý(��÷�Ù�æ½Ú�ÝmÛ@Ô��öØNÖV×�×½Ù\æ½á�ÖVÛ$ù@ÔmÛÁß6�-��úÊàNÛ$Ù\×½ÝVÚ,Ù
ù$ø~F�ÔmÚ�æ�ØNÙNÔmøðÙNæLß á$×½Ú,æ�Ù\Û!ØNÖVü~á�ß3Ù*ù@ÔmÛ$æ2��ÙýæLâ
æ�ßLW\ü*Ù�ù�ú`ÔmØ%!Eø$Ú�æ�Ú,ß3Ú,ÖVÛ1ù�Ù�ù$ÖVÛ$Û�àNÙNæ Ó Þ#�:÷/Ôwæ�ß5Ô��$Ú)�,Ú,ß3à~ù$ø
F�ÔmÚ�æ�ØNÙ¹Ôûø'Ù\Û�àNÛ$Ù\×½ÝVÚ,Ùdù$Ù-� Ó �'è[á�ÙN×½ü~Ù\ßÿù�ú`Ôûß�ß3Ù\Ú�Û$ù$×�Ùdù$ÙNækù�Ú�¢¤àN×½Ù\Û$ØNÙ\æÿØNÖV×�×½à��,àNÙ\æ5���Wú:��à���Ú,ØNÚ�ß3à�ù�Ù���úÊÖV×½ù$×�Ù
ù$Ù

10 eV
���[Ù\ØNÚ]á�ÙN×½ü~Ù\ßÿù�Ù�×�àNù$ø�Ú�×½Ù���Ô�F�Ômø$æ½æ�Ù�Ômæ�â
ü~à\ß3×�Ú�Ù�ù$ø$Ù�Ômø���j@ø$ØJß3ø@Ôûß½Ú�ÖVÛ�ækù$Ù���úÊàNÛ$Ù\×½ÝVÚ,Ù��

Å�ÆNÇ È�É%ÊZ�1Ë �i�´Ì�ÍU�GÎ#�7Ï-Ð6Ñ;Ëô�1É�ÒK�;É��;Ë

Ó �ÕÔ~�$Ômæ½Ù��3��ÔðØNÚ"�#��Ù Ø\×�âVÖmÝVàNÛ$Ú"!Eø$Ù ù�ú:�Áâ
ù$×½ÖmÝ�WNÛ$Ù���Ú"!
ø�Ú�ù$Ù ù�Ù ãJI Ó Þ Ô àJß3à ØNÖmÛ$lNø$Ù ù@ÔmÛ�æ*�,Ùn�$ø�ß
ùyú`Ô�ß½ß3Ù\Ú�Û$ù�×½Ù²ù$Ù\ækæ�ß3Ôûß3Ú,æ�ß3Ú"!Eø$ÙNæ>üýÔ+�%Ú,üýÔ��,ÙNæ"ß3Ömø�ßkÙNÛ;�,Ú�ü~Ú,ß3ÔmÛÁßY��ÙNæ[ÙN×½×�ÙNø$×�æIæ�â
æLß3àNü*Ôûß½Ú)!Eø$ÙNæká�×½Ö
ù$ø$Ú,ß½ÙNæ>á@Ôm×
��ÙNæ�j@ø$ØJß3ø@Ô�ß3Ú�ÖmÛ$æ�ù$Ù5��Ôdù$ÙNÛ$æ�Ú,ß½à�ù$Ù3�ÕÔdØ\Ú)�#�,Ù��E÷]Ô�Ø �$Ôm×½ÝVÙÿßL��ÙN×½ü~Ú)!Eø$Ùÿù$ø�F�ÔmÚ�æ�ØNÙNÔmø*ù�úSà%��ÙNØJß3×�ÖVÛ$æ�×½ÙNá�×½àNæ�ÙNÛÁß3Ù
ø$Û$Ù~æ½ÖVø$×�ØNÙ ù$Ù�j@ø$ØJß3ø@Ô�ß3Ú�ÖmÛ$ædù$Ù8�ÕÔ�ù$Ù\Û$æ½Ú�ß3à ù$Ù8��ú=�Áâ
ù$×½ÖVÝ�WNÛ$Ù8��Ú"!Eø$Ú�ù$Ù��aÞ²ÔûÛ$æ�ØNÙ\ß�ß3Ù ØNÚ"�#��Ù��/��Ù�Ø �$ÔmøG¢�ÔmÝVÙ
á¤Ù\ø�ß~Ôûß½ß½ÙNÚ,Û$ù$×½Ù�!
ø�Ù��)!Eø$Ù\æ ØNÙNÛÁß3ÔmÚ�Û$Ù\æ ù$ÙG]ðÔ�ß½ß3æ%�Gü*ÔmÚ�æ7��ÙNæuj@ø$Ø\ß½ø@Ôûß½Ú�ÖVÛ$æ�ù$Ù;�ÕÔ ù$Ù\Û$æ½Ú�ß3à�Û$Ù�ù�Ù%�
×3ÔmÚ,ÙNÛÁß

Î�`



§c¨ éa¨ ã .9¶�²e·y¸ ä/Ó ·#¬c½�³DÔ�®�²f¶��Õ�¹�¯·�²

á@ÔmæxßJß3×�Ù�æ½ø$á�àN×�Ú�Ù\ø$×½Ù\æ<�
10−3 á�ÖVø$×�Ôûß½ß½ÙNÚ�Û�ù$×½Ùuø$Û$Ù�æLß5Ôûß½Ú�æLß3Ú)!Eø$Ù�à��,Ù%�màNÙ�ÙJß²á$×�àNØNÚ,æ½Ùuù$ÙNæ²ü~ÙNæ�ø$×½Ù\æ��¤èH�/Ù\æ�ßù$ÖVÛ$Ø�Ú�ü~á¤à\×3Ôûß½Ú"F]ù$Ù�ü*ÔmÚ�ÛÁß3Ù\Û$Ú�×��ú=�Eâ
ù$×�ÖVÝ�W\Û$Ùuù$ÔmÛ$æ�æ3Ô á#�@Ômæ�Ù7�,Ú)!Eø$Ú�ù�Ù��9á�ÛÉæ�â
æLßLWNü~Ù�ù$Ùu×�Ù%Fç×�ÖVÚ�ù$Ú,æ½æ�ÙNü~ÙNÛÁß

ÙNæ�ßýù$ÖVÛ$Ø'Û$à\ØNÙNæ�æ3ÔmÚ,×½Ùwá¤ÖVø�×*ù$Ú,æ½æ�Ú�á�ÙN×8�ÕÔ Ø �@Ô��,ÙNø$×~ù$àNá�ÖVæ�àNÙÉá$Ôm×j�,Ù;F�ÔmÚ�æ�ØNÙ¹Ôûø/�|Þ²ÔmÛ$æ*ØNÙ�!
ø�Ú�æ�ø$Ú,ß���Û�ÖVø$æ
á$×½à\æ½ÙNÛÁß½ÖVÛ$æU�,Ù²á$×�Ú�Û$Ø\Ú�á�Ù<FçÖVÛ$Ø\ß½Ú�ÖVÛ�Û$Ù��¤ù$Ù��ÕÔ�ØNÚ"�#��Ù�ù$Ù ãDI Ó Þ~Ù\ßÿæ�ÖVÛ'Ø¹Ô��$Ú,ÙN×kù$ÙdØ �$Ôm×½ÝVÙ�á�ÖVø$×k×�àNù$ø$Ú,×½Ù��,ÙNæ
Ù�¢¤Ù\ß3æ�æ�â
æLß3àNü*Ôûß½Ú)!Eø$ÙNæjüÄ`'& ¥ ý(�

þQÿs	Qÿ�� Ö �#L����#¦ u��»5	������%#�	�������� ���ê�¤��������%�y$#��Á��#´¹I�����

÷]Ô ØNÚ"�#��Ù�ùyú=�Áâ
ù$×½ÖVÝ�WNÛ$Ù���Ú"!
ø�Ú�ù$Ù�ù�Ù*�,ÖVÛ$ÝVø$Ù\ø$×
10 cm

á�ÖVæ�æ�WNù�Ùwø$Û�Ù�æ�â
ü*àJß3×�Ú�Ù'Ô+�%ÚÕÔ��,Ù�á@Ôm× ×½Ômá$á�ÖV×�ß
�*��úSÔ+�%Ù~ù$ø¨F�ÔmÚ,æ½ØNÙNÔmø1Ú,Û$ØNÚ,ù$ÙNÛÁß��:÷"ú=�Áâ%ù�×½ÖVÝ�W\Û$ÙýØ\Ú�×�ØNø#�,Ù*Ù\Û1j@ÖmßuØNÖVÛÁß½Ú�ÛEø¨�,Ùj�,ÖVÛ$Ý'ù$ø�F�ÔmÚ,æ½Ø\Ù¹Ômø/�/÷]ÔwØ\Ú)�#�,Ù
FçÖVø$×½Û�Ú,ßGø�Û$Ù4��ø$ü~Ú�Û�ÖVæ½Ú�ß3à�ù$Ù

5 1037 cm−2s−1 á�ÖVø$× ø$Û$ÙIÚ,ÛEß½ÙNÛ$æ�Ú,ß½àIù$ÙAF�ÔmÚ,æ½ØNÙNÔmø�ùyúÊà��,ÙNØ\ß½×½ÖVÛ�æ"ù$Ù
20 µA

���[Ù
ØNÖVø$×½ÔmÛÁß�ØNÖV×�×½ÙNæ�á¤ÖmÛ$ù���ø�Û$Ùÿá$ø$Ú�æ�æ3ÔmÛ�ØNÙÿØ¹Ô��,ÖV×½ÚET\!Eø$ÙIù$Ù

100 W
Ô��$æ½Öm×���àNÙká@Ôm×D�Wú:�Áâ
ù$×�ÖVÝ�WNÛ�Ù3�,Ú)!Eø$Ú,ù$Ù[ÙJßY��ÙNæ

FçÙNÛ�ßJß3×½Ù\æÿÙNÛ'Ô���ø�ü*Ú,Û$Ú�ø$ü����[ÖVü~á�ß3Ù²ß½ÙNÛEø�ù$Ù��ÕÔ�Ø �$Ô���Ù\ø$×Iù$à\á¤ÖVæ�àNÙ��\��ú=�Eâ
ù$×�ÖVÝ�W\Û$Ù�T@Û$Ú,ß[á@Ôm×4��ÖVø$Ú"�)��Ú,×�� ã ÖVø$×
à%�
Ú,ß½ÙN×�ØNÙ���Ô��yø$Û æ�â
æLßLWNü~Ùýù�Ù~×�Ù%Fç×�ÖVÚ�ù$Ú,æ½æ�ÙNü~ÙNÛÁß�ÙNæ�ß�Ù\Û1ÖVá�àN×½Ôûß3Ú,ÖVÛ Ômø$á$×@WNæ�ù$Ù��ÕÔ�ØNÚ"�#��Ù�á�ÖVø$×�ü*ÔmÚ�ÛÁß½ÙNÛ$Ú,×
��ú=�Eâ
ù$×�ÖVÝ�W\Û$Ù���Ú"!
ø�Ú�ù$Ù�×½à1Fç×½Ú�ÝmàN×½à���÷]Ô�Ø\Ù��)�,ø#��Ù�ù$Ù���Ô*Ø\Ú)�#�,Ù�ÙNæLß�Ú�ÛÁß3×�Ö%ù�ø$Ú,ß½Ùuù@ÔûÛ$æ²ø$Û$Ù���ÖVø$Ø%��Ù-FçÙN×½ü~àNÙ�Ôb�mÙNØ
ø$ÛðàNØ �$ÔmÛ$ÝVÙ\ø$×�ßL��ÙN×½ü~Ú)!Eø$Ù��Áâ
ù$×½ÖVÝ�WNÛ$Ù £<�$à%��Ú,ø$ü*�]÷]Ô'üýÔmæ�æ½Ù~Ø �@Ômø$ù�Ù�ùyú=�Eâ
ù$×�ÖVÝ�W\Û$Ù�ÙNæLß�á�ÖVü~á¤à\Ùj�$Öm×½æ
ù$Ù;�ÕÔ'ØNÚ)����ÙýÙJß�á�ÖVø$×�æ½ø$Ú�ß�æ½ÖmÛ!Ø\â
Ø��,Ù�ù@ÔmÛ$æ��,ÙýØ\Ú�×½Ø\ø$Ú,ßuù$Ù�×�Ù%Fç×�ÖVÚ�ù$Ú,æ½æ�ÙNü~ÙNÛÁß0� Ó á$×@WNæ�×�Ù%Fç×½ÖmÚ�ù$Ú,æ½æ½Ù\ü*Ù\ÛÁß0�R�ÕÔ
ß3ÙNü~á�àN×3Ô�ß3ø$×�Ù>ù$Ù���ú=�Áâ
ù$×½ÖVÝ�WNÛ$Ù�ù$àNØ\×½ÖVÚ�ß#}�ø$æ�!EøyúSÔmø�á�ÖVÚ�ÛÁß/ù$Ù�ØNÖVÛ�ÝVà���Ôûß3Ú,ÖVÛ�ù$Ù>ü*ÔmÛ$Ú"WN×�ÙY��ØNÙ�!Eø$Ù���úÊà���à1�ûÔûß3Ú,ÖVÛ
ù$ÙV��Ô[ß3Ù\ü*á�àN×½Ôûß3ø$×�Ù�ù$ÙY�ÕÔIØNÚ"�#��Ù"æ�ÖVø$æ^��úSÔmØJß3Ú�ÖmÛdù$ø-F�ÔûÚ�æ½Ø\Ù¹Ômø�Ú�Û�ØNÚ�ù�ÙNÛÁß]Û$Ù�á$ø$Ú,æ½æ½Ù>Ôûß�ß3ÙNÚ,Û$ù$×�ÙD�ÕÔ[ß3Ù\ü*á�àN×½Ôûß3ø�×½Ù
ùyúSà%�$ø#�"��Ú,ß½Ú�ÖVÛk�

þQÿs	QÿY� ×VÑ  ²�����ê���Ø»5��#��%�¤����� ���fÙ������%���"�%#�	����ê��� �L������ÑÒ#L��	��%#Y�%�

÷�ÙNæyj$ø$Ø\ß½ø@Ôûß3Ú,ÖVÛ$æ�ù$ÙY��Ô��ø$ü~Ú�Û�ÖVæ½Ú�ß3à æ�ÖVÛÁßeF�Ô0�VÖV×�Ú�æ½à\ÙNæ]á@Ôm×e�,ÙNæ/�ûÔm×�ÚÕÔûß½Ú�ÖVÛ$æ¤ù$ÙD�ÕÔ[ß½ÙNü~á¤à\×3Ôûß½ø$×½Ù"ù�ø�j$Ömß]ù$Ù
��ú=�Eâ
ù$×�ÖVÝ�W\Û$Ù��3á�Û$Ùkà\ß½ø$ù$Ùÿø�ß3Ú"��Ú,æ3ÔmÛÁß:ø$Û ü*Ö
ù#W��,ÙIæ½Ú,ü*á���Ù[ù�ÙIß3ø$×@�$ø#��Ù\Û$ØNÙÿÔdá$ø ×�à%�Và%��Ù\×D!
ø�Ù4��úÊÖVá�ß3Ú,ü*Ú,æ3Ôûß½Ú�ÖVÛ
ù$Ù*Ø\ÙN×Lß5ÔmÚ,Û$æ�á@Ôm×3ÔûüjWJß3×½Ù\æ�ù$Ù8��úÊàNØNÖmø#��Ù\ü*Ù\ÛEß�ù�Ùj�Wú:�Áâ
ù$×½ÖmÝ�WNÛ$Ù8�,Ú)!Eø$Ú�ù�Ù�æ½ÖVÛÁß�æ½ø$æ�ØNÙ\á�ß3Ú"�#��Ù\æuù$Ù~æ½ø�á$á$×½Ú,ü*Ù\×
Ù�¢¤ÙNØ\ß½Ú"�mÙNü~ÙNÛÁß>��Ù\æ*j@ø$ØJß3ø@Ô�ß3Ú�ÖmÛ$æ��>÷�ÙNæ�Ù\æ�ß3Ú,üýÔ�ß3Ú�ÖmÛ$æ*ÛEø$ü~àN×�Ú)!Eø$Ù\æfüE`b& ¥ ý�æ½ÖVÛÁß;�$Ômæ½à\ÙNæ�æ½ø�×�ø$ÛÚF�ÔmÚ,æ½Ø\Ù¹Ômø
ùyúSà%��Ù\Ø\ß3×�ÖVÛ$æ²ù�úSà\Û$ÙN×�ÝVÚ�Ù�ù$Ù

854.3 MeV
Ù\ß²ù�Ù�ØNÖmø$×3ÔmÛÁß

35 µA
��èH�/ù$à\á¤ÖVæ�Ù�ø$Û�Ù�á$ø$Ú,æ½æ½ÔmÛ$ØNÙ�ù$Ù�Ø �@ÔûøG¢yÔûÝVÙ

ù$Ù
160 W

ù@ÔmÛ�æ�ÕÔ�ØNÚ"�#��Ùÿùyú=�Áâ
ù$×½ÖVÝ�WNÛ$Ù<�,Ú)!Eø$Ú,ù$Ù��E÷"úÊàNØNÖmø#��Ù\ü*Ù\ÛEß>ù$Ù5��ú=�Eâ
ù$×�ÖVÝ�W\Û$Ù�Ù\æ�ßkÔûæ½æ½Ú,ü*Ú"��à4��ø$Ûýß½ø#�¤Ù
ØNÖÁÔ+�%Ú�Ô��yù$Ù�ù$Ú�ÔmüjWJß3×�Ù

1.2 cm
ÙNÛ'á$×½à\æ½ÙNÛ�ØNÙ�ù$ø�F�ÔûÚ�æ½Ø\Ù¹Ôûø/�

½e¾ÄÛ^¾ � ¾ � ���%�'�
§¨���'�s���|«RªÜ�+ÝR�#ª^ÞY�#���q£s�e���\£V«XªÜN�#�(�0���K�\ª
÷�ÙNæ>j@ø$Ø\ß½ø@Ôûß½Ú�ÖVÛ$æ>ù$ÙU��Ô�ß½ÙNü~á¤à\×3Ôûß½ø$×½Ù�á$×½Öb�
Ú�Ù\Û$Û$ÙNÛÁßÿù$Ù5�ÕÔ��mÔû×½ÚÕÔ�ß3Ú�ÖmÛ*ù$Ù5��úÊà\ß3ÔûßIù$øj�VÖ��,ø$ü*Ù�ùyú=�Eâ
ù$×�Ö.£

Ý�WNÛ$Ù��,Ú)!Eø$Ú,ù$Ù����[Ù\ß�ß3Ù<�ûÔm×�ÚÕÔûß½Ú�ÖVÛ~æ½Ù²á�×½Ö
ù$ø$Ú,ß[Ø �@Ô�!Eø$Ù<FçÖVÚ,æ!Eø$Ù���Ôuü*Ômæ½æ�Ù²Ø �@Ômø$ù�Ùdù$Ù<��ú=�Áâ
ù$×½ÖVÝ�WNÛ$Ù��,Ú)!Eø$Ú�ù�Ù
ÙNæ�ß²×½ÙNü~á#��ÔmØNà\Ùuá@Ôû×�ø$Û$Ù�üýÔmæ�æ½Ù-Fç×½ÖVÚ,ù$Ù���÷�Ù�ü~Ö%ù�W���Ù�æ�Ú�ü~á#��Ù�ø�ß½Ú)��Ú,æ½àKüÄ`'& ¥ ý:ü*ÖmÛEß½×½Ù-!Eø$Ù��ÕÔ~æ�ß½×½ø$ØJß3ø$×�Ù�ÙNÛ
ß3ÙNü~á$æ�ùyúÊø$Û$Ù�j$ø$Ø\ß½ø@Ôûß3Ú,ÖVÛ~ù$Ù5��Ô²ß3ÙNü~á�àN×3Ô�ß3ø$×�Ù

∆Tf (t)
ÙNæLßIá$×�ÖVá¤Öm×�ß3Ú,ÖVÛ$Û$Ù%�)�,Ù4�-��ÔdØ �@Ôm×½ÝmÙ�ßL��ÙN×½ü~Ú)!Eø$Ùÿù$ø

F�ÔmÚ�æ�ØNÙ¹Ôûø
qv

Ù\ß�Ú,ÛK�mÙN×�æ½ÙNü~ÙNÛÁß�á$×½Ömá¤ÖV×Lß3Ú,ÖVÛ$Û$Ù%�)��ÙU���ÕÔ�ù$ÙNÛ�æ½Ú,ß½à�ù$Ù��ÕÔ�ØNÚ"�#��Ù
ρ
��dY�"��Ù²Ù\æ�ß�ù$ÖVÛ�Û$àNÙ�á@Ôm×) 

∆Tf (t) =
qv

Cpρ
te−(t/tt)

Ü
[��"`0[Áå
ÖF¡

Cp

Ù\æ�ß���Ô~ØNÔmá@ÔmØ\Ú,ß3àuØ¹Ô��,ÖV×½ÚET\!Eø$Ù�æ½á�àNØNÚET\!Eø$Ù�ù$Ù7��ú=�Áâ%ù�×½ÖVÝ�W\Û$Ù��,Ú)!Eø$Ú�ù�Ù�ÙJß
tt

�,Ùuß½ÙNü~á$æ�ù$Ùu×½Ù%�ÕÔ+��Ôûß½Ú�ÖVÛ/�
÷�úSÔmü~á#��Ú�ß3ø$ù�Ù²ù$ÙNæÿj@ø$ØJß3ø@Ô�ß3Ú�ÖmÛ$ækù$Ù��ÕÔ�ß½ÙNü~á¤à\×3Ôûß½ø$×½Ù�æNúÊÖ���ß½Ú�Ù\ÛEß�á�ÖVø$×

t = tt
��dD�)�,Ù²æNúÊàNØ\×½Ú,ß> 

∆Tmax =
qv

Cpρ
tte

−1,
Ü
[��"`NÞEå

Î�&



ã*ä µ#±_-¾5¬5²�§c¨«å�¸æ²�º�±_´�¬5¯²�®#°¤²eª~ç~èké¼êÝëeµ#¯®�ì

�[Ù\ß½ß½Ù Ômü~á#��Ú�ß3ø$ù$Ù�ù$à\ØN×�ÖVÚ,ß²Ôb�mÙNØ���Ô~ß3ÔmÚ)�"��Ù�ù$ø?F�ÔmÚ,æ½Ø\Ù¹Ômø Üçù#ßq�
qv
åÿÙ\ß²Ôb�mÙNØ���Ô��
Ú,ß½ÙNæ½æ�Ù�ùyúÊàNØ\ÖVø#��Ù\ü*Ù\ÛÁßdù$Ù

��ú=�Eâ
ù$×�ÖVÝ�W\Û$ÙU�,Ú)!Eø$Ú�ù�Ù�Ü�ù#ß��
tt
åS�%÷�Ùÿß3×½ÔmÛ$æ@FçÙ\×�ß�ßL�$Ù\×½ü~Ú)!Eø$Ù3�7��Ôdæ½ø$×_F�ÔmØNÙ�ù$øjF�ÔmÚ,æ½Ø\Ù¹Ômø~ÙNæLßIÙ%�~ØNÔmØNÙ5��ÖV×�æ�!Eø$Ù

��Ù�ù$ÚÕÔûüjWJß3×½Ù�ù�Ù>F�ÔûÚ�æ½Ø\Ù¹ÔmøêÙNæLß
d > 2 mm

ÙJß���Ô9�%Ú�ß3Ù\æ½æ½Ù'ùyúÊàNØ\ÖVø#��Ù\ü*Ù\ÛÁß*ù�Ù��Wú:�Áâ
ù$×�ÖVÝ�WNÛ�Ù*�,Ú)!Eø$Ú�ù�Ù�ÙNæLß
æ½ø$á�àN×�Ú�ÙNø�×½Ù7�

2 m/s
üÄ`'& ¥ ý,�

�<ß\ü*Ù�ÙNÛ�Ô��$æ�ÙNÛ$Ø\Ù�ùyúSà%�$ø#�"��Ú,ß½Ú�ÖVÛk����ÙNæ>j@ø$Ø\ß½ø@Ôûß½Ú�ÖVÛ$æ>ù$Ù��ÕÔ7��ø$ü~Ú�Û$Ömæ½Ú,ß½à
∆L/L á�ÙNø��mÙNÛÁß�á$×½Öb�mÙNÛ$Ú,×Iù$ÙNæ

j@ø$Ø\ß½ø@Ôûß½Ú�ÖVÛ$æ[ù$Ù��ÕÔ�ù$ÙNÛ$æ�Ú,ß½à
∆ρ/ρ

ÙNÛ$ÝmÙNÛ$ù$×�àNÙ\æ�á$Ôm×A��Ù\æ�ûÔm×½Ú�Ôûß3Ú,ÖVÛ$æ�ù$Ù<��Ôuß3Ù\ü*á�àN×½Ôûß3ø$×�Ù���÷�úÊÖV×�ù$×½Ù²ù�Ù²ØNÙ\æ
j@ø$Ø\ß½ø@Ôûß½Ú�ÖVÛ$æ]Ù\æ�ß:ù$ÖVÛ$Û$à�á@Ôm×e��ÔA�mÔ���ÙNø�×�ù$Ù

∆Tmax
��Þ²ÔmÛ�æX�,Ù"Ø¹Ômæ/ù$ÙY��úÊÙ1�%á�àN×½Ú,ÙNÛ$Ø\Ù ãJI Ó Þ�Ü

∆Tmax = 16K
å

�ÕÔ<�ûÔm×½Ú�Ôûß3Ú,ÖVÛ�ù$Ù6�ÕÔ���ø�ü*Ú,Û$ÖVæ½Ú�ß3à>×½Ù���Ôûß3ÚE�VÙkØ\ÖV×½×�ÙNæ½á�ÖVÛ$ù$ÔmÛÁß3Ù5��ø$Û�Ùÿj$ø$Ø\ß½ø@Ôûß3Ú,ÖVÛ~æ½Ú�ü~á#�,ÙIù$Ù3�ÕÔ�ß3Ù\ü*á�àN×½Ôûß3ø�×½Ù
ÙNæ�ßj 

(∆L
L
)

simple

=
(∆ρ

ρ

)
' 0.014

Ü([��E` ¥ å
�[Ù\ß½ß½Ù�Ù\æ�ß3Ú,üýÔ�ß3Ú�ÖmÛ'Ø\ÖV×½×�ÙNæ�á¤ÖVÛ�ù9� ø$Û$Ùuj$ø$Ø\ß½ø@Ôûß3Ú,ÖVÛ'æ½Ú�ü~á#�,ÙdÚ�Û$ù$ø�Ú,ß3Ù�á@Ôû×3��Ô~Ø �$Ôm×½ÝVÙ�ßL��ÙN×½ü~Ú)!Eø$Ù�ù$ø�F�ÔmÚ�æÕ£
ØNÙ¹Ôûø/�/d"Û æ�ø$á$á�ÖVæ3ÔmÛÁß�!Eø$Ù2��Ù7�mÖ���ø�ü*Ù�ùyú=�Eâ
ù$×�ÖVÝ�W\Û$Ù�ØNÖVÛÁß½Ú�ÙNÛÁß�ø$Û Û$ÖVü2�$×½Ù

n
ù$Ù�j@ø$Ø\ß½ø@Ôûß½Ú�ÖVÛ$æ�æ½Ú,ü*á#�,ÙNæ%�

��Ùd×½à\æ½ø#��ß5Ôûß�ù$Ù���Ô�j@ø$Ø\ß½ø@Ôûß½Ú�ÖVÛ�ù$Ù��ÕÔ��,ø$ü~Ú�Û$ÖVæ�Ú,ß½à�ß3Öûß5Ô��,ÙdÙNæ�ß�ù$ÖmÛ$Û$à�á@Ôm×) 
(∆L
L
)

total
=
(∆L
L
)

simple

/
√

n ' 1.7 10−3 Ü
[��"` â å

�[Ù\ß½ß½ÙwÙ\æ�ß½Ú�ü*Ôûß3Ú,ÖVÛ!ù$Ù>�ÕÔ j@ø$ØJß3ø@Ô�ß3Ú�ÖmÛêù�Ù*��Ôq�,ø$ü~Ú�Û$ÖVæ�Ú,ß½àýÙNæLß~ù$ø üKßNü~Ù�ÖV×½ù�×½Ù>!Eø$Ù*�,ÙNæ�ÙS��Ú,ÝVÙNÛ�ØNÙNæ*ù$Ù
��úÊÙ1�%á¤à\×½Ú,ÙNÛ$Ø\Ù���dD�)��Ù�á¤Ù\ø�ßQß\ß3×�Ù��¤ÙNÔmø$ØNÖmø$áwá���ø$ækÝV×½ÔmÛ$ù$Ù�æ�Ú�ø$Û$Ù�à��$ø��)��Ú�ß3Ú,ÖVÛG��Ö
Ø¹Ô���Ù²Ô8��Ú,ÙNø/�

½e¾ÄÛ^¾ � ¾ � �<àtªR£
£(���'�s���¿ÁR¢'¦��8«^����N���^á��b¢'����«YÃE�#£(ªR§~�
�X�
ªX§

÷�Ù5F�ÔûÚ�æ½Ø\Ù¹Ômø*ùyúÊà���Ù\Ø\ß½×½ÖVÛ$æ[ù$àNá�ÖVæ½Ù�ù$Ù<�WúSà\Û$ÙN×�ÝVÚ�ÙÿÛ$ÖVÛýæ½ÙNø���ÙNü~ÙNÛÁß[ù@ÔmÛ$æA�,Ù3�mÖ���ø�ü*Ù�ùyú=�Eâ
ù$×�ÖVÝ�W\Û$Ù��$ü*ÔmÚ,æ
àNÝÁÔ��,ÙNü~ÙNÛÁßIù$ÔmÛ$æ4��Ù\æVFçÙ\Û�ß\ß½×½ÙNækù�úSÙ\ÛEß½×½à\ÙdÙ\ßkù$Ù�æ½ÖV×Lß3Ú�Ù�ÙNÛ�Ô��,ø$ü*Ú,Û$Ú�ø�ü*�K�[ÙJß½ß½Ù<!Eø@ÔmÛÁß3Ú�ß3à²ù$Ù�Ø �@ÔmøG¢�ÔmÝVÙ²Ù\æ�ß
ù$Ù2�WúSÖV×�ù$×½Ù�ù$Ù

1.9 W
á¤Ömø$×�ø�Û$Ùuà\á@ÔmÚ,æ½æ½Ù\ø$×�ù�ú`Ô��,ø$ü~Ú�Û$Ú,ø$ü ù�Ù

0.1 mm
á�ÖVø$×�ø$Û*F�ÔûÚ�æ½Ø\Ù¹Ômø'ù$Ù�ù$ÚÕÔûüjWJß3×½Ù

d = 2 mm
��÷]Ô Ø �@Ô���ÙNø�×*ÛyúÊÙNæLß�á@Ôûæ~ß½×3ÔmÛ$æ_FçàN×�àNÙÉù�Ú�×½Ù\Ø\ß½ÙNü~ÙNÛÁßG�q��ú=�Áâ
ù$×½ÖVÝ�WNÛ$Ù*��Ú)!Eø$Ú,ù$Ù�� üýÔmÚ,æ Ù��)�,Ù�ÙNæLß

×½àNá$Ôm×�ß½Ú�Ù�æ½ø�×-��ÔGFçÙNÛ�ßJß3×½Ù ùyúSÔ��,ø$ü*Ú,Û$Ú�ø�ü Ù\Û ×½ÔmÚ�æ�ÖVÛ ù$Ù8�ÕÔýß��$ÙN×�ü*Ö.£YØNÖVÛ�ù$ø$Ø\ß½Ú"�
Ú,ß½à�ù$Ù8��úSÔ��,ø$ü*Ú,Û$Ú�ø�ü*���[Ù\ØNÚ
á¤Ù\ø�ß�á$×½Öb�VÖ�!Eø$ÙN×�ø$Û�Ùkà��$ø#�"��Ú�ß3Ú�ÖmÛ�Ômø�ß½ÖVø$×"ù$Ù4��Ô�ß5ÔmØ ��Ù�ù�ø8F�ÔûÚ�æ½Ø\Ù¹Ômø5}�ø�æ�ß3Ùÿù@ÔûÛ$æY��Ù�mÖ���ø$ü~ÙIùyú=�Áâ
ù$×½ÖVÝ�WNÛ$Ù�£
FçÙNÛ�ßJß3×½ÙÿÙ\Û Ô���ø$ü~Ú�Û�Ú�ø$ü��+�[Ùká$×½Ö
ØNÙ\æ½æ�ø$æ�Û$Ùkù$àNá�ÙNÛ�ù~á$Ômæ"ù$Ù4�ÕÔ�ß5ÔmÚ"�)��Ù�ù$ø�F�ÔmÚ,æ½Ø\Ù¹Ômø�ÖVø�ù�Ù4��úÊàNá@ÔmÚ,æ½æ�ÙNø$×"ù$Ù�ÕÔ
á@Ôm×½ÖmÚÁÙNÛuÔ���ø$ü~Ú�Û�Ú�ø$ü üÄ`'& ¥ ý(�'d"Û�Ôûø$ÝVü~ÙNÛÁß5ÔmÛÁßR�ÕÔ�
Ú�ß3ÙNæ�æ½Ù�ùyúÊàNØNÖmø#��Ù\ü*Ù\ÛEß/ù$ÙY�Wú:�Áâ
ù$×½ÖmÝ�WNÛ$Ù��'�ÕÔIØNÖmÛEß½×½Ú"�$ø�ß3Ú,ÖVÛ
ù$Ù��ÕÔ��ûÔm×½Ú�Ôûß3Ú,ÖVÛ�ù$Ù��ÕÔ�ß½ÙNü~á¤à\×3Ôûß½ø$×½Ù�ù$Ù\æ4FçÙNÛ�ßJß3×½Ù\æ�ù�Ù-��Ô�ØNÚ"�#��Ù�Ômø���j@ø$ØJß3ø@Ôûß½Ú�ÖVÛ�ækù$Ù�ù$ÙNÛ$æ�Ú,ß½àuù$Ú,ü*Ú,ÛEø$Ù��

þQÿs	Qÿ!þ �����¤�����L�����©����������#Hâ��L�

ã ÖVø$×~Ôûß½ß½ÙNÚ,Û$ù$×½Ù�ø$ÛêÛ$ÚE�VÙ¹Ôûø<ù$Ù�j@ø�Ø\ß3ø$Ôûß3Ú,ÖVÛ$æ á#��ø�æ��$Ômæ8!
ø�Ù
10−3 � ãJI Ó ÞðÔ Ù1�%Ú,ÝVà�ø$Û$Ù�ß5ÔmÚ"�)��Ù*ù$Ù

F�ÔmÚ�æ�ØNÙ¹Ôûø~ù�Ù3�WúSÖm×½ù$×�Ùkù$Ù
1 mm

ù$Ùÿù$Ú�Ômü�W\ß3×�Ù���d�Û~ØNÖmÛ$æ½à%!
ø�ÙNÛ$Ø\Ù����ÕÔ²ü~à\ßL��Ö%ù$Ùkø%ß3Ú)�,Ú�æ½ÔmÛÁßD��Ù4�@Ô��ÕÔ¹âÁÔmÝmÙkù$Ù4�ÕÔ
ØNÚ)����Ù�á@Ôm×���Ù4F�ÔmÚ�æ�ØNÙNÔmøýÛyúÊÙNæLßIá@Ôûæ[Û$à\ØNÙNæ�æ3ÔmÚ,×½Ù�á$ø$Ú�æ@!Eø$ÙU��Ô�á$ø�Ú�æ½æ½ÔmÛ$Ø\Ù�ù$à\á¤ÖVæ�àNÙ²á$Ôm×V�,Ù4F�ÔmÚ�æ�ØNÙ¹Ôûøýæ½ø�×��Ù\æ>á$Ôh£
×½ÖVÚ,æ[ù$Ù<��ÔuØ\Ú)�#�,Ù�Û$Ù�×½Ú�æ@!Eø$ÙN×½Ô�á@Ômæ>ù$Ù²ù$à\ÝV×3Ômù�ÙN×A��ÔuØNÚ"�#��Ù��
÷/Ô�ß3ÙNü~á�àN×3Ô�ß3ø$×�Ù�ù$Ù<�Wú:�Áâ
ù$×�ÖVÝ�WNÛ�Ù<��Ú"!
ø�Ú�ù$Ùÿù$ÖVÚ�ß
ß\ß3×�Ùuá�×�WNæ�ù$ø'á¤ÖmÚ�ÛÁß�ù$Ù�Fçø$æ½Ú,ÖVÛÉÔ+T@Û*!Eø$Ù-��ú=�Áâ
ù$×½ÖVÝ�WNÛ$Ù�×½Ù\æ�ß3Ù�ù@ÔmÛ�æ�æ½Ô~á��@Ômæ½Ù-��Ú"!Eø$Ú�ù$Ùdü*Ô��,ÝV×½à<��Ô�Ø �@Ô���Ù\ø$×
ù$àNá�ÖVæ½à\Ùuá$Ôm×6��Ù<F�ÔmÚ,æ½ØNÙNÔmø/�@÷]Ô�æ½Ù\Ø\ß½Ú�ÖVÛ'ù$ø�ß3ø#��Ù*Ü
�$ø�æ½Ùeå4!Eø$Ú�ÝVø$Ú,ù$Ù���ú=�Áâ
ù$×½ÖVÝ�WNÛ$Ù-��ß3×½Ôb�mÙN×�æ5��Ô Ø\Ú)�#�,Ù²ù$ÖVÚ�ß
ß\ß3×�Ù�×½à\ù$ø$Ú,ß½Ù�Ômø!ü~Ú�Û�Ú�ü�ø$ü��R�[Ù�ü~Ú�Û$Ú,ü�ø$ü ù$ÖmÚ,ß-FçÖVø$×½Û�Ú�×2�WúSà\ØNÖVø���ÙNü~ÙNÛÁß�ù$ÙG�ÕÔwüýÔmæ�æ½Ù�Û�àNØNÙ\æ½æ½ÔmÚ�×�Ù Ü�ø$Û
àNØNÖmø#��Ù\ü*Ù\ÛEßÿù�Ù<�ÕÔ�ü*Ômæ�æ½Ùdù$Ù

20 g/s
ù$ÖVÛ$Û$ÙU��Ú�Ù\ø;�

1 . ù�Ù��ÕÔuß½ÙNü~á¤à\×3Ôûß½ø$×½Ù²ù�Ù��ÕÔ�ü*Ômæ½æ�Ùdùyú=�Eâ
ù$×�ÖVÝ�W\Û$Ù��
ø$Û$Ùdá$ø$Ú,æ½æ½ÔmÛ$ØNÙ�ù$ÙdØ �$ÔmøG¢�ÔmÝVÙ²ù$Ù

160 W
å1��÷]Ô2�%Ú�ß3Ù\æ½æ½Ùdù�úSà\ØNÖVø#�,ÙNü~ÙNÛÁßÿù$ÖVÚ�ß�ßJß3×½Ù�Ô���ÖV×�æ[ü*Ô+�%Ú�ü~Ú�æ½à\Ù�á�ÖVø$×

Î�[



§c¨ éa¨ ã .9¶�²e·y¸ ä/Ó ·#¬c½�³DÔ�®�²f¶��Õ�¹�¯·�²

üýÔmÚ,ÛÁß3ÙNÛ�Ú�×���ú=�Áâ%ù�×½ÖVÝ�W\Û$Ù~ù@ÔmÛ$æuæ3Ôwá��@Ômæ½Ùj��Ú"!
ø�Ú�ù$Ù���ù@ÔmÛ$æuø$Û$Ù~á#�ÕÔmÝmÙ*ù$Ù ß3Ù\ü*á�àN×½Ôûß3ø�×½ÙNæuØNÖVü~á$×�Ú�æ½Ù Ù\ÛEß½×½Ù
13.75 K

Ü.ß3Ù\ü*á�àN×½Ôûß3ø$×�Ùdù$Ù�Fçø$æ½Ú,ÖVÛöå[ÙJß
20.3 K

Ü.ß3ÙNü~á�àN×3Ô�ß3ø$×�Ù�ù�úSà%�$ø#�)�,Ú,ß½Ú�ÖVÛöåS�

÷]Ôdæ�â
ü~à\ß3×�Ú�ÙÿÔ+�%Ú�Ô���ÙIù�ø*ù$àJß3Ù\Ø\ß3Ù\ø$×�Ù1�%Ú�ÝVà\Ùÿá@Ôm× ãJI Ó ÞuÙ\æ�ß�×½ÙJj@à\ß½àNÙ�ù@ÔmÛ$æY��Ô²ØNÖVÛ$Ø\ÙNá�ß½Ú�ÖVÛ~ù$Ù4��Ô�Ø\Ù��"��ø#�,Ù
ù$Ù��ÕÔ�ØNÚ"�#��Ù²ù�ú:�Áâ
ù$×½ÖmÝ�WNÛ$Ù7��Ú"!
ø�Ú�ù$Ù Ü�T@ÝVø$×�Ù�[��SÏÁå1�

�
�

�
�

�
�

��*

e
−

→

e
−

¿ ¯³�¨ [��SÏxÀjwzÈ(Ç_ÃXÐWÌ=È	Å9Ô?Ë$Ô!Ä?ÒhÅEÌ=Æ5?9Ð	ÙKË$ÔwÄ
B�Î9ÈxÉSÈQÓ&ËKÆWÈ	Ó¯Ó Î�Ó,È)Æ	ÄwÊ�Ó,È�Ç9ÒhÎSÃzÓ&Ë2É$Ä ÚzÎ3Ì	Ä?ÒhÅMË$Î.Ï Ë$ÅSØ$Ó,ÈWÌ�Ë$ÑhË$Å9Ô?Ö_×�ÈWÌ
Ð	Ó,ÈWÆ	Ô!ÃXÒhÅGÌ�Ç9Ð	Å�í	ÔwÃWÈ	Å9Ô~É`Ë$ÅGÌ]Ó&ËMÆWÈ	Ó¯Ó ÎSÓ,ÈCÆ	ÄwÊ�Ó,ÈjÉ$ÎfÆ ãhÔ(ÐkÉ$Î¼Æ5?GËhÌWÌ	Ä,ÌjÈ	Å�Ë$Ó Î�Ù2Ä¯Å9Ä¯ÎSÙKÖ

÷]Ô�ØNÚ"�#��Ù�æ½ÙdØNÖmü*á�ÖVæ½Ùdù�Ùdá$Ú)W\ØNÙNæÿÙ\ÛwÔ���ø$ü~Ú�Û$Ú,ø$üQ}�ÖVÚ,ÛEß½Ú"�mÙNækÔ0�VÙ\Ø�ù$ÙNæ�Ôûß�ß5ÔmØ �$Ù\æÿÙNÛ�Ú�Û$ù�Ú�ø$ü��%ù�Ùdæ½ÖV×Lß3Ù
!
ø�Ù2�ÕÔ ØNÚ"�#��Ù�á$ø�Ú�æ½æ�ÙkßJß3×½Ùu×½àd£�Ômæ�æ½ÙNü2�#��à\Ùuá#�,ø$æ½Ú,ÙNø$×�æ3FçÖmÚ�æ��ö÷]Ô���ÖVÛ$Ýmø$ÙNø$×�ù$Ù-�ÕÔ ØNÚ"�#��Ù�ÙNæLß<�,Ú�ü~Ú,ß3à\Ù��

10 cmá¤ÖVø�×U��úÊÙ1�%á�àN×�Ú�ÙNÛ�ØNÙ�ù$Ù�ù$Ú�¢¤ø$æ½Ú,ÖVÛ Ôûø��ÉÔmÛ$Ý��,ÙNæ²Ô0�ûÔmÛÁß0��÷�Ùuj@ø$Ú,ù$Ù2�Áâ
ù$×�ÖVÝ�WNÛ�Ù���Ú)!Eø$Ú,ù$Ù�ÙNæ�ßdÔmù$ü~Ú�æ�ù@ÔmÛ$æ5�ÕÔ
ØNÚ)����Ùká@Ôm×Y�,ÙkØNÖ��"��ÙNØJß3Ù\ø$×"ù$Ù4FçÖV×½ü~ÙIß3Öm×½Ö�À�ù@Ô���Ù��V÷"úÊàNØNÖmø#��Ù\ü*Ù\ÛEß�ùyú=�Áâ
ù$×½ÖVÝ�WNÛ$Ù�ÙNæLß[ù$Ú,×½Ú,ÝVàIù@ÔmÛ�æ�ø�Û$Ù5��ø$æ½Ù�ù$Ù
ù$ÚÕÔmü�W\ß½×½Ù²ù�Ù

12 mm
�,Ù���ÖVÛ$Ý�ù�Ù��ÕÔ���Ú,ÝVÛ$Ù�ù$ø;F�ÔmÚ�æ�ØNÙ¹Ôûø/�$ÖF¡>�ÕÔ2�
Ú�ß3ÙNæ�æ½Ù�ù$Ùdù$à%�$Ú,ßÿü*Ô+�%Ú�ü*Ô���ÙNæLß�Ôûß½ß½ÙNÚ�ÛÁß½Ù��

÷]Ù�j@ø$Ú,ù$Ù5!Eø$Ú�ß½ß½Ù5��Ô�Ø\Ù��)�,ø#��Ùÿù$Ù3�ÕÔ�ØNÚ"�#��Ù�á@Ôm×���ÙÿØ\Ö��)�,ÙNØ\ß½ÙNø$×�ù$Ù�æ½ÖV×Lß3Ú,Ù��
÷]Ô-FçÙNÛGß\ß3×�Ù�ùyúÊÙNÛÁß½×½àNÙ�ùyú`Ô���ø$ü~Ú�Û$Ú,ø$ü
Ô*ø$Û$Ù�àNá$ÔmÚ�æ�æ½ÙNø�×�ù$Ù

50 µm
��÷"úSà\á@ÔmÚ,æ½æ½Ù\ø$×�ù$Ù7��Ô�á@Ôm×½ÖmÚ�ù$Ù7�WúSÙ\Û��VÙ��,ÖVá$á�Ùuá$Ôm×3Ô���Ö��,Ú)!Eø$ÙdùyúSÔ���ø�ü*Ú,Û$Ú�ø$üä!Eø$Ú

ØNÖVÛÁß3Ú,ÙNÛÁß��Wú:�Áâ
ù$×½ÖmÝ�WNÛ$Ù�ÙNæ�ß²ù$Ù
250 µm

��÷"úÊàNá@ÔûÚ�æ½æ�ÙNø$×�ù$Ù��ÕÔ8FçÙNÛ�ßJß3×�Ù�ù$Ù�æ�ÖV×�ß½Ú�Ù�ù�ø9F�ÔmÚ�æ�ØNÙ¹Ôûø9!Eø$Ú Ø\ÖV×½×�ÙNæg£
á¤ÖVÛ�ù>�2��úÊÙ1�
ß3×�àNü~Ú,ß½à�ù$ÙU�ÕÔ7FçÖV×�ü*Ù�á@Ôm×½Ô���Ö���Ö�À�ù@Ô��,Ù�Ôuà\ß3à�×½àNù�ø$Ú,ß½Ù<�

100 µm
��÷]Ô�á$Ôm×½ÖVÚ�ù$Ù<��Ô2�$ø$æ�ÙdÔ�ø$Û�Ù

àNá@ÔmÚ,æ½æ�ÙNø$×
200 µm

ù$Ù�ß3Ù%�)�,Ù�F�ÔûlNÖVÛn�~ØNÙ�!Eø$Ù2��ÙNæ�à��,ÙNØJß3×½ÖmÛ$æ�ù$Ú&¢�ø�æ½àNæ�ù@ÔmÛ$æ�ø$Û Ø�îmÛ$Ù�ù$Ù
66 . ×�ÙNÛ$Ø\ÖVÛÁß3×�ÙNÛÁß��Ù�ü*ÖVÚ,Û$æÿù$Ù�ü*Ôûß½Ú)WN×�Ù�ù@ÔmÛ$æ5��ÙNø�×ÿß½×3Ô'}�Ù\Ø\ß½ÖVÚ�×�Ù���÷]Ô*ØNÖmÛ$æ�ß½×½ø$ØJß3Ú�ÖmÛ Ô*àJß3à�ÙS��Ômü*Ú,Û$àNÙ�æ½Ömø$æ5�
Ú�ù�Ù4}�ø$æ@!EøyúZ�j�ÕÔ

á$×½Ù\æ½æ½Ú,ÖVÛ�ù$Ù
6 bar

�
÷]ÔuØ\Ù��)�,ø#��Ùkù�ÙU�ÕÔ�ØNÚ"�#��ÙÿÙ\æ�ßT���à\Ù²Ômø*ØN×LâVÖVæLß5Ôûß[á@Ôm×�ø$Û�á�ÖVÛÁß>ß��$ÙN×�ü*Ú"!Eø$ÙNü~ÙNÛÁß>Ú�æ½Ö��ÕÔmÛÁß
Ô�T@Û'ù$Ù�×½àNù�ø$Ú�×�ÙuÔûø'ü~Ú�Û�Ú�ü�ø$üä�,ÙNæ4�
Ú)�$×½Ôûß3Ú,ÖVÛ$æIü~àNØNÔmÛ$Ú)!Eø$Ù\æÿÙ\ß3��Ù\æA�mÔû×½ÚÕÔ�ß3Ú�ÖmÛ$æIù$Ù��ÕÔ�ß½ÙNü~á¤à\×3Ôûß½ø$×½Ù��

÷]Ô Ø �@Ôm×½ÝmÙ�ß��$ÙN×�ü*Ú"!
ø�Ùuù$ø�F�ÔmÚ�æ�ØNÙNÔmøwù�úSà%��ÙNØJß3×�ÖVÛ$æ�Ù\æ�ß�ØNÖVÛ�ØNÙNÛÁß½×½àNÙ�æ½ø$×�ø$ÛÉá�Ù\ß½Ú,ß6�VÖ���ø$ü~Ù�ù$Ù7��Ô��,Ú�ÝVÛ�Ù
ù$øcF�ÔûÚ�æ½Ø\Ù¹Ômø ØNÔm×���úÊàNØ\ÖVø#��Ù\ü*Ù\ÛÁßdÙNæLßuù�Ú�×½Ú,ÝVà��,Ù���ÖVÛ�Ý�ù$Ù8��úSÔ+�%Ù�ù$Ù�F�ÔmÚ�æ�ØNÙNÔmø/�/�,Ù�æ½Ù\ø#��ü*à\Ø¹ÔmÛ$Ú,æ½ü~Ù�Ù%�~ØNÔmØNÙ
ù$øwù�àNá#��ÔmØNÙ\ü*Ù\ÛEß�ù$Ù���Ô�Ø �@Ô���Ù\ø$×ÿù$Ù�ØNÙ��VÖ���ø$ü~Ùdæ½ø$×�Ø �@ÔmøG¢¤à�ÙNæ�ß3�,Ùdü*à%�ÕÔmÛ$ÝmÙ�ß3×½ÔmÛ$æ@�mÙN×�æ3Ô���ß3ø�×��$ø#�,ÙNÛÁß6!Eø$Ú
ÙNæ�ß~á#�,ø$æ�Ù%�~ØNÔmØNÙ�� ø$Û$ÙG�
Ú,ß½ÙNæ�æ½Ù�ùyúÊàNØNÖmø#��Ù\ü*Ù\ÛEß~á#�,ø$æ�à%��Ù%�màNÙ���[Ù�ü~àNØNÔmÛ$Ú,æ½ü~Ù�Ô à\ß3à'Ô���ÖV×�ù$à�ù@ÔmÛ�æ��,Ù
á@Ôm×3ÔûÝV×3Ômá��$Ù Ü([��ÊÞ#�Z&Vå1�uá�Û<ù$Ú�Ômü�W\ß3×�Ù�á#��ø�æ~á�Ù\ß½Ú,ß~ù$Ù>�ÕÔn�$ø�æ½Ù Ôûø$ÝVü~ÙNÛÁß3Ù\×3ÔmÚ�ß8��Ù�ù$Ù\ÝV×½à'ù$Ù�ß3ø$×@�$ø#�,ÙNÛ$Ø\Ù��
�ÉÔmÚ�æ5�ÕÔ~æ½ÙNØJß3Ú,ÖVÛ ù$Ù2��Ô��$ø$æ�Ù�ù$ÖVÚ�ßxßJß3×�Ù�Ômæ½æ�Ù�g�Ým×3ÔmÛ$ù�Ù�á¤Ömø$×�à1�%Ú�ß3Ù\×U��Ù-FçÖVÛ$ù Ôûù$ù$Ú,ß½Ú�ÖVÛ�Û$Ù��]×½à\æ½ø#��ß5ÔmÛÁß�ù$ÙNæ
à���Ù\Ø\ß½×½ÖVÛ$æÿù$Ú&¢�ø�æ½àNæ3� ù$ÙNæÿá�Ù\ß½Ú,ß3æÿÔûÛ$Ý���Ù\æ��

d"Û�T@Ûk�\��ÙdØ �$ÖVÚÄ��ù$Ù���Ô��¤ÖVÛ�Û$Ùdá¤Ömæ½Ú,ß½Ú�ÖVÛýùyúSÚ,ÛÁß3ÙN×½ÔmØ\ß½Ú�ÖVÛ�Ù\ÛEß½×½Ù���Ù<F�ÔûÚ�æ½Ø\Ù¹Ômø�ÙJß3��ÙNæká�×½Ömß½ÖVÛ$ækù$Ù��ÕÔ�Ø\Ú)�#�,Ù
á¤Ù\×½ü~Ù\ß�ù$Ù�×½àNù�ø$Ú�×�Ù-�,ÙNækj@ø$ØJß3ø@Ô�ß3Ú�ÖmÛ$æÿù$Ù��ÕÔ�ù$ÙNÛ�æ½Ú,ß½àuù�Ù-��Ô�ØNÚ)����Ù��\�[ÙNæÿj@ø$Ø\ß½ø@Ôûß½Ú�ÖVÛ$æÿæ�ÖVÛÁß�ü~ÙNæ�ø$×½à\ÙNæ�á@Ôm×

ÎûÞ



ã*ä µ#±_-¾5¬5²�§c¨«å�¸æ²�º�±_´�¬5¯²�®#°¤²eª~ç~èké¼êÝëeµ#¯®�ì

��ÙNæ ù$à\ß½ÙNØ\ß½ÙNø$×�æ>ù�ÙA��ø$ü~Ú�Û�ÖVæ½Ú�ß3à�� 6 Û�×½Ù\üýÔû×�!Eø$ÙIæ�ø$×D�ÕÔ5T$ÝVø$×½ÙdÜ([�� ¦ å:ù$ÙkÝVÔmø$Ø �$Ù4!Eø$Ù4�,ÙNæ j@ø�Ø\ß3ø$Ôûß3Ú,ÖVÛ$æGù$Ù�ÕÔ
ù$ÙNÛ$æ�Ú,ß½àkù$Ù4�ÕÔ�ØNÚ)����Ù[Û�Ùkæ½ÖVÛÁß�á@Ômæ ù$ø$ÙNæ�Ôûø���j@ø�Ø\ß3ø$Ôûß3Ú,ÖVÛ$æGù$ø�Ø\ÖVø$×½ÔmÛÁß"ù$ÙAF�ÔmÚ,æ½ØNÙNÔmø'ÜsT$ÝVø$×½ÙA[�� ¦ ù�ÙIù$×½ÖmÚ,ß3Ù¹å
üýÔmÚ,æ[Ù%�)��Ù\æIá$×�Ö'�
Ú,ÙNÛ$Û$Ù\ÛÁß�ù�Ù���úÊà��$ø#�"��Ú�ß3Ú�ÖmÛ~ù�Ù���ú=�Eâ
ù$×�ÖVÝ�W\Û$Ù���á�Û;��àNÝmÙN×Iù$à\á#�ÕÔûØNÙNü~ÙNÛÁßÿù$Ù���Ô�ØNÚ"�#��Ù���Ù\ÛK�
Ú,×½ÖVÛ
' −2 mm

�¤Ôýá�ÙN×�ü*Ú,æ�ù$Ùu×½à\ù$ø$Ú�×�Ù�Ø\ÖVÛ$æ½Ú,ù$àN×½Ô��#�,ÙNü~ÙNÛÁß<�,ÙNæ�j$ø$Ø\ß½ø@Ôûß3Ú,ÖVÛ$æ�ù$Ù2��Ôj��ø�ü*Ú,Û$ÖVæ½Ú�ß3à���d�ÛÉÙ�¢¤Ù\ß0����Ù
ü*ÖVø��VÙNü~ÙNÛÁß�ù$Ù���ú=�Áâ
ù$×½ÖVÝ�WNÛ$Ùdù@ÔûÛ$æ6��ÙNækù�Ú�¢¤àN×½Ù\ÛÁß3ÙNæÿØ\ÖVÛ$ù$ø$Ú�ß3Ù\æ5��á@Ôû×�ß3Ú,×Iù$ø�ØNÖ��)��Ù\Ø\ß½ÙNø$×X}�ø$æ@!EøyúZ�8�ÕÔ�Ø\Ú)�#�,Ù
ÛyúSÙ\æ�ß�á@Ômædø�Û$Ú"FçÖV×�ü*Ù��¤èH� æ½Ù�ß3×�ÖVø��VÙ�!EøyúSÔmø ØNÙ\ÛEß½×½Ù ù$Ù���ÔýØNÚ"�#��Ù��,Ù�ü~ÖVø��VÙ\ü*Ù\ÛÁß�ÛyúSÙ\æ�ß�á@Ômædü*Ô+�%Ú�ü�ø$ü Ù\ß
ÔmÚ�Û$æ�Úe��úÊà%�ûÔmØ\ø@Ôûß3Ú,ÖVÛ�ù$Ù��ÕÔ�Ø �$Ô���Ù\ø$×ÿù$àNá�ÖVæ½à\Ùuá$Ôm×4��Ù<F�ÔmÚ,æ½Ø\Ù¹Ômø�Û$Ù�æ½Ù�F�ÔmÚ�ßÿá@ÔmæÿØNÖm×½×½Ù\Ø\ß½ÙNü~ÙNÛÁß0�
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n>o.pkqÁr�sZå�t�æ/� �@���.�@�/�
�/ç¹����xJ�������@���J|ý�J�@�]�
�è�é��6êÉx5���X�3�5�¦�@�����7ë��%���
{¦����}
x5�J|ý�J�@�/ìm�J�X�W��x½}m�$�
�ÿ��}�xJ�
íN���
�
� ' −2 mm

�Dî��Eïm�
�3� �
��ïÁ}m�öx5z@��ð"���5�Añ>�öxJ���$}m���������~�
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�3{5�5����}m�����5� �
{J�¦�5xJ���J�
�3�
ò �J�5�J��óÁ�+ì��@���%�~�m� ô²{J�3�J�@�¦�5���@�e�J�.���������~�/� �.�@�¦�J��}
xJ�W�����ð�Á}m��� ��} xJ�
íN���N�Yî"�Eïm�%�3�~�
�~�m�5���.�¦�jð�ñ>�@xJ�W��}m�W�������
�
�²�½� �.�@�¦�J���J�.��{d�
�Rç\}m���ex5�½}m��|ý�5�J�
�5{5�5����}m�����5�²|ý���@�.�¦�J�%�3�²�m�wx5���
��}m�@���@���%�²�m� ô²{J�5�J�@�¦�5���@�e�J�.�W�������²�/� �.�\õ
���J��}
xJ������� �m�-ç\}m���ex5�½}m�w}�ìm�5x���}'xJ�
íN����s

���sö��
ö ÷ø4ùE¥�ú^ûÒ¬ýü�¬Qþ�¬eÿLþ���£´ü�£´ù�ù
¬^ûÒ¬�«>¥|ü�¬��L¢� ¤£�����¬
� ± ´½¾	�$¼\¯ý·�¿�³ ´�Ç
´�À�
N¯~°�¿$°�»�°\Ëç»�®VÃ�¿$Ã,´½´�°N¯~°N±ÁÀ²¿$°uµÕ·~¾NÃ�Ä�µ�°�°N´�À²º$»½¼\´½°N±ÁÀ½¼�¿@·m±$´²µ�·�@Ìm³$»½°�� r�s������Xs�� °

´�Ç
´�À�
N¯~°�´½°*¾N®V¯~º¤®m´½°~¿y¶S³�±ð¾NÃ,»½¾N³�Ã,À�Ëç°N»�¯*¼~º¤®m³$»uµ�·'¾\Ã�»�¾N³$µ�·ûÀ3Ã,®V± ¿$°*µW¶��ÁÇ
¿$»�®VÌ�
N±�°ý°\À�¿y¶Ê³$±$°ýÄ�®V³$¾\µ�°~¿$°
»½°\Ëç»�®VÃ�¿�Ã�´½´�°N¯~°N±ÁÀ��dÌÁ·��ÿ¿y¶��$¼Nµ,Ã�³$¯ Ëç»�®VÃ�¿�¾\®V¯~º$»½°\±@·m±ÁÀ�³$±ý»�¼\Ëç»½Ã,ÌV¼N»½·ûÀ3°\³$»"¿y¶��$¼Nµ,Ã�³$¯ ¿$°�º$³$Ã�´�´3·m±�¾N°

400 W
s� °d´LÇ
´�À�
\¯*°�¿$°d»�°\Ëç»�®VÃ�¿$Ã,´½´�°N¯~°N±ÁÀk°N´LÀ�¼NÆE³$Ã�º�¼²¿y¶Ê³$±'¼N¾	�@·û±$ÌV°N³�»IÀ��$°\»½¯~Ã�ÆE³$°dÆE³$Ãyº�°N»�¯*°JÀk¿$°d´�À3·mÄ$Ã,µ�Ã�´�°N»>µÕ·

À3°N¯~º�¼N»3·�À3³$»�°�¿$°�µ�¶��ÁÇ%¿�»½®VÌ�
\±$° s � ¶��ÁÇ%¿�»½®VÌ�
\±$° µ�Ã,Æ
³�Ã�¿$°u°N´�À�¾\®V±$¿$³$Ã�Àdº@·m»�³$±$° º¤®m¯*º�°�À5·û±$ÌV°N±ÁÀ½Ã�°Nµ,µ�°"!y¿$°
µÕ·ý¾\Ã�Ä$µ,°$#�³$´�ÆE³y¶%��µW¶S¼\¾	�@·m±$Ìm°N³$»²¿�°�¾	�@·mµ,°N³$» s�& ¾\°�±$Ã�¸V°¹·û³yÂ�µW¶��ÁÇ
¿$»½®mÌ�
N±$°�¾'
N¿�°�´3·�¾	�@·mµ,°N³$»(�ýµ�¶��$¼\µ�Ã�³�¯ °\À
´3·ýÀ3°\¯*º�¼N»½·ûÀ3³�»½°�º@·m´½´�°)�

14 K
�+*-, �Xs.& º$»�
\´²»½°JËç»½®VÃ,¿$Ã�´�´½°\¯*°\±EÀ�¿@·m±�´�µ�¶Ê¼N¾	�$·m±$ÌV°\³$»NÂ¤Ã�µ]»½°XÅ¦º�¼N±�
JÀ3»½°�¿@·m±$´

µÕ· ¾NÃ�Ä�µ�°²À5·û±$¿$Ã�´ÿÆE³$°�µ�¶��$¼Nµ,Ã�³$¯ °N´LÀ�¿$Ã,»½Ã,ÌV¼²¸V°\»½´�³�±É»½¼JËç»½Ã,ÌV¼N»½·ûÀ3°\³$»kº¤®m³$»�Ç�/\À3»�°u»�°\Ëç»�®VÃ�¿$Ã s10 ®m³$»�´LÀ5·mÄ�Ã�µ�Ã,´½°\»
À3®V³�À½° µÕ·ý¾	�@·û»½ÌV°�À���°N»½¯~Ã�ÆE³$°�¿�³ »�¼\Ëç»�Ã�ÌV¼\»3·ûÀ½°N³$»\Ây³$± »½¼\¾	�@·m³32¤°N³$»�¼\µ�°N¾JÀ3»�Ã�ÆE³$°�ýÀ3°\¯*º�¼N»½·ûÀ3³$»�°�¾N®V±ÁÀ½»�4Vµ,¼N°
°N´�À�·5#�®V³%À3¼�¿@·m±$´ÿµ�·�Ä¤®V³�¾Nµ�°�¿$°\»½»�Ã6
N»�°dµÕ·�¾NÃ,Ä$µ�° s [°\¾NÃ�Ëç®V³$»�±$Ã,Àÿ³$±�Ëç®V±$¾JÀ3Ã,®V±$±$°\¯*°\±EÀÿ´LÀ5·mÄ�µ�°�·m³%È�¾N®V³$»½·m±ÁÀ3´
¸m·û»½ÃÕ·ûÄ$µ�°\´I¿$°dË�·mÃ�´�¾N°N·m³�¿y¶S¼\µ�°\¾\À3»�®V±$´ÿ°\Àÿº�°N»�¯*°JÀÿ¿$°�º$»½¼J¸V°\±$Ã�»ÿµ�°�ÌV°Nµ�¿$°�µW¶��ÁÇ
¿$»½®mÌ�
N±$°dµ,®V»½´�ÆE³$°�µ�°�Ë�·mÃ,´½¾\°¹·m³
°N´�À�°N±w·m»�»�/\À s

7 ,



§c¨98_¨«ëi½�®#-¾5²�¹�¬]-E·#²e¶S¹;:)¯®�½G-�-¾5´

P
Gas handling

V

Turbine

Bypass

Helium

refrigerator

Heater

Target cell

Heater

T7 T5

T1

T2

T3

T4

T8

T6

¿ ¯³�¨ [��E`ba�À*éaÆ5?9Ð	ÙKË2É$Î ÌJî=Ì	Ô¦í	ÙNÈxÉSÈQÃWÈçõdÃXÒhÄwÉ$Ä,ÌWÌ=È	ÙNÈ	Å9Ô#ÉSÈQÓ&ËKÆ	ÄwÊ�Ó,È�ÉSÈQÓ�Í ?
î$É$ÃXÒ�Ø
í	ÅcÈQÓ Ä
B�Î�ÄwÉSÈ�Ö�×5ÈzÌJî=Ì	Ô�í	ÙNÈ
ÈWÌ	ÔzÐ�B�ÎSÄpÇ9Ð>ÉSÈ²?SÎSÄ¯Ô�Ì=ÒhÅ_ÉSÈWÌ>ÉSÈ]Ô(È	ÙxÇ9Ð	Ã7Ë$Ô!ÎSÃXÈ�Öyì	Ó�Ç9È	ÃdÙNÈ	Ô~ÉSÈCÆWÒhÅ9ÔwÃLãhÓ,È	Ã*Ó,ÈWÌ]Ô(È	ÙxÇ9Ð	Ã�Ë$ÔwÎSÃWÈWÌkÈ	Å¼É$Ä Ú*Ð	ÃXÈ	Å9ÔÕÈWÌ
¶hÒhÅcÈWÌjÉ$Î¼Æ	Ä¯ÃXÆ	ÎSÄ¯Ô Ö

Å�Æ�< ó �2Ñ;Éd�^Ëz�;Î�ño�;Ë>=��@? É%ÑZ�jñeÉ	� A
÷]Ô���ø�ü*Ú,Û$ÖVæ½Ú�ß3à�Ú�Û�FçÖm×½ü~Ù²æ½ø$×4�WúSàJß5ÔûßIù$Ù��ÕÔ�Ø\Ú)�#�,Ù��$÷]Ô��,ø$ü*Ú,Û$ÖVæ�Ú,ß3à�ÙNæLß�ù$à%T@Û�Ú�Ùdá@Ôm×��Ùdá$×�Ö%ù$ø�Ú,ßIù�ø�j$ø��

ù$ÙNæ�à��,ÙNØ\ß½×½ÖVÛ�æ�Ú,Û$ØNÚ,ù$ÙNÛÁß½æ
Φe

Ü�à��,ÙNØJß3×½ÖmÛ$æ °ûæ3åIÙ\ß3�ÕÔ�ù$Ù\Û$æ½Ú�ß3à�ù$Ù-�ÕÔ�Ø\Ú)�#�,Ù²Ù�¢¤ÙNØJß3Ú"�mÙ
ρH2

Ü
Atomes/cm2 åx 

L = Φe ρ
H2

Ü
[��"`eÎVå
Ó �mÙNØ�ø$Û$Ù²Ø\Ú)�#�,Ù�ù�Ù<��ÖVÛ�ÝVø$ÙNø�×[ù$Ù

10 cm
ÙJßkø$Û$Ù²Ú,ÛÁß3ÙNÛ�æ½Ú,ß½à�ù$Ù5F�ÔmÚ�æ�ØNÙNÔmø�ù$Ù

20 µA
���ÕÔ7�,ø$ü~Ú�Û$ÖVæ�Ú,ß½à�Ù\æ�ßkù�Ù

��úÊÖV×½ù$×�Ùkù$Ù L = 5.37 1037 cm−2s−1 ��dY�"��ÙIÙ\æ�ß�ü~ÙNæ�ø$×½à\Ù�ù$ÔmÛ$æY��úÊÙ1�%á�àN×½Ú,ÙNÛ$Ø\Ù ãJI Ó ÞuÔ0�mÙNØ3�
ø�Ú,ß"ù$àJß3Ù\Ø\ß3Ù\ø$×½æB ÙN×½Ù\Û#$mÖb�|� Ù¹Ôûø/�Gá#��ÔmØNà\æ�æ�â
ü*àJß3×�Ú)!Eø$ÙNü~ÙNÛÁß~Ômø%ß3ÖVø$×�ù�Ù;��úSÔ+�%Ù�ù$ø¿F�ÔmÚ�æ�ØNÙ¹Ôûø!Ú�Û$Ø\Ú�ù$Ù\ÛEß��"÷�ÙNæ�ù$àJß3Ù\Ø\ß3Ù\ø$×½æ
ØNÖVø��
×�ÙNÛÁß'ø$Û ù$ÖVü*ÔmÚ�Û$ÙwÔmÛ$Ýmø#�ÕÔmÚ,×½Ùwù$Ù ù$Ú&¢�ø$æ�Ú�ÖVÛ

4.4 . < θe′ < 10 . �I÷�ÙNæ�à%��Ù\Ø\ß3×�ÖVÛ$æ��DC��)��Ù\×ýù$Ú&¢�ø�æ½àNæ
ù@ÔmÛ$æ4��ÔuØNÚ"�#��Ù�æ½Ù%��ÖVÛ;�,ÙNæ[á�Ù\ß½Ú,ß½ækÔmÛ$Ý��,ÙNæ>á$×½Ö
ù$ø$Ú,æ½ÙNÛÁßkù$ÔmÛ$æA�,ÙNæI×�àNæ½Ù\×@�mÖVÚ�×�æ4��Ù¹Ômø�ù�Ù<�ÕÔ2�,ø$ü~Ú)WN×�Ù B Ù\×½Ù\Û#$mÖb�
ØNÖ��"��ÙNØJß3à\Ù[á@Ôm×X��Ù\æ á#�$Öûß3ÖVü�ø��,ß3Ú,á#��Ú,Ø¹Ôûß½ÙNø$×�æ�� A ø$×t��Ô3T@ÝVø�×½ÙdÜ
[��E`�`Rå1�Rø$Û�ü~Ö
ù$ø#��Ù�ù$Ù[ü*ÖVÛ�Ú,ß3Ù\ø$×]ù$ÙA�,ø$ü*Ú,Û$ÖVæ�Ú,ß3à
ù$Ù

20 cm
ù�Ù5�,ÖVÛ$ÝVø$Ù\ø$×�ÙNæLß[æ�Ø �$àNü*Ôûß3Ú,æ½à����[ÙNá�ÙNÛ$ù@ÔûÛEß�����Ôdü*Ù\æ½ø$×�Ù�ù�ø*ß5Ôûø��~ù$ÙÿØNÖVü~á�ß3ÔmÝVÙÿù$Ù3��ø$ü~Ú�Û$Ömæ½Ú,ß½à

ù$ø?F�ÔmÚ,æ½ØNÙNÔmø'á¤ÖVø�×5�,ÙNæ�ù$ÙNø��wàJß5Ôûß½æ�ù$Ù�á¤Ö��ÕÔm×�Ú�æ3Ô�ß3Ú�ÖmÛ�ù$ÙNæ�à���Ù\Ø\ß½×½ÖVÛ$æ�Ú�Û�ØNÚ�ù�ÙNÛÁß3æ�á¤Ù\ø�ß²Ú,Û$ù$ø$Ú,×½Ùdø$Û�Ù7F�Ômø$æ�æ½Ù
Ômæ�â
ü~à\ß3×�Ú�Ù�Û�ÖVÛ á#�Áâ
æ½Ú)!Eø$Ù��]÷]Ô�ü*Ù\æ½ø$×�Ù�ù$Ù��ÕÔj��ø$ü~Ú�Û$Ömæ½Ú,ß½à�ù$ø9F�ÔmÚ�æ�ØNÙNÔmø ÙNæLß�ù$ÖVü~Ú�Û$à\Ù�á@Ôm×U��Ù�á�×½Ö
ØNÙNæ�æ½ø$æ
á#�Áâ%æ�Ú)!Eø$Ù'ù$Ù�ù$Ú&¢�ø$æ�Ú�ÖVÛ¿�DC��)�,ÙN×%�G÷]Ô á¤Ö��ÕÔm×�Ú�æ�ß3Ôûß3Ú,ÖVÛc��ÖVÛ$ÝmÚ,ß3ø�ù$Ú�Û@Ô���Ù~ù$ÙNæ�à%��ÙNØJß3×�ÖVÛ$æ�Ú�Û�ØNÚ�ù�ÙNÛÁß3æ�Ù\Û$ÝVÙNÛ�ù$×½Ù
ø$Û$ÙðÔûæ�â
ü*àJß3×�Ú�Ù ù$Ùq�%Ú,Ö��ÕÔ�ß3Ú�ÖmÛ ù$Ù á$Ôm×½Ú�ß3à ù@ÔmÛ$æ��ÕÔ ù$Ú&¢�ø$æ�Ú�ÖVÛ à%��ÙNØJß3×�ÖVÛÜ£*à��,ÙNØJß3×½ÖmÛ/�5�[Ù\ß½ß½ÙðÔmæLâ
ü*àJß3×½Ú,Ù
ÙNæ�ß�ÔmÛ@Ô���ÖVÝVø�Ù���ØNÙ��"��Ù�ù@ÔûÛ$æ��ÕÔ�ù$Ú�¢¤ø$æ�Ú�ÖVÛ à%�ÕÔmæLß3Ú)!Eø$Ù�ù�ÙNæ�à���Ù\Ø\ß½×½ÖVÛ$æ�æ�ø$×���Ù�á$×�Ömß3ÖVÛ ×�àNæ½ø��,ß5ÔûÛEß�ù�ø ß½ÙN×½ü~Ù
ùyúSÚ,ÛÁß3ÙN×_FçàN×�ÙNÛ$Ø\Ù�Ù\ÛÁß3×½Ù6�,ÙNæ"Ômü~á#�,Ú,ß3ø�ù$ÙNæ:à���Ù\Ø\ß½×½ÖVü*ÔmÝVÛ$àJß3Ú"!
ø�ÙIÙ\ßDF�ÔmÚ"�#��Ù��$Þ�ÔmÛ$æD��úSÔmá$á�×½Ö0�%Ú�ü*Ôûß3Ú,ÖVÛ�ùyúÊàNØ �$ÔmÛ$ÝVÙ
ùyúSø�ÛÉæ½Ù\ø#��á#�$Öûß3ÖVÛ/�\�Wú`Ôûæ�â
ü*àJß3×�Ú�Ù²ù@ÔûÛ$æ6�ÕÔ�ù$Ú�¢¤ø$æ�Ú�ÖVÛ��DC��)��Ù\×IæNúÊàNØ\×½Ú�ßj 

APV
M E = meEe

GF√
2πα

16 sin2 θCM

(3 + cos2 θCM)2
(
1

4
− sin2 θ

W
)

Ü
[��"`¹ÏÁå

Î â



ã*ä µ#±_-¾5¬5²�§c¨«å�¸æ²�º�±_´�¬5¯²�®#°¤²eª~ç~èké¼êÝëeµ#¯®�ì

ÖF¡
θCM

×½Ù\á$×½à\æ½Ù\ÛEß½Ù6��úSÔmÛ$Ý��,Ù>ù$Ù>ù$Ú�¢¤ø$æ�Ú�ÖVÛ�ù$ÔmÛ$æt�,Ù[æLâ%æLßLW\ü*ÙkØ\ÙNÛÁß3×�ÙIù$ÙIü*Ômæ½æ�Ù�� ã ÖVø$×t��úÊÙ1�%á¤à\×½Ú,ÙNÛ$Ø\Ù ãJI Ó Þ#�
�ÕÔ ü*Ù\æ½ø$×�ÙÉù$Ù*�ÕÔq��ø$ü~Ú�Û$Ömæ½Ú,ß½à�æ½Ù�F�ÔmÚ,ß*Ômø�� á�Ù\ß½Ú,ß½æýÔmÛ�Ý���Ù\æ���÷"ú`Ôûæ�â
ü*àJß3×�Ú�Ù'ü*ÖeâVÙ\Û$Û$Ù ù$ÔmÛ$æ��ÕÔ ù$Ú�¢¤ø$æ½Ú,ÖVÛ
�DC��)�,ÙN×IØ\ÖV×½×�ÙNæ�á¤ÖVÛ�ù@ÔmÛÁß5� ø�Û$Ù�àNÛ$Ù\×½ÝVÚ,Ùdù$Ù�F�ÔmÚ�æ�ØNÙ¹Ôûø'ù�Ù

Ee = 855 MeV
Ù\æ�ß�ÙNÛ��
Ú�×�ÖVÛ

0.71 10−9 �@ØNÙ�!Eø$Ú
ÙNæ�ß�Û�àNÝ��,Ú�ÝVÙNÔ��#��Ù�ù$Ù1�mÔûÛEßY�Wú`Ôûæ�â
ü*àJß3×�Ú�Ù!Eø$Ù4�WúSÖmÛ�Ø �$ÙN×�Ø �$Ù5��ü*Ù\æ½ø$×�ÙN×"ù@ÔûÛ$æD�ÕÔ�ù�Ú�¢¤ø$æ½Ú,ÖVÛ�à���Ômæ�ß½Ú)!Eø$Ù>à���Ù\Ø\ß½×½ÖVÛ
£�á$×½Ömß½ÖVÛ/�

Acier Fenêtre en quartz

PM XP 3468B

¿ ¯³�¨ [��E`�` À1éaÆ5?9Ð	ÙKËfÉ�Í ÎSÅJÙNÒhÅ9Ä¯ÔÕÈ	ÎSÃUÉSÈKÓ ÎSÙ2Ä¯ÅcÒ=Ì	Ä¯Ô(Ð5óQÑ=Î�ÈEÓ&Ë$Ô(Ð	Ã�Ë$Ó,ÈGFIH�JLK+M�Öy×5ÈWÌ\Ð	Ó,ÈWÆ	ÔwÃXÒhÅGÌKÔ!Ã7Ë$Ñ$È	ÃXÌ=È	Å9Ô
Ó,ÈWÌxÇGË$ÃXÒhÄ,ÌCÉ$ÎfÙNÒ�É$Î�Ó,ÈKÈ	Å�ËSÆ	Ä?È	Ã�ñuÅJÉ�Í Ð(ÇGË$Ä,ÌWÌ=È	ÎSÃ

1 mm
Ö:ì	ÓpÌ2Ë$ÃdÃ	Ä¯Ñ$È	Å9Ô�É`Ë$ÅGÌCÓ,ÈkÃXÐWÌ=È	Ã	Ñ$ÒhÄ¯Ã�=rÈ�Ë$ÎiÒONfÄ¯ÓpÌ

Ç_ÃWÒ�É$ÎSÄ,Ì=È	Å9ÔQÉSÈ Ó&ËZÓ Î�Ù2Ä�í	ÃXÈ@P~È	ÃXÈ	Å�ô`ÒhÑhÖ�×5È ÃXÐWÌ=È	Ã	Ñ$ÒhÄ¯Ã�=¼È�Ë$ÎiÈWÌ	Ô*ÆWÒhÎ�Ç_Ó,Ð =MÎSÅ<Ç@?9ÒhÔ(ÒhÙ2Î�Ó ÔwÄpÇ_Ó Ä?Æ�Ë$ÔÕÈ	ÎSÃCÑ=ÄwË
Î�ÅcÈ�õBÈ	Åk{	ÔwÃXÈ2È	ÅqB�Î�Ë$ÃdÔ)¶=Ö

Å�ÆRQ SÂ�G=UT�ÎXÉU? A��eÎtÉ1Ë

÷"úSÔmæ�â
ü~à\ß3×�Ú�Ù�ü~ÙNæ�ø$×½à\Ù�Ù1�%á�àN×½Ú,ü*Ù\ÛÁß5Ô��,ÙNü~ÙNÛÁßdÙNæLß�á$×½Ömá¤ÖV×Lß3Ú,ÖVÛ$Û$Ù%�)��ÙuÔmø ß3Ômø�� ù�Ù�á¤Ö���Ôm×½Ú,æ3Ôûß½Ú�ÖVÛ
Pe

ù$ø
F�ÔmÚ�æ�ØNÙ¹Ôûø�ùyúSà%��Ù\Ø\ß3×�ÖVÛ$æ%�@÷]Ô�á$×½à\ØNÚ�æ�Ú�ÖVÛ�ù�ø�ù$ÙNÝV×�àdù$Ùdá�Ö��ÕÔm×�Ú�æ½Ôûß3Ú,ÖVÛ*Ú,Û�j@ø$Ù²ÔmÚ�Û$æ�Ú�ù$Ú,×½Ù\Ø\ß3Ù\ü*Ù\ÛÁßkæ½ø$×4��Ô�á$×�àNØNÚæ£
æ½Ú�ÖmÛ�ù$ÙU��Ôuü~ÙNæ�ø$×½Ù²ù�ÙU��úSÔmæLâ%ü~à\ß½×½Ú,Ù�� ã ÖVø�×[ØNÙJß½ß½Ù²×3ÔmÚ,æ½ÖVÛk�
ß½×½ÖVÚ,æ>á�Ö��ÕÔû×½Ú�ü�W\ß½×½Ù\æ"æ½ÖVÛÁßkÚ,Û$æ�ß3Ô��)�,àNæ�æ½ø$×�ÕÔ7�,Ú�ÝVÛ�Ù
ù$øGF�ÔmÚ�æ�ØNÙNÔmø/�%÷]Ù�á¤Ö���Ôm×½Ú,üjWJß3×�Ù3�DC��)�,ÙN×�ù$ÖVÛÁßkù$Ú,æ½á�ÖVæ½Ù5�ÕÔ�ØNÖ��"�ÕÔ���ÖV×3Ô�ß3Ú�ÖmÛ Ó `UFçÖVø$×�Û$Ú,ß>ø$Û$Ù�ü*Ù\æ½ø$×�Ù²Ø �@Ô�!Eø$Ù
æ½ÙNü*ÔmÚ,Û$Ù�� ã ×½Ôûß3Ú"!Eø$ÙNü~ÙNÛÁß0���ÕÔ~ü*Ù\æ½ø$×�Ù�æ½Ù�F�ÔmÚ�ß�Ø �$Ô�!Eø$Ù�ù$à���ø�ß�Ù\ß<T$Û ù$Ù�á�àN×½Ú,Ö%ù�Ù�ù$Ù�á�×½Ú�æ�ÙNædù$Ù�ù$ÖVÛ$Û$à\ÙNæ
Ü�ù$Ù\ø��*æ½ÙNü*ÔmÚ,Û$ÙNæ3å1� ã Ömø$×�×½àNù�ø$Ú�×�Ù3�WúSÙ\×½×�ÙNø$×�æ�â
æLß3àNü*Ôûß½Ú)!Eø$Ù3��Ú�à\Ù6�-��Ôdü*Ù\æ½ø$×�Ù��EÚ)�$Ø\ÖVÛ��
Ú�ÙNÛÁß>ùyúSÔmø$ÝVü~ÙNÛÁß3Ù\×Y�ÕÔ
Fç×½à�!Eø$Ù\Û$ØNÙ�ù$Ùdü~ÙNæ�ø$×½Ùdù$Ù���Ô�á�Ö��ÕÔm×�Ú�æ½Ôûß3Ú,ÖVÛ/� ã ÖVø�×kØNÙ���Ô�� ãJI Ó Þ ø�ß½Ú)��Ú,æ½Ù�ù$ÙNø���á¤Ö��ÕÔm×�Ú�ü�W\ß3×�ÙNæ%�%÷�Ùdá$×�Ú�Û$Ø\Ú�á�Ù
ù$Ù���ÙNø�×6FçÖmÛ$Ø\ß½Ú�ÖVÛ$Û�ÙNü~ÙNÛÁßÿÙNæLß�ù�àNØN×�Ú,ßÿù@ÔûÛ$æ6��ÙNæÿù$Ù\ø���á@Ôû×3ÔmÝV×½Ômá#�$Ù\æÿæ½ø$ÚE�mÔûÛEß½æ��

þQÿ+Vzÿ�� Ö�	������#LÑ p��%��XWZY��L���y
�[ÙJß½ß3Ù[á¤Ö���Ôm×½Ú,ü*àJß3×�Ú�Ù"ÙNæLßD�@Ômæ�àNÙIæ�ø$×J�,Ù[á$×�Ú�Û$Ø\Ú�á�Ù>ù$Ù�ÕÔ�ù�Ú�¢¤ø$æ½Ú,ÖVÛ��DC��)��Ù\×

~e+~e→ e+e
�V÷]Ù\æGà��,ÙNØJß3×½ÖmÛ$æ

á¤Ö���Ôm×½Ú,æ½à\æ<��ÖVÛ�ÝVÚ,ß½ø$ù$Ú�Û$Ô���Ù\ü*Ù\ÛEß�ù$Ú&¢�ø$æ�ÙNÛÁß�æ½ø$×��,ÙNædà%��ÙNØJß3×�ÖVÛ$æ�ù$Ù8�ÕÔýØ\Ú)�#�,Ù�á¤Ö��ÕÔm×�Ú�æ½à\Ù2�,ÖVÛ$ÝVÚ�ß3ø$ù$Ú,Û@Ô��,ÙNü~ÙNÛÁß0�
÷�úÊÙ1�%á�àN×�Ú�ÙNÛ�ØNÙ ãJI Ó Þ�ø�ß½Ú)��Ú,æ½Ùÿø$Û$Ù�ØNÚ)����Ù6T@Û$Ù�á�Ö���Ôm×½Ú,æ½àNÙ�ÙNÛjFçÙN×[á�ø$×IùyúÊàNá@ÔûÚ�æ½æ�ÙNø$×

10 µm
�
÷]Ôuá�Ö��ÕÔm×�Ú�æ½Ôûß3Ú,ÖVÛ

ù$ÙNæ�à��,ÙNØJß3×½ÖmÛ$æ�ù@ÔmÛ$æ��ÕÔ�FçÙ\ø$Ú)�"��ÙuæNúÊà��)W1�VÙ��
8%

��÷"úÊÚ�ÛÁß3Ù\Û$æ½Ú�ß3à�ù$ønF�ÔmÚ,æ½ØNÙNÔmø ÙNæLß7�,Ú�ü~Ú,ß½àNÙ7�>!Eø$Ù%�)!Eø$Ù\æuÛ@ÔûÛ$Ö.£
Ômü*á�WN×�ÙNæ%�>Ù\ÛK�
Ú,×½ÖVÛ

80 nA
Ômø<×½Ú�æ@!Eø$ÙÉù$Ù'ù$àJß3×½ø�Ú�×½Ù��ÕÔ ØNÚ"�#��Ù���÷/Ô ü*Ù\æ½ø$×�Ùwù�úSø$Û�Ù ÔmæLâ%ü~à\ß½×½Ú,ÙwÙ\ÛEß½×½Ù*��ÙNæ

ÎVÎ



§c¨\[c¨«ª�½�¶Sµ#¬5]:)´�¾5¬5¯²
æ½ÙNØJß3Ú,ÖVÛ$ækÙ%�~ØNÔmØNÙ\æ�ù�Ù²ù$Ú�¢¤ø$æ�Ú�ÖVÛ�ù�úSà%��ÙNØJß3×�ÖVÛ$æIùyú=�$à%��Ú�Ø\Ú,ß½à

(+)
Ù\ß

(−)
á¤Ù\×½ü~Ù\ßkù�úSÙS�%ß½×3ÔmÚ,×½Ù<��Ôuá�Ö��ÕÔû×½Ú�æ½Ôûß3Ú,ÖVÛ

ù$ø�F�ÔûÚ�æ½Ø\Ù¹Ômø'ùyúÊà��,ÙNØ\ß½×½ÖVÛ�æ�Ú,Û$ØNÚ,ù$ÙNÛÁß½æ��@÷]Ô æ½ÙNØJß3Ú,ÖVÛ�Ù%�~Ø¹ÔmØ\Ùuù�Ù�ù�Ú�¢¤ø$æ½Ú,ÖVÛ�æNúÊàNØN×�Ú,ß] 
dσ

dΩ
=

dσ0

dΩ

[
1 + ΣijAijP

C
i Pj

]
i, j = x, y, z

Ü([��E` ¦ å
ÖF¡

dσ0/dΩ
×�ÙNá$×�àNæ½Ù\ÛÁß3Ù���Ô~æ�ÙNØ\ß½Ú�ÖVÛÉÙ%�~Ø¹ÔmØ\Ù�ù$Ùuù$Ú�¢¤ø$æ½Ú,ÖVÛ'à��ÕÔûæ�ß3Ú"!Eø$Ùuà%��Ù\Ø\ß3×�ÖVÛM£[à��,ÙNØJß3×½ÖmÛÉÛ$ÖVÛÉá¤Ö���Ôm×½Ú,æ½à��

÷]Ù\æ]ù$ÙNø��²ß3ÙN×�ü*Ù\æ
P C

i

ÙJß
Pj

Ø\ÖV×½×�ÙNæ�á¤ÖVÛ�ù$ÙNÛÁß/×½Ù\æ½á�ÙNØ\ß½Ú"�mÙNü~ÙNÛÁß:Ômø��²ß½×½ÖVÚ,æyØNÖmü*á�ÖVæ3ÔûÛEß½ÙNæ]ù$ÙD��Ô[á¤Ö��ÕÔm×�Ú�æ3Ô�ß3Ú�ÖmÛ
ù$ÙNæ�à��,ÙNØJß3×½ÖmÛ$æGù$Ù4��Ô�ØNÚ"�#��Ù>Ù\ß�ù$Ù\æ"à���Ù\Ø\ß½×½ÖVÛ$æ"Ú,Û$ØNÚ,ù$ÙNÛÁß½æ��FÞ�ÔmÛ$æD��Ù[Ø¹Ômæ"ÖF¡��,ÙNæGà%��Ù\Ø\ß3×�ÖVÛ$æ"Ú,Û$ØNÚ,ù$ÙNÛÁß3æ Ù\ß�ØNÚ"�#��Ù\æ
æ½ÖVÛÁß�á¤Ö���Ôm×½Ú,æ½à\æA��ÖVÛ�ÝVÚ,ß½ø$ù$Ú�Û$Ô���Ù\ü*Ù\ÛEß>æ½Ù%��ÖVÛ>�Wú`Ô+�%Ù

z
�\��Ô�æ½ÙNØJß3Ú,ÖVÛwÙ1�~Ø¹ÔmØ\Ùuù$Ù�ù$Ú&¢�ø�æ½Ú�ÖmÛ�æ½Ù�×½àNæ�ø$ü~Ù7�\ 

dσ

dΩ
=

dσ0

dΩ

[
1 + AzzP

C
z Pz

] Ü
[��µ&�aÁå

÷/Ô*á¤Ö���Ôm×½Ú,æ3Ôûß½Ú�ÖVÛ
Pz

ù$ø?F�ÔmÚ,æ½Ø\Ù¹ÔmøwùyúSà%��Ù\Ø\ß3×�ÖVÛ$æ�ÙNæ�ßdÔmØNØ\ÙNæ½æ�Ú)�#�,Ù7�
ÚÕÔ��ÕÔ ü*Ù\æ½ø$×�Ù�ù$Ù7��úSÔmæ�â
ü~à\ß3×�Ú�Ù�ù$Ù\æ�ß5Ômø��
ù$Ù�ØNÖVü~á�ß3ÔmÝVÙ

N(P +
z )

Ù\ß
N(P−

z )
Ö��%ß3ÙNÛEø$æd×�ÙNæ�á¤Ù\Ø\ß3ÚE�VÙ\ü*Ù\ÛEß-�,ÖV×½æ@!
ø�Ù���Ù�æ�á$Ú�Û ù�ÙNædà��,ÙNØJß3×½ÖmÛ$ædÚ�Û$Ø\Ú�ù$Ù\ÛÁß3æ

ÙNæ�ß�á@Ôm×½Ô��)�"W��,Ù�Ù\ß�ÔmÛÁß½Ú&£¦á$Ôm×3Ô��"�)W%��Ù3�~Ø\Ù��,ø$Úyù$Ù\æ�à%��ÙNØJß3×�ÖVÛ$æÿØNÚ"�#��Ù\æ��@÷"úSÔmæ�â
ü~à\ß3×�Ú�Ùdü~ÙNæ�ø$×½à\Ù�Ù\æ�ßj 

A =
N(P+

z )−N(P−
z )

N(P+
z ) + N(P−

z )

Ü
[��µ&�`Rå

÷]Ù Ø\Ö%Ù1�*Ø\Ú�Ù\ÛEß
Azz

ù$à\á¤Ù\Û$ù1ù$Ù8�Wú`ÔmÛ�Ý���Ùuù$Ù ù$Ú�¢¤ø$æ½Ú,ÖVÛ ù$ÙNæ�à%��ÙNØJß3×�ÖVÛ$æ�� Ó
(θ = 90 . ) �e��Ù�Ø\Ö%Ù1�~ØNÚ�Ù\ÛÁß

AzzÙNæ�ß�ü*Ô+�%Ú�ü*Ô��,�EèH�/�ûÔmø�ß
Azz = −7/9

�
I ø$Ù4��Ô²Ø �@Ôm×�ÝVÙIßL�$Ù\×½ü~Ú)!Eø$Ùkù$ø�F�ÔmÚ,æ½Ø\Ù¹Ômø�æ�ø$×Y�ÕÔ�Ø\Ú)�#�,Ù����WúSø%ß3Ú)�,Ú�æ½Ôûß3Ú,ÖVÛuù�ÙkØNÙ\ß�ß3Ùkß3Ù\Ø �$Û$Ú"!
ø�Ù�×�ÙNæLß3Ù6��Ú,ü*Ú�ß3àNÙ

�~ù$Ù\æ�Ú,ÛÁß3ÙNÛ�æ½Ú,ß½àNæÿù$Ù�F�ÔmÚ,æ½ØNÙNÔmø'ù$Ù�!
ø�Ù��)!Eø$Ù\æ�Û$ÔmÛ$Ö.£¦Ômü*á�WN×�ÙNæ%�\d"Û�T@Û/�öØNÖmü*ü~ÙdÚ)�yÙ\æ�ß�ù$ÚE�*Ø\Ú)�,Ù²ù$Ù�ü*Ù\æ½ø$×�ÙN×
�ÕÔ á¤Ö��ÕÔm×�Ú�æ3Ô�ß3Ú�ÖmÛðù$Ù>�ÕÔ ØNÚ"�#��Ù��J�ÕÔ á�×½àNØ\Ú�æ�Ú�ÖVÛ æ½ø�×j��Ô ü*Ù\æ½ø$×�Ùwù$Ù>��Ô á�Ö���Ôm×½Ú,æ3Ôûß½Ú�ÖVÛ ù$ÙNæ~à��,ÙNØ\ß½×½ÖVÛ�æ~Ù\æ�ß*ù$Ù
��úÊÖV×½ù$×�Ùdù$Ù ±2%

�

þQÿ+VzÿY� Ö�	������#LÑ p��%��_^ 	�Ñ  ��%	��

÷�Ùýá�Ö���Ôm×½Ú,üjWJß3×½Ùj�[ÖVü~á�ß½ÖVÛðá�ÙN×½ü~Ù\ß�ø$Û$Ù�ü~ÙNæ�ø$×½Ùýù$ÙG�ÕÔwá¤Ö���Ôm×½Ú,æ3Ôûß½Ú�ÖVÛ ù$Ù\æ�à��,ÙNØJß3×½ÖmÛ$æ�ùyúÊø$Û$Ù�F�ÔûlNÖVÛ
Û$ÖVÛ ù$Ù\æ�ß½×½ø$ØJß3Ú"�mÙ���÷]Ùuá$×½Ú,Û$ØNÚ,á¤Ù�ÙNæLß<�@Ôûæ½à�æ�ø$×U��Ô~ù$Ú&¢�ø�æ½Ú�ÖmÛn�[ÖVü~á�ß3ÖmÛÉùyúÊà��,ÙNØ\ß½×½ÖVÛ�æ�á�Ö��ÕÔm×�Ú�æ�àNæ6��ÖVÛ�ÝVÚ,ß½ø$ù$Ú&£
Û@Ô���Ù\ü*Ù\ÛÁßÿæ½ø$×ÿù$Ù\æ�á#��Ömß3ÖVÛ�æ�á�Ö���Ôm×½Ú,æ½àNæ[ØNÚ�×�ØNø#��ÔmÚ�×�ÙNü~ÙNÛÁß

~e + ~γ → e + γ
�

Þ²ÔûÛ$æ���Ù��@Ô��"� Ó [��/��Ù\æ�à%��Ù\Ø\ß3×�ÖVÛ$ædæ�ÖVÛÁß�ù$à1�
Ú�àNæ�ü~ÖVü~ÙNÛÁß5ÔmÛ�àNü~ÙNÛÁß�ù$Ù8�ÕÔG�,Ú�ÝVÛ$Ù�ù$øcF�ÔûÚ�æ½Ø\Ù¹Ômøc�>��úSÔmÚ�ù�Ù
ùyúSø�Û$ÙÿØ �$Ú�ØNÔmÛ$Ùkü*ÔmÝVÛ$àJß3Ú)!Eø$Ù[ØNÖVü~á¤Ömæ½àNÙkù�Ù3!Eø@Ô�ß3×½Ùkù�Ú�á�Ö���Ù\æ��V÷�Ù\æ"à���Ù\Ø\ß½×½ÖVÛ$æ"á�Ö���Ôm×½Ú,æ½àNæ Ú�ÛÁß3Ù\×½ØNÙ\á�ß3Ù\ÛÁß>ù$ÔmÛ$æ
��ÙNø�×�ß3×½Ô'}�ÙNØJß3ÖVÚ,×½Ù�ø$Û$Ù��,ø$ü~Ú)WN×�Ù��ÕÔmæ�ÙN×�á¤Ö���Ôm×½Ú,æ½à\ÙuØ\Ú�×½Ø\ø#�ÕÔûÚ�×½Ù\ü*Ù\ÛÁß�ù�Ù2��ÖmÛ$ÝVø$Ù\ø$×�ùyúÊÖVÛ$ù�Ù

λ = 514.5nm
ÙJß

ùyúSà\Û$ÙN×�ÝVÚ�Ù
E = 2.4 eV

�ö÷/Ô�æ�ÙNØ\ß½Ú�ÖVÛ'Ù%�~ØNÔmØNÙ�ù$Ù�ù$Ú�¢¤ø$æ�Ú�ÖVÛ�ù$Ù�Ø\Ù\ß½ß½Ùu×�à¹ÔmØJß3Ú,ÖVÛ�ÙNæLß�ù$ÖmÛ$Û$àNÙ�á@Ôû×> 
dσ

dΩ
=

dσ0

dΩ

[
1 + AtPePγ

] Ü
[��µ&�&Vå

ÖF¡
dσ0/dΩ

ÙNæ�ßV�ÕÔdæ�ÙNØ\ß½Ú�ÖVÛ*Ù%�~Ø¹ÔûØNÙ�ù$Ù�ù�Ú�¢¤ø$æ½Ú,ÖVÛG�[Ömü*á�ß½ÖVÛ~Û$ÖVÛ~á¤Ö���Ôm×½Ú,æ½à\Ù��
Pγ

��Ùkß5Ôûø��~ù$Ùÿá¤Ö��ÕÔm×�Ú�æ3Ô�ß3Ú�ÖmÛ
ù$ÙNæuá#�$Ömß½ÖVÛ$æ�Ù\ß

Pe

�ÕÔ�á�Ö��ÕÔm×�Ú�æ½Ôûß3Ú,ÖVÛ ù$ÙNæ�à��,ÙNØJß3×½ÖmÛ$æ��:÷�Ù~ß½ÙN×½ü~Ù
At

×½ÙNá�×½àNæ�ÙNÛÁß3Ù���úSÔmæ�â
ü~à\ß3×�Ú�Ù�ßL��àNÖV×�Ú)!Eø$Ù
!
ø�Ú/æ�ÙN×½ÔmÚ,ßÿü~ÙNæ�ø$×½à\Ù�æ�Úe��Ù\æ�à%��Ù\Ø\ß3×�ÖVÛ$æÿÙ\ß6�,ÙNæÿá#�$Öûß3ÖVÛ$æÿàJß5ÔmÚ,ÙNÛÁßÿá@Ôm×_F�ÔmÚ,ß½ÙNü~ÙNÛÁßká�Ö��ÕÔm×�Ú�æ�àNæ��

÷"úÊÚ�ÛÁß3Ù\×3ÔmØJß3Ú�ÖmÛ*Ù\ÛEß½×½Ù5��Ù6F�ÔmÚ�æ�ØNÙ¹ÔûøýùyúÊà��,ÙNØ\ß½×½ÖVÛ�æ[Ù\ß��Ù3�ÕÔmæ�ÙN×�æ½Ù3F�ÔmÚ,ß�ù@ÔmÛ�æ[ø$Û*×½àNæ�ÖVÛ@Ôûß½ÙNø$×[Ômá$á�Ù��,à�è¦ÛÁß3×½Ôh£
�IÔb�
Ú�ß¦â3£Yá$×½Ú,Û$ØNÚ,á#��Ù��[÷�Ù\æ�á#�$Ömß½ÖVÛ$æ�æ½ÖmÛEß�×�à\ß½×½Ö.£Yù$Ú�¢¤ø$æ½à\æ;�ðØ¹Ôûø$æ½Ù ù$Ù?�ÕÔ1ÝV×½ÔmÛ$ù$Ù à\Û$ÙN×�ÝVÚ�ÙÉù$ÙNæ�à%��ÙNØJß3×�ÖVÛ$æ
á¤Ö���Ôm×½Ú,æ½à\æ��yèH�,ædæ½ÖVÛÁß�ØNÖmÛEß½ÙNÛEø$æuù@ÔmÛ$ædø$Û Ø�îmÛ$Ù à\ß3×�ÖVÚ,ßdÔmø�ß3Ömø$×dù$ø æ½ÙNÛ�æ�ù�Ù~ù�àNá#��ÔmØNÙ\ü*Ù\ÛEß�ù�ÙNæ�à���Ù\Ø\ß½×½ÖVÛ$æ%�

ÎmÏ



ã*ä µ#±_-¾5¬5²�§c¨«å�¸æ²�º�±_´�¬5¯²�®#°¤²eª~ç~èké¼êÝëeµ#¯®�ì

�[ÙNæ²á#��Ömß3ÖVÛ�æ�á�ÙNø��mÙNÛÁß�ÔmØ%!
ø�àN×½Ú,×�ø$Û�Ù�àNÛ�ÙN×½ÝmÚ�ÙuÔ��)��ÔmÛÁßD}�ø�æ�!Eøyú:�
26MeV

á�ÖVø$×�ø$Û$Ù�à\Û$ÙN×�ÝVÚ�Ù�ù$Ù-F�ÔmÚ�æ�ØNÙ¹Ôûø
Ú�Û$Ø\Ú�ù$Ù\ÛEßGù$Ù

Ee = 855MeV
�m÷�ÙNæGá#��Ömß3ÖVÛ�æ�ÔmÚ�Û$æ�Ú�ÔûØNØNà%��à\×½àNæ"æ�ÖVÛÁß�ØNÖ��"��Ù\Ø\ß3à\æGù@ÔmÛ�æGø$Û�ù$àJß3ÙNØJß3Ù\ø$×

NaI
�V÷]Ô

ü*Ù\æ½ø$×�Ù�ù$Ù���úSÔmæLâ%ü~à\ß½×½Ú,Ùuù$Ù\æ²ß5Ômø�� ù$Ù�ØNÖVü~á�ß5ÔûÝVÙNæ�ù$Ù�á#�$Ömß½ÖVÛ$æ
N±

γ

ù@ÔmÛ$æU��Ù�ù�à\ß3Ù\Ø\ß½ÙNø$×dù@ÔûÛ$æ<��Ù\æ²ù$Ù\ø��
à\ß5Ô�ß3æ ù$Ù'á¤Ö���Ôm×½Ú,æ3Ôûß½Ú�ÖVÛ á¤Ù\×½ü~Ù\ß ù$Ù�ù$àJß3Ù\×½ü~Ú�Û$Ù\×��ÕÔ á¤Ö��ÕÔm×�Ú�æ3Ô�ß3Ú�ÖmÛ1ù$øfF�ÔmÚ�æ�ØNÙNÔmø Ú�Û$Ø\Ú�ù$Ù\ÛEß���÷"ú`ÔmæLâ
ü*àJß3×½Ú,Ù
ü*Ù\æ½ø$×�àNÙ�æNúÊàNØN×�Ú,ß> 

A =
N+

γ −N−
γ

N+
γ + N−

γ

= AtPePγ

Ü
[��µ&�[Áå

÷/Ô~ü*Ù\æ½ø$×�Ù�æ�Ú�ü�ø#��ß5ÔmÛ�àNÙ�ù$Ù-��úSÔmæ�â
ü~à\ß3×�Ú�Ù
A
Ù\ß�ù$Ù2��Ô á�Ö���Ôm×½Ú,æ3Ôûß½Ú�ÖVÛ�ù$ø�F�ÔmÚ�æ�ØNÙNÔmø?��Ômæ½Ù\×

Pγ

á�ÙN×½ü~Ù\ß�ùyúÊÙ1�3£
ß3×3ÔûÚ�×½Ù2�ÕÔýá�Ö��ÕÔû×½Ú�æ½Ôûß3Ú,ÖVÛ�ù$ønF�ÔmÚ�æ�ØNÙNÔmø ùyúÊà���Ù\Ø\ß½×½ÖVÛ$æ�Ú�Û$Ø\Ú�ù$Ù\ÛEß½æ���÷]Ô�T@Ýmø$×½Ù�Ü
[��E`'&Vå�ü~ÖVÛÁß3×�Ù���Ù�ù$ÙNæ�æ½Ú�Û ù$Ù2�ÕÔ
ØNÖVÛ$æLß3×�ø$Ø\ß½Ú�ÖVÛ/�

Dipôles  magnétiques

Canon laser

Détecteur NaI

e-

n>o.pkq�r%s9�5`�tba>�����J���X�öxJ������� �m���@����}m�J�.|dcJ���3�ea>��|����¦��� �
�<è�é��6ê@fIg�hjilkmg�honRp\�^æ]�Yç\}m���ex5�½}m�'�/��{J���5xJ�W�3�����
}m�J�X��ìm� �
� ��}~ïÁ}m�@x5z@�N��æ]�5�rqN��}m�W�3� �m�`�@�����5� |~}bïm��{J�W�+qN�@�5�rqN�
�Vç¹���X|ý�J�@� ��} x5z
��x½}m���w�e���@�����3{5�e�J�@��{5�N�
æ�� �.�@�¦�J��}
xJ�W����� �J�@�W�3��������}��e�J�'�J�d���5�w{J���5xJ�W�3�����~�e�<ç\}m�.��}m�!�@��ìm�½}m�ê�m�É���3�J|����J���m�`�@�����;ë?ïÁ}m�@x5z@�N�æ/�
�
{J���5xJ�¦�J�%�²�
�5���@z@�����������5�J�/�J�.���@{�ë �m�3���.�����J�@���3�²�������5�����J�scJ|ý���J�:���tqN��}m���J�scJ|ý�²�m�`�@�����N��æ]��x½}m�����'��}��e�J�
�5�J�ÿ�J� }�ì�}m�@�>�
����}-uXïm�
�3�k��}m����}J�Á�@���X�>}m�w�3�5�J�¦���m� �m���¦�@�e�J�.��� ç��wv\�@{J�X�.|ý�J�@��}m���

� ·�¿$¼JÀ3°N¾JÀ3Ã,®V±�¿$°N´ÿº@·m»LÀ3Ã,¾N³$µ,°N´I¾\»½¼N¼\°N´�µ�®V»�´I¿$³'º$»½®
¾N°\´½´�³$´ÿ¿$°�¿$Ã92¤³$´½Ã,®V±�¼\µ�°N¾JÀ3»�®V±�Å�º$»½®mÀ½®V±�´N¶Ê°U2¤°N¾JÀ3³$°��µW¶`·ûÃ�¿$°�¿�¶S³$± ¾N·mµ�®V»�Ã�¯
\À½»½°�¼\µ�°\¾\À3»�®V¯*·mÌV±$¼JÀ3Ã�ÆE³$° sx� °�¾¹·ûµ�®V»�Ã�¯
\À3»�°�°\´�À�³$± º$³$»d»½·m¿$ÃÕ·�À3°N³�»zy[°N»�°N±�{û®R¸ s}| µ
¾N®V³�¸
»�° µ�°w¿$®V¯*·mÃ�±$°'·m±�ÌV³$µÕ·ûÃ�»½°'¿$°w¿$Ã92¤³$´½Ã,®V±

θe′
°\±ÁÀ3»½°

30 ~ °\À 40 ~ º�®V³$»~³$± ·��NÃ,¯�³�À~¿$°
Φe′ = 2π

s
[®V¯*¯~°�µW¶`·m±$·mµ,Ç
´½°�¿$°N´d¿$®m±$±$¼N°\´�¿$³ ¿$¼\À½°N¾\À½°N³$» 0 Ä1�

2

º�°N»�¯*°JÀd¿y¶Ê°JÈ
À3»½·mÃ�»�°�µ�¶S·m´�Ç
¯~¼\À½»½Ã�°uº��ÁÇ
´½Ã�ÆE³$°ûÂ�³$±$°
¿$°N´�¾N»½Ã,º�À3Ã,®V±�¿$¼\À3·mÃ�µ,µ�¼\°²¿$³'¾¹·mµ,®V»½Ã,¯"
JÀ3»½°�´½°\»3·�À3»3·ûÃ,À3¼\°d¿@·m±$´ÿµ�· ´�°N¾JÀ3Ã�®m±'´�³$Ã,¸û·m±ÁÀ½°d� r�s 7 �Js

7 å



§c¨6��¨ ã µ#¶S½�¬5]:�Ô�¾5¬5²eªI9 ¿
2 � ëi²ö-h¹�¬5²ö-Eê«¶$¸æµ`»Sµ#®�¾��

Å�Æ�� È�T�=	�-ÎXÉU? Ð��eÎtË S�ÊMð
2

� ó Ëzñ5�GÎtËzñ�� =j��TQ��T7Ñ2���

Þ²ÔûÛ$æ6��Ù��@Ô��"� Ó Þ#�#��úÊÙ1�%á�àN×�Ú�ÙNÛ�ØNÙ�ø�ß3Ú"��Ú,æ½Ù²ø$Û�ØNÔ���ÖV×�Ú�ü�W\ß½×½Ù�á�ÖVø$×6��Ô�ù$à\ß½ÙNØ\ß½Ú�ÖVÛk�@÷]Ô Ø\Ú�Û$à\üýÔ�ß3Ú)!Eø$Ùdù�Ù��ÕÔ
ù$Ú�¢¤ø$æ½Ú,ÖVÛ�ÙNæLßÿØNÖVü~á#�)WJß3Ù\ü*Ù\ÛEßÿù�à\ß3Ù\×½ü~Ú�Û$à\Ù��$Ø\ÖVÛ$Û@ÔûÚ�æ½æ½ÔmÛÁß3��úÊàNÛ$Ù\×½ÝVÚ,Ù²ù$Ù���úÊà��,ÙNØ\ß½×½ÖVÛ�ù�Ú�¢¤ø$æ½à

Ee′
ÙJß3��úSÔmÛ$Ý��,Ù

ù$Ù�ù$Ú�¢¤ø$æ�Ú�ÖVÛ
θe′

��÷]Ô�ØNÖVÛ$æLß3×�ø$Ø\ß½Ú�ÖVÛ Ù\ß<��ÙNæU!
ø$Ô���Ú�ß3àNæ�ù$ø Ø¹Ô��,ÖV×½Ú,üjWJß3×�Ùuæ�ÖVÛÁß�ù$àNØ\×½Ú,ß½ÙNædÙ\Û ù�à\ß5ÔûÚ)�/ù@ÔmÛ$æ��,ÙNæ
×½à%Fçà\×½Ù\Û$ØNÙ\æ¼üE`b[�a��6`b[�`�ý(�uø:Ömø�ß3Ù1FçÖVÚ�æ~ÖVÛ á�ÙNø%ß�×½à\æ½ø$ü~ÙN×j��Ù\æ*ÙS��Ú,ÝVÙNÛ�ØNÙNæ*ù$ø ØNÔ���ÖV×�Ú�ü�W\ß½×½Ù�ÙNÛ üýÔûß½Ú)W\×½Ù�ù$Ù
ù$à\ß½ÙNØ\ß½Ú�ÖVÛk����ÖVø$æ�Ô0�VÖVÛ�æV�
ø�Ômø~ù$à%�$ø�ß>ù$ÙÿØNÙ�Ø �@Ômá$Ú�ß3×½Ù���!EøyúSø�Ûýß5Ômø�� ù$Ù�ØNÖVü~á�ß5ÔûÝVÙkù$Ù

2.5 1013 ù$ÖVÚ�ßuß\ß½×½ÙÙNÛ$×�ÙNÝVÚ,æ�ß3×�à�á¤Ömø$×dá¤Ömø��VÖVÚ,×�ü~ÙNæ�ø$×½Ù\×dø$Û$Ù~Ômæ�â
ü~à\ß½×½Ú�Ù�ù$Ù���úÊÖV×½ù�×½Ù�ù$Ù
10−6 Ô0�VÙNØ ø$Û�Ù�á$×½à\ØNÚ�æ�Ú�ÖVÛ ù�Ù 10%

�
ã ÖVø$×"á�ÖVø��mÖVÚ�×:ü*Ù\æ½ø$×�ÙN×GØ\ÙNæ"à1�VàNÛ�ÙNü~ÙNÛÁß3æ%�Áø$Û$Ù4��ø�ü*Ú,Û$ÖVæ½Ú�ß3à�ù$ÙF�ÔûÚ�æ½Ø\Ù¹Ômø�ù$Ù4��úÊÖV×½ù�×½Ù

5 1037cm−2s−1 Ô²àJß3àØ �$ÖVÚ�æ�Ú�Ù��$ù$Ù�æ½ÖV×Lß3Ù�!Eø$Ù��ÕÔ2Fç×�à�!Eø$ÙNÛ�ØNÙ�ù$ÙNæÿà%�màNÛ$Ù\ü*Ù\ÛÁß3æ�ù�Ù-��Ô�ù$Ú�¢¤ø$æ�Ú�ÖVÛ�à%�ÕÔmæLß3Ú)!Eø$ÙdÙ\æ�ß�ù$Ù
10MHz

Ù\ß�ù$Ù
100MHz

ù@ÔmÛ�æ<�ÕÔ~ù$Ú�¢¤ø$æ½Ú,ÖVÛÉÚ,Û$à���Ômæ�ß½Ú)!Eø$Ù�� ã ÖVø$×²à1�
Ú,ß3Ù\×U�WúSÙ\ü*á$Ú"��Ù\ü*Ù\ÛEß��@Ú)�]ÙNæLßdÛ$à\ØNÙNæ�æ3ÔmÚ,×½Ù�ù�úSø�ß½Ú)�,Ú�æ½Ù\×�ø�Û
ù$à\ß½ÙNØ\ß½ÙNø$×�á¤ÖVæ�æ½à\ù@ÔmÛÁß�ù$Ù���ÖVÛ$Û$Ù\æ�Ø¹Ôû×3ÔmØJß3àN×�Ú�æLß3Ú)!Eø$Ù\æ�ß½ÙNü~á¤Öm×½Ù��"��Ù\ædØNÖVø$á���àj�'ø$Û�Ùýà��,ÙNØJß3×½ÖmÛ$Ú)!Eø$Ù~×3Ômá�Ú�ù$Ù��
÷]ÙýØ¹Ô��,ÖV×½Ú,üjWJß3×½Ù�ù�ÖVÚ,ß�Ô0�VÖVÚ,×�Ômø�æ½æ½Ú>ø$Û$ÙG��ÖVÛ$Û�Ùý×½à\æ½Ö��,ø�ß3Ú,ÖVÛ ÙNÛ!àNÛ�ÙN×½ÝmÚ�Ù��t�[Ù\ß�ß3Ù�ÙS�%Ú�ÝVÙ\Û$ØNÙ*×½ÙNæ�æ½ÖV×Lß�ù$Ùj�ÕÔ
Û$àNØ\ÙNæ½æ�Ú,ß½à�ù�ÙIæ½à\á@Ôm×½Ù\×"ÙNÛÁß3×�Ù4��Ù\æ à%�màNÛ$Ù\ü*Ù\ÛÁß3æ�à���Ômæ�ß½Ú)!Eø$ÙNæ Ù\ß"ù$Ù\æ"à%�màNÛ$Ù\ü*Ù\ÛEß½æ�Ú�Û$à%�ÕÔmæLß3Ú)!Eø$Ù\æGá�ÖVø$× ØNÔ���Ø\ø#��Ù\×
��úSÔmæ�â
ü~à\ß3×�Ú�Ù��Xd"Û¨F�ÔûÚ,ß0�^�,ÙNæ�à%�Và\Û$ÙNü~ÙNÛÁß½æ�Ú�Û$à%�ÕÔmæLß3Ú)!Eø$Ù\æuá�ÙNø��VÙNÛÁß~Ô0�VÖmÚ�×�ø$Û$Ù�Ôûæ�â
ü*àJß3×�Ú�Ùýù�Ùj�
Ú�Ö���Ôûß3Ú,ÖVÛ ù$Ù
á@Ôm×½Ú�ß3àuá$×½ÖVá�×½Ù��¤÷�ÙNø$×�Ômù+}�ÖVÛ�Ø\ß3Ú,ÖVÛ Ôûø�� à1�Và\Û$ÙNü~ÙNÛÁß3ædà%�ÕÔmæLß3Ú"!
ø�ÙNæ�Ú,ÛÁß3×½Ö
ù$ø$Ú�ß�ø$Û$Ù�ü~ÙNæ�ø$×½ÙuÛ$ÖVÛ á#�Áâ
æ½Ú"!Eø$Ù��
í Ú�Û@Ô���ÙNü~ÙNÛÁß��#��Ù�Ø¹Ô���ÖV×�Ú�ü�W\ß3×�Ù²ù$ÖVÚ�ß�á$×½à\æ½ÙNÛÁß½ÙN×U��Ô~ü~ÙNÚ"�)�,ÙNø$×�Ù�ß3Ù\Û
ø�Ù�Ômø��'×½Ômù$Ú�Ôûß3Ú,ÖVÛ$æIá�ÙNÛ$ù$ÔmÛÁß<�ÕÔ�á�àN×�Ú�Ö
ù$Ù
ù$ÙF�ÔmÚ,æ½ØNÙNÔmø/��÷�ÙIØ¹Ô���ÖV×�Ú�ü�W\ß3×�Ù"ù$Ù ãJI Ó Þd×�àNá�ÖVÛ$ù���ØNÙNæ Ù1�%Ú�ÝVÙ\Û$ØNÙ\æ��VèH�
ÙNæLßGá$ø�×½ÙNü~ÙNÛÁß�Ô��$æ½ÖV×@�@ÔmÛÁßGÙJßGØ\ÖVø��
×½Ù
ø$Ûðù$ÖVü*ÔmÚ,Û$Ù ÔmÛ$ÝVø��ÕÔmÚ,×½Ù�ÙNÛÁß½×½Ù

30 . ÙJß 40 . á¤ÖVø�×7�Wú`ÔmÛ�Ý���Ù�á�Ö��ÕÔûÚ�×½Ù�ÙJß
0 − 360 . á�ÖVø$×���úSÔmÛ$Ý���Ù Ô�g\Ú�ü�ø�ß3Ô��,�

Ó Ú�Û�æ½Ú,��Ú)��Ômæ�æ½ø$×�Ù�ø$Û$Ù�ù$à\ß½ÙNØ\ß½Ú�ÖVÛ�ù$Ù\æ�á$Ôm×�ß½Ú�ØNø���ÙNækù�Ú�¢¤ø$æ½à\ÙNæÿù@ÔmÛ$æÿø$ÛwÔmÛ$Ý���Ùdæ½Ö���Ú�ù�Ù²ù$Ù
0.6 sr

�
÷�Ù�ØNÔ���ÖV×�Ú�ü�W\ß½×½Ù�ø�ß3Ú"��Ú,æ½Ù-��ÙNæ�ØN×�Ú�æ�ß3Ômø��Éù$Ù�j@ø�ÖV×½ø$×�Ù�ù$Ù�á���ÖVü��!Ü ã �9í

2

å�ÜsT@ÝVø�×½Ù�[��"`b[Vå1�¤÷]Ù�ØN×½Ú,æ�ß3Ô��:Ù\æ�ß
ø$Ûðá$ø$×�×3Ôûù$ÚÕÔûß½ÙNø$× B Ù\×½ÙNÛ�$mÖb�!Ô0�VÙ\Øýø$Û�Ù��@Ômø%ß3Ù ß3×3ÔûÛ$æ½ü~Ú�æ�æ½Ú�ÖmÛ ù$øc�
Ú�æ½Ú"�#��Ù ù@ÔûÛ$æ7�,Ù*ù�ÖVüýÔûÚ�Û$Ù�ù$Ùj��ú^á I �
÷�úÊÚ�Û�ù$Ú�Ø\Ù�ù�Ù�×�à%Fç×3ÔûØ\ß3Ú,ÖVÛ ù$ø~ØN×½Ú,æ�ß3Ô��@ÙNæLß[ù$Ù

1.8
á¤Ömø$×�ø$Û$Ù3��ÖVÛ$Ýmø$ÙNø$×�ùyúÊÖVÛ$ù�Ù�ù$Ù

400 nm
� A Ô���ÖVÛ�ÝVø$ÙNø�×�ù�Ù

×3Ômù$Ú�Ôûß3Ú,ÖVÛ æNúÊà��"W%�VÙU�
X0 = 0.93 cm

Ù\ß>æ½ÖmÛý×3Ô¹âmÖVÛýù$Ù<�wÖ��,Ú)WN×�Ùká¤Ömø$×��ÕÔ�á$×½Ö
ù$ø$ØJß3Ú�ÖmÛ*ù$Ù3��úÊÙ�¢¤Ù\ß B ÙN×�ÙNÛ#$ûÖb�
ÙNæ�ß�ù$Ù���úÊÖV×�ù$×½Ùdù$Ù

RM = 1.8 cm
üÄ`'& â ý,�

20 ns

lead fluoride (PbF2)

- timing  excellent  (< 20 ns)
- energy resolution better than required


photomultiplier signal

3.3 %
÷E

734 MeV
elastic electrons

sum of  9 crystals

3.2 %
÷E



sum  of  9 crystals

direct beam 
(855 MeV electrons)

scattered particles
from lH2 target

n>o.pkqör�s��erut�aG�X���J��}m�/�
�Dñ>�ö���X�
�5���
�I������|�í�è4í1î
2

�

� °�¾N»�Ã�´�À3·mµ�º$»�¼N´½°\±ÁÀ3°�³�±$°u¯~°NÃ,µ�µ,°N³$»�°²»½¼\´½Ã�´LÀ5·m±�¾N°u·m³%È'»3·û¿$ÃÕ·ûÀ½Ã�®V±�´IÆE³$°�µ,°N´ÿ»3·m¿�ÃÕ·ûÀ½°N³$»�´(y[°\»½°\±�{m®e¸�À3°\µ�´
Æ
³�°uµ�· µ,³$¾NÃ�À3°d°JÀ�µ,°d¸V°N»�»½°u·m³'º$µ�®V¯�Äb�]�@ÌV³$»�° r�s9�'�j�Js�� ®m±w°XÈ�º�®V´�Ã,À3Ã,®V±���µÕ·�µ�³$¯~Ã6
\»½°²Ä�µ�°N³�°uº�°N»�¯*°JÀÿ¿$°uµ,°
»½°NÌm¼N±$¼\»½°N»�¾N°�ÆE³$Ã3#�®V³$°d°\±'Ë�·¹¸m°N³$»�¿$°�µ�¶Ê³�À3Ã,µ�Ã,´3·ûÀ½Ã�®V±~¿$°�¾N°�¯*·ûÀ3¼\»½ÃÕ·û³ s

� �



ã*ä µ#±_-¾5¬5²�§c¨«å�¸æ²�º�±_´�¬5¯²�®#°¤²eª~ç~èké¼êÝëeµ#¯®�ì

lead fluoride (PbF2)

- Cerenkov: intrinsically fast
- compact: 	rM 	= 2.2 (1.8)  cm
			 X0 	= 0.9 cm
			 r    	= 7.8 g/cm
			 n    =  1.8 ... 2 
- not birefringent
- two components
- timing: excellent ( < 20 ns, no scintillation)

Wavelength [nm]

Tr
an

sm
itt

an
ce

 τ x [
%

]

(1)

(3)

(2)
 Cerenkov radiators:
(1) Lead fluoride
(2) Lucite
(3) Lead glass
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NIM A 416 (1998) 357

¿ ¯³�¨ [��E`¹ÞkÀ<;�Ã7Ë$ÅGÌ	Ù2Ä¯ÔwÔ Ë$ÅcÆWÈ]ÉSÈkÉ$Ä Ú*Ð	ÃWÈ	Å9Ô¯ÌCÆ�Ë$Ó,ÒhÃdÄ¯Ùýí	ÔwÃWÈWÌeP~È	ÃWÈ	Å�ô`ÒhÑ�u
1. � Î9ÒhÃdÎ�ÃXÈkÉSÈ�Ç_Ó,ÒhÙKÊJó 2.

Ó Î9Æ	Ä¯Ô(È5ó
3.
Ñ$È	ÃdÃXÈCË$ÎEÇ_Ó,ÒhÙKÊ_xNË$ÑhË$Å9ÔQÈ	ÔzË	Ç_Ã3íWÌjÄ¯ÃdÃ7Ë`É$ÄwË$Ô!Ä?ÒhÅNÇGË$ÃkÉSÈWÌ*Ø`Ë$Ù2ÙKËhÌ2ÉSÈCÉSÐWÆ	ÃXÒhÄ,ÌWÌ�Ë$ÅcÆWÈjÉ$Î��~Ò$ÊWË$Ó Ô

60
È	Ô

Ë`Ê	Ì=ÒhÃ(Ç_ÔwÄ?ÒhÅ¼É�Í ÎSÅcÈkÉSÒ=Ì=ÈjÉSÈ
200Gy

Ö

÷]Ô1ÝVà\ÖVü~à\ß3×�Ú�Ù'ù$ø ØN×�Ú�æLß5Ô���ÙNæLß�Ø �$ÖVÚ,æ½Ú�Ùwù$Ùwß½Ù��"��Ù*F�ÔûlNÖVÛ � ×½ÙNØ\ø$ÙNÚ"�)�,Ú�×~Ômø ü~ÖVÚ�Û�æ
90%

ù$Ù9��úÊàNÛ�ÙN×½ÝmÚ�Ù
Ú�Û$Ø\Ú�ù$Ù\ÛEß½Ù���÷]Ô8F�ÔûØNÙ�ùyúÊÙNÛÁß3×�àNÙ�ù�øÉØN×�Ú�æLß5Ô��yÙ\æ�ß�ø$ÛÉØNÔm×½×�àNÙ�ù$Ù�ØNÖmß½à

26 mm
�@ß3ÔmÛ$ù$Ú,æ3!Eø$Ù-�ÕÔ�F�ÔmØ\Ùuù�Ùuæ�ÖV×�ß½Ú�Ù

ÙNæ�ß�ù$Ù ØNÖûß3à
31 mm

�>÷�ÙNæ�Ø\×½Ú�æLß5Ômø�� æ�ÖVÛÁß�×3ÔûÛ$ÝVàNæ*á@Ôm×*æ½ÙNá%ß�ù@ÔmÛ$æýù$ÙNæG��ÙN×�ØNÙNÔmø�� ÙNÛ Ô��,ø$ü*Ú,Û$Ú�ø�ü ù$Ù
üýÔmÛ�Ú)WN×�Ù3�uØNÙ3!Eø$Ù�Ø �$Ô�!Eø$Ù�ù$àJß3Ù\Ø\ß3Ù\ø$×Iù$øj�¤Ù\×½Ø\Ù¹Ômø*æ½ÖVÚ�ß��
ø�ù�ÙNá$ø$Ú,æV��Ô�FçÙ\Û�ß\ß½×½Ù�ùyúÊÙNÛÁß3×�àNÙ²ù$Ù3�ÕÔdØ\Ú)�#�,Ù�æ�ÖVø$æ
ø$Û ÔmÛ$Ý���Ù�ù$Ùuù�Ú�¢¤ø$æ½Ú,ÖVÛÉù$Ú&¢�à\×½Ù\ÛEß���÷]Ù\æ�æ�ÙNá�ßdØ\×½Ú,æ�ß5Ôûø��'ÖVÛÁß²ù$ÖmÛ$Øuù�ÙNæ<�,ÖVÛ$ÝVø$Ù\ø$×½æ�ù$Ú&¢�à\×½ÙNÛÁß½ÙNæ5�ûÔm×�ÚÕÔmÛÁß�ù$Ù
150 mm

�
180 mm

æ½Ù%��ÖVÛ>�,ÙNø$×kÙ\ü*á#��ÔmØNÙ\ü*Ù\ÛÁßÿù@ÔmÛ$æ6��ÙdØNÔ���Öm×½Ú�ü�W\ß½×½Ù��

÷�Ù Ø¹Ô��,ÖV×½Ú,üjWJß3×�Ù�ÙNæ�ßuø$Û ù$à\ß½ÙNØJß3ÙNø�×�ù@ÔmÛ�æ7�,Ù�!Eø$Ù��Y��Ô�á$Ôm×�ß½Ú�ØNø���Ù�Ú�Û�ØNÚ�ù�ÙNÛÁß3Ù~ù$àNá�ÖVæ�Ù*æ�ÖVÛ1à\Û$ÙN×�ÝVÚ�Ù���á@Ôm×
à\ß5Ôûá¤Ù\æ�æ�ø$ØNØ\ÙNæ�æ½Ú"�mÙNæ%��æ�ÖVø$æAFçÖV×�ü*Ù�ùyúSø�Û$ÙdÝVÙN×@�¤Ùdù�Ùdá@Ôm×�ß½Ú�Ø\ø#��Ù\æ[æ½Ù\ØNÖVÛ�ù@ÔmÚ�×�ÙNæ%�ö÷]Öm×½æ�!EøyúÊÙ��"��Ù\æ[ß3×½Ôb�mÙN×�æ½ÙNÛÁß�ù$Ù
�ÕÔ�ü*Ôûß3Ú"WN×�Ù��'��Ù\æ á@Ôm×Lß3Ú,ØNø#�,ÙNæ/æ½ø#�$Ú,æ½æ�ÙNÛÁß�ø$Û$ÙIØNÔmæ½ØNÔmù$ÙkùyúÊÚ�ÛÁß½ÙN×3ÔûØ\ß3Ú,ÖVÛ$æ:æ½ø$ÚE�mÔûÛEßt�ÕÔ�Û@Ôûß3ø�×½ÙIù$Ù�ÕÔ�á$Ôm×�ß½Ú�ØNø���Ù�Ù\ß
æ½ÖVÛwàNÛ$Ù\×½ÝVÚ,Ù�Ø\Ú�Û$àJß3Ú"!
ø�Ù���d"ÛwÙ	¢�ÙJß0����Ùdá�×½Ö
ØNÙNæ�æ½ø$æ�ùyúÊÚ�ÛÁß3Ù\×3ÔmØJß3Ú�ÖmÛ'ù�ÙNæ�à���Ù\Ø\ß½×½ÖVÛ$æ�ù$Ú&¢�ø$æ�àNæ�Ô0�VÙ\Ø2�ÕÔ�ü*Ôûß3Ú"WN×�Ù
ù$ø1Ø\×½Ú�æLß5Ô��"Ù\æ�ßuù$ÖVü~Ú�Û$à�á$Ôm×���úÊàNü~Ú�æ½æ�Ú�ÖVÛ ù$ø ×3Ô¹âmÖVÛ$Û$Ù\ü*Ù\ÛEß�ù$Ù8Fç×½ÙNÚ,Û@ÔmÝVÙ'Üs�$×½Ù\ü*æ�æ�ß½×3Ô��#�,ø$Û$ÝEå��]àNü~Ú�æ�æ½Ú,ÖVÛ
ù$ÙNæ�á#�$Ömß½ÖVÛ$æuÜ

e→ e + γ
åkÙJß3�ÕÔ�ØN×�à¹Ôûß½Ú�ÖVÛ�ù$Ù�á@ÔûÚ�×½Ù\ækà��,ÙNØ\ß½×½ÖVÛ\£�á�ÖVæ½Ú�ß3×½ÖmÛ Ü

γ → e+ + e−
å

÷�ÙNæ>×½àNÔmØ\ß½Ú�ÖVÛ$æ>ù$Ù�á�×½Ö
ù$ø$Ø\ß½Ú�ÖVÛ*ù$Ù�á$ÔmÚ�×�ÙNæ�Ù\ßIù�ÙU�$×�ÙNü~æ½æ�ß½×3Ô�����ø$Û$Ýuù@ÔmÛ$æ��Ù�ØN×½Ú,æ�ß3Ô��öØN×½à\ÙNÛÁßkù$Ù\æ[ÝVÙ\×���ÙNæ
à���Ù\Ø\ß½×½ÖVü*ÔmÝVÛ$àJß3Ú"!
ø�ÙNæ�ØNÖVÛ$æLß3Ú�ß3ø$à\ÙNæ�ù�úSà%��ÙNØJß3×�ÖVÛ$æ���ù$Ù�á¤Ömæ½Ú,ß½×½ÖVÛ�æ�ÙJß�ù$Ùuá#�$Ömß½ÖVÛ$æ%��èH�/Û$à\ØNÙNæ�æ3ÔmÚ,×½Ùuùyú`Ôûù$ÖVá�ß½ÙN×
ø$Û$Ù�ÝVà\ÖVü~à\ß3×�Ú�Ù�á�ÖVø$×U�,ÙNæ�ØN×�Ú�æ�ß3Ômø��wá�ÖVø$×�Ø\ÖVÛÁß3Ù\Û$Ú�×3��úÊÙNÛ$æ�ÙNü�����Ù�ù�Ù2�ÕÔ ÝVÙ\×���Ù��y÷�Ùuù$à%�mÙ���Ömá$á¤Ù\ü*Ù\ÛÁß²ù$Ù7�ÕÔ
ÝVÙN×@�¤Ù>ù$àNá�ÙNÛ$ù�ù�Ù�ÕÔ3��ÖVÛ�ÝVø$ÙNø�×:ù$Ù>×3Ômù�ÚÕÔûß½Ú�ÖVÛ�Ù\ß ù$ø�×3Ô¹âmÖVÛ�ù$ÙA�wÖ���Ú"WN×�Ù>ù$ø�ØN×½Ú,æ�ß3Ô��,�+�[Ù\æGÝV×3ÔûÛ$ù$ÙNø�×½æGØNÔm×3ÔmØd£
ß3àN×�Ú�æ�ÙNÛÁß�×½ÙNæ�á¤Ù\Ø\ß½Ú"�VÙ\ü*Ù\ÛÁßV�,ÙIù$à1�VÙ��,ÖVá$á�ÙNü~ÙNÛÁßY��ÖmÛ$ÝVÚ,ß½ø$ù$Ú,Û@Ô��Eù$Ù4�ÕÔ²ÝmÙN×���ÙkÙ\ß�æ�ÖVÛ Ù1�
ß3Ù\Û$æ½Ú,ÖVÛ�ß3×½ÔmÛ$æ@�mÙN×�æ3Ô��,Ù��
ã ÖVø$×�ØNÖmÛEß½ÙNÛ$Ú,×

98%
ù�Ù5��Ô��,ÖVÛ$ÝVø�ÙNø$×"ù$Ù3�ÕÔdÝVÙ\×���Ùÿà���Ù\Ø\ß½×½ÖVü*ÔmÝVÛ$àJß3Ú"!
ø�Ù����,Ù�ØNÔ���Öm×½Ú�ü�W\ß½×½ÙIù�Ù ãJI Ó Þuø�ß3Ú"��Ú�æ�Ù

ù$ÙNæ�Ø\×½Ú�æLß5Ômø��ðØ\ÖV×½×�ÙNæ½á�ÖVÛ$ù$ÔmÛÁß��
X98% = 16 cm

��Þ²ÔmÛ$æ���ÔÉù$Ú,×½ÙNØJß3Ú,ÖVÛ ß½×3ÔmÛ$æ_�VÙ\×½æ3Ô���Ù�� ø$Û!Ø��,ø$æ�ß½ÙN×�ù$Ù
9ü*Ö
ù$ø#�,ÙNæ�ù�Ù�ù$à\ß½ÙNØ\ß½Ú�ÖVÛ Ø\ÖVø��
×½Ù�ø�Û Ø\â���Ú,Û$ù$×½Ù�ù$Ù�×3Ô¹âmÖVÛ àNÝÁÔ��t�

R95% = 2RM

ù$Ùuß3Ù��"��Ùuæ½ÖV×Lß3Ù�!Eø$Ù
95%ù$Ù���úÊàNÛ$Ù\×½ÝVÚ,ÙdÚ�Û$Ú�ß3ÚÕÔ���Ù�ÙNæ�ß�ØNÖmÛEß½ÙNÛEø$Ù�ù@ÔmÛ$æ6�,ÙdØ���ø�æ�ß3Ù\×��

÷�ÙIá@Ôûæ½æ3ÔûÝVÙkùyúÊø$Û$Ùká@Ôm×Lß3Ú,ØNø#�,Ù[ù@ÔmÛ�æJ��ÙIØ\×½Ú,æ�ß5Ô��%Ú,Û$ù$ø$Ú�ßGø$Û$Ù4�,ø$ü~Ú)WN×�Ù B Ù\×½Ù\Û#$mÖb���
÷/Ô²ù�à\ß3Ù\Ø\ß½Ú�ÖVÛ�ù$Ù[ØNÙ\ß�ß3Ù
��ø$ü~Ú)W\×½Ù²Ù\æ�ß�Ômæ�æ½ø$×�àNÙ�á@Ôm×Iø$Û�á#��Ömß3ÖVü�ø#�,ß½Ú�á#�,Ú�Ø¹Ô�ß3ÙNø�×>ù$Ù��WúSÙ\ÛÁß3×½Ù\á$×½Ú,æ½Ù ã �$Ú"��Ú�á�æIü*Ö
ù#W%��Ù�� ã & ¦ a�a�°�a�`dù$ÖVÛÁß
��ÙNæÿØNÔm×3ÔmØJß3à\×½Ú�æLß3Ú"!
ø�ÙNæÿæ½ÖVÛÁß�á$×�àNæ½Ù\ÛÁß3àNÙ\æ�ù@ÔûÛ$æ6�ÕÔ�ß5Ô�����Ù~Ü([��Z[ÁåS�

Ï�`



§c¨6��¨ ã µ#¶S½�¬5]:�Ô�¾5¬5²eªI9 ¿
2 � ëi²ö-h¹�¬5²ö-Eê«¶$¸æµ`»Sµ#®�¾��

�ÉÔûÛ
ø�F�ÔmØ\ß½ø$×½Ú,ÙN× ã �$Ú)�,Ú�á$æ ã �$Öûß3ÖVÛ$Ú,ØNæ
Þ�à\Û$ÖVü~Ú�Û@Ô�ß3Ú�ÖmÛ � ã & ¦ a�a�°�a�`
Þ�Ú,ü*Ù\Û$æ½Ú,ÖVÛ$æ

29 mm
Üçù$ÚÕÔûüjWJß3×½Ù¹å ∗ 98 mm

Üs��ÖVÛ$Ýmø$ÙNø$×3å
�ÉÔûæ½æ½Ù

34 g4�ÔmÚ�Û
9.105Þ�â
Û$Ö
ù$Ù\æ
10

à\ß3ÔmÝVÙ\æ5��æLß3×½ø�Ø\ß3ø�×½Ù-��Ú�Û�à¹ÔmÚ,×½ÙUFçÖ
Ø¹Ô��,Ú�æ½ÔmÛÁß3Ù
±�Ômø�ß3Ù\ækß3ÙNÛ�æ½Ú�ÖmÛ Ü

1260± 125
å
Vã �$Ömß½Ö%ØNÔûßL��Ö%ù$Ù �$ÚÕÔ���Ø¹Ô���Ú�Û

í@ÙNÛGß\ß3×�Ù�ùyúSÙ\ÛÁß3×½à\Ù �¤Öm×½ÖVæ�Ú)��Ú,Ø¹Ôûß½Ù
ã �ÕÔûÝVÙ²æ½á�ÙNØJß3×½Ô���Ù

270 − 650 nmA Ù\Û$æ½Ú"�#��Ú�ß3à²æ�á¤Ù\Ø\ß½×3Ô��,Ù�ü*Ô+�%Ú�ü*Ô��,Ù
420 nmA Ù\Û$æ½Ú"�#��Ú�ß3à<�,ø$ü~Ú�Û$Ù\ø$æ½Ù��

400 nm 85 mA/WdJ�~Ø¹ÔmØ\Ú,ß½à�!
ø$ÔmÛÁß3Ú)!Eø$Ù7�
400 nm 26%ø/ÙNü~á$æÿù$Ù�ü*ÖmÛEß½àNÙ

2 nsø/ÙNü~á$æÿù$Ùdß3×½ÔmÛ$æ½Ú�ß
23 ns² Ú�ß½ß3Ù\×
0.8 ns�[ÖVø�×3ÔmÛÁß�ùyúSÔmÛ$Ö
ù$Ù
1 nAû[×�ø$Ú,ßIù$Ù�FçÖVÛ$ù
100 cps/s

8 µ:9�¨ [��:[kÀ��uË$Ã7ËSÆ	ÔÕÐ	ÃdÄ,Ì	ÔwÄ
B�Î�ÈWÌ>É$Î Ç@?9ÒhÔ(ÒhÙ2Î�Ó ÔwÄpÇ_Ó Ä?Æ�Ë$Ô(È	Î�Ã

�[ÖVü~ü~Ù���Ù ÝÁÔmÚ,Û ù$Ù\æuá��$Ömß3Ömü�ø#�,ß½Ú�á#�,Ú�ØNÔûß3Ù\ø$×½æ²Ù\æ�ßu×½Ù%�ÕÔûß½Ú"�VÙ\ü*Ù\ÛÁßuà%��Ù1�VàÉÜ�ÙNÛ��
Ú�×�ÖVÛ
106 å1�]Ú"�GÙNæLß�Ú�Û�ù$Ú�æÕ£á¤Ù\Û$æ3Ô�����Ùýù�Ù�æ�ß3Ô��$Ú)�,Ú�æ�ÙN×��ÕÔ�ß3Ù\Û$æ½Ú,ÖVÛ!Ômø�����ÖV×½Û�ÙNæ�ù�ø ã ���td"Û!Ù	¢�ÙJß0�/ø$Û$Ùj�ûÔm×�ÚÕÔûß½Ú�ÖVÛ ù$Ù��ÕÔ�ß3ÙNÛ�æ½Ú�ÖmÛðù$Ù

��úÊÖV×½ù$×�Ù�ù$Ù
1%

á�×½Öb�VÖ�!Eø$Ùwø�Û$Ù;�mÔû×½ÚÕÔ�ß3Ú�ÖmÛðù$Ù
10%

ù$øêÝÁÔmÚ�Ûk�G÷�Ù�ß5Ômø��!ù$Ù�ØNÖVü~á�ß5ÔûÝVÙ�ØNÖ��"��Ù\Ø\ß3àýá@Ôm×8��Ù
á#�$Ömß½ÖVü�ø#��ß3Ú�á���Ú�ØNÔûß3Ù\ø$×���ù@ÔmÛ�æ�Ø\ÙÿØ¹Ômæ%�ÁÛ$Ù�æ�ÙN×½Ô�á@Ôûæ�á�×½àNØ\Ú�æ%� ã ÖVø$×�Ø\Ù��ÕÔ�����Ùkæ�ÙN×@�
Ú,ØNÙ5dY�,ÙNØJß3×½ÖmÛ$Ú)!Eø$Ù ã �Áâ
æ½Ú)!Eø$Ù
ù$Ù9��úÊè ã � ù�ú 6 ×½æ½Ô¹â Ô ù$à%�mÙ���Ömá$á¤àÉø$Û$ÙÉÙ\ü��@Ômæ�Ùwß½×3ÔmÛ$æ�Ú�æLß3ÖV×�Ú�æ½à\Ù?!Eø$Ú�á¤Ù\×½ü~Ù\ßýù$ÙÉæLß5Ô��$Ú"��Ú,æ½ÙN×8��Ô ß½ÙNÛ$æ�Ú�ÖVÛ
ùyú`Ô���Ú�ü~ÙNÛÁß3Ôûß3Ú,ÖVÛ�ù$ø ã ���

20 ns

lead fluoride (PbF2)

- timing  excellent  (< 20 ns)
- energy resolution better than required

photomultiplier signal

3.3 %
÷E

734 MeV
elastic electrons

sum of  9 crystals

3.2 %
E

 

sum  of  9 crystals

direct beam 
(855 MeV electrons)

scattered particles
from lH2 target

¿ ¯³�¨ [��E` ¥ ÀjwQÐWÌ=ÒhÓ ÎSÔwÄ?ÒhÅUÔÕÒhÔ?Ë$Ó,È*É$ÎZÆ�Ë$Ó,ÒhÃdÄ¯Ùýí	ÔwÃXÈ�Ö_×¤Ë>Ì=ÒhÙ2ÙKË$ÔwÄ?ÒhÅZÉSÈWÌ)Ð	Ñ$Ð	ÅcÈ	ÙNÈ	Å9Ô¯Ì*ÈWÌ	Ô�ËhÌWÌ	Î�ÃXÐWÈ�ÇGË$ÃzÎ�ÅcÈ
ÙKË$Ô!ÃdÄ?ÆWÈju

3× 3
xNÉSÈCÆ	ÃdÄ,Ì	Ô Ë$Î.Ï3Ö

Ï�&



ã*ä µ#±_-¾5¬5²�§c¨«å�¸æ²�º�±_´�¬5¯²�®#°¤²eª~ç~èké¼êÝëeµ#¯®�ì

÷]Ôýù$àJß3Ù\Ø\ß3Ú,ÖVÛ ùyúÊø$Û à1�VàNÛ�ÙNü~ÙNÛÁß�ÙNæLß�Ômæ½æ�ø$×½à\Ù�á@Ôm×�ø$Û$Ù�ü*Ôûß3×�Ú�Ø\Ùuù$Ù ¦ ØN×�Ú�æLß5Ômø��!Ü
3× 3

åS��÷�ÖV×�æ�!EøyúÊø$Û
ØN×½Ú,æ�ß3Ô��$ÙNæLß"ß3×½Ôb�mÙN×�æ½à�á@Ôm×Gø$Û�Ù�á$Ôm×�ß½Ú�ØNø���Ù����ÕÔ�ÝmÙN×���Ùkà��,ÙNØJß3×½ÖmüýÔmÝmÛ$à\ß½Ú)!Eø$ÙIæ�Ù�ù�à%�VÙ%��ÖVá�á¤ÙkÙJß�æ½Ùÿá$×½Ömá@ÔmÝVÙÿÔmø��
ØN×½Ú,æ�ß3Ômø�� Ôb�mÖVÚ�æ�Ú�Û@ÔûÛEß½æ���Ú�Û$ù�ø$Ú�æ½ÔmÛÁß�ø$Û�Ù���ø$ü~Ú)W\×½Ù B ÙN×�ÙNÛ#$ûÖb�n!Eø$Ú Ù\æ�ßdØ\Ö��)�,ÙNØ\ß½àNÙ�á@Ôm×�Û$ÙNø�F�á#��Ömß3ÖVü�ø#�,ß½Ú�á#�,Ú&£
Ø¹Ôûß½ÙNø$×�æ�����úSÙ\æ�ß3�ÕÔ�æ�ÖVü~ü*Ùdù$Ù\æÿÛ$ÙNø�F æ½Ú,ÝVÛ@Ômø��G!Eø$Ú�ÙNæLß�ø%ß3Ú)�,Ú�æ�àNÙ²Ø\ÖVü*ü~Ù²ü~ÙNæ�ø$×½Ù�ù$Ù���úÊàNÛ�ÙN×½ÝmÚ�Ù²Ú,Û$ØNÚ,ù$ÙNÛÁß3Ù��
ã ÖVø$×

90%
ù$Ù5�ÕÔ�ÝVÙN×@�¤Ù�×½Ù\ØNø$Ù\Ú)�)�,Ú�Ùÿù@ÔmÛ�æ�ÕÔ�ü*Ôûß3×�Ú�ØNÙuÜ

3× 3
å1����Ùÿj@ø��*ùyúÊà���Ù\Ø\ß½×½ÖVÛ$æ>Ø¹Ôûß��$Ö
ù$Ú)!Eø$Ù\æ[æNúÊà��"W%�mÙ��

2.1
á#��Ömß3Ö
à��,ÙNØ\ß½×½ÖVÛ�æ�á$Ôm×

MeV
á�ÖVø$×�ø$Û~ØN×�Ú�æLß5Ô��(��d"Û*á$×�àNæ�ÙNÛ$Ø\Ù²ù$Ùÿ×3Ômù�ÚÕÔûß½Ú�ÖVÛ/�ûØNÙÿß5Ômø�� Ø �Eø�ß3ÙU�

1.2
á#�$Ö.£

ß3Ö
à���Ù\Ø\ß½×½ÖVÛ$æÿá@Ôû×
MeV

�ö÷]Ô~ù$Ömæ½Ù�ù$Ùu×½Ô¹âVÖVÛ$Û�ÙNü~ÙNÛÁß²Ô��$æ½ÖV×@�¤à\Ùuá$Ôm×6��ÙNæÿØ\×½Ú�æLß5Ômø��'ù$àNÝV×½Ômù$Ù��ÕÔ�×�àNæ½Ö���ø�ß½Ú�ÖVÛ
ù$ø ù$à\ß½ÙNØJß3ÙNø�×��y÷]Ôý×�àNæ�Ö���ø�ß½Ú�ÖVÛwù$àNá�ÙNÛ�ù ù$Ù2��Ô*æ�ß3Ôûß3Ú,æ�ß½Ú)!Eø$Ù�ù�ÙNæ²á#��Ömß3Ö
à��,ÙNØ\ß½×½ÖVÛ�æ���ù$ø9�$×�ø$Ú,ß�à��,ÙNØ\ß½×½ÖVÛ�Ú)!Eø$Ù
Ù\ßIù�ÙNæ[j@ø�Ø\ß3ø$Ôûß3Ú,ÖVÛ$æ[ù�ÙU��úÊàNÛ�ÙN×½ÝmÚ�Ùÿù$àNá�ÖVæ�àNÙ²á@Ôû×�ÕÔ�ÝVÙ\×���Ù��%÷/Ôu×½àNæ�Ö���ø%ß3Ú�ÖmÛ~ß½Ömß5Ô��,Ùÿù$ø�Ø¹Ô���ÖV×�Ú�ü�W\ß3×�ÙuÜsT@ÝVø�×½Ù
[��"` ¥ å��Ú,àNÙ����ÕÔ�á@Ôû×�ß3Ú,Ùdæ�ß3Ôûß3Ú,æ�ß3Ú"!Eø$Ùdù$ÙNæ�á#�$Öûß3Ö
à���Ù\Ø\ß½×½ÖVÛ$ækÙ\æ�ß

3.2%/
√

E(GeV )
�

÷�Ù�æ½Ø �$à\üýÔ ß3Ömß3Ô��Iù$ø<Ø¹Ô��,ÖV×½Ú,üjWJß3×½ÙýÙNæ�ßý×½Ù\á$×½à\æ½ÙNÛÁß½àÉù@ÔmÛ�æj��ÔnT$ÝVø$×½Ù1Ü([��"` â å1��÷�Ùwù�à\ß3Ù\Ø\ß½ÙNø$×*ÙNæ�ß*ø$Û
ÙNÛ$æ�ÙNü��#�,Ùdù$Ù�`ba�&�&uØN×�Ú�æ�ß3Ômø��ýù$Ù ã �9í

2
ù$Ú,æ½á�ÖVæ½à\æIÙNÛwÎ�ØNÖmø$×½ÖVÛ�Û$ÙNæÿÔmø%ß3ÖVø$×[ù$Ù��ÕÔ�Ø �$Ômü��$×�Ùdù$Ù²ù$Ú&¢�ø$æ�Ú�ÖVÛk�

÷]Ù\æY`¹Þ â �¤Ù\×½Ø\Ù¹Ômø��dù$Ù�ØN×½Ú,æ�ß3Ômø��dØ\ÖVø��
×½Ù\ÛÁßX�Wú`ÔûÛ$Ý���ÙGÔ�gNÚ,ü�ø�ß5Ô��ûß3Öûß5Ô��(�N÷�ÙNæ/Ôm×7ß\ß½ÙNæ]Ú�Û�Fçà\×½Ú,ÙNø$×�ÙNæ�Ù\ß]æ�ø$á�àN×½Ú,ÙNø$×�ÙNæ
ù$ÙNæ ØN×�Ú�æLß5Ômø��ðù$à%T$Û$Ú�æ�æ½ÙNÛÁß���úSÔmØ\ØNÙNá%ß5ÔmÛ$Ø\Ù�ÔmÛ$ÝVø��ÕÔmÚ,×½Ùýù�Ù�Ø �@ÔmØNø�Û$Ù�ù$ÙNæ�æ�ÙNá�ß~ØNÖmø$×½ÖVÛ�Û$ÙNæ�� á@Ôm×Lß3Ú,×�ùyúÊø$Û$Ù
á¤ÖVæ�Ú,ß½Ú�ÖVÛ�ù$ÖVÛ�Û$àNÙ�ù@ÔmÛ$æ6��Ô Ø\Ú)�#�,Ù��@÷]Ô�ß5Ô�����Ù*Ü([��ÊÞEå[á$×�àNæ�ÙNÛÁß3Ù7��ÙNæ6�,Ú�ü~Ú,ß3Ù\ækÔmÛ$Ýmø#�ÕÔmÚ,×½Ù\æIù$ÙNæ�æ½Ù\á�ß�ØN×½Ú,æ�ß3Ômø����
á@Ôm×�ß½Ú�×kù$Ù��WúSÖV×�Ú�ÝVÚ,Û$Ù�ÙJßÿù$Ù���úÊÙ1�
ß3×�àNü~Ú,ß½àdù$Ù��ÕÔ�ØNÚ"�#��Ù��

ØNÖVø�×½ÖVÛ$Û�Ù�Û 0 θmin(z = 0 cm) θmax(z = 0 cm) θmin(z = 10 cm) θmax(z = 10 cm)` [mÏ��SÞmÞ Þ�a Þ�&�� ¥ ` ÞVÞ��"` ¦
& [ â � ¦ [ [VÏ��ÊÞVÞ Þ�a�� Î�[ ÞK&��Z[ â
[ [ ¥ �SÞÁÎ [ â � ¦ [ [ ¦ �Za�` Þ�a�� ¥$¦
Þ [ûÞ#�ZaVÎ [ ¥ �ÊÞEÎ [VÎ��Z[ â [VÏ��`ÏVÏ
¥ [�&�� Î�` [mÞ#�:aÁÎ [ ¥ � ÎmÎ [ÁÎ��µ&ûÞ
â [�`��SÞ�a [�&��`Î�` [ûÞ#�µ&�Þ [ ¥ � â`¥
Î [�a��"`NÞ [�`��ÊÞ�a [�&�� ÎmÎ [mÞ��"`b[

8 µ:9�¨ [��ÊÞ�À2×#Ä¯Ù2Ä¯ÔÕÈWÌzË$ÅSØ$Î�Ó&Ë$Ä¯ÃXÈWÌ�u7È	ÅUÉSÈ?Ø$ÃXÐWÌHx>ÉSÈWÌyÌ=È(Ç_Ô�ÆWÒhÎSÃXÒhÅ9ÅcÈWÌzÉ$ÎUÆ�Ë$Ó,ÒhÃdÄ¯Ùýí	Ô!ÃXÈzÉSÈyÁ�lû(4mkÇ9ÒhÎSÃzÉSÈ	Î$Ï
Ç9Ò=Ì	Ä¯Ô!Ä?ÒhÅGÌjÉ`Ë$ÅGÌ)Ó&ËMÆ	ÄwÊ�Ó,È

z = 0 cm
È	Ô

z = 10 cm

Ó Ø �@Ô�!Eø$Ù�ØN×�Ú�æLß5Ô��ÁÙ\æ�ß:Ômæ½æ�Ú�ÝVÛ�à�ø�ÛuØNÔmÛ@Ô��Áá$×�ÖVá$×�Ù�à%��Ù\Ø\ß3×�ÖVÛ$Ú"!
ø�Ù��R÷]Ô6Fç×�à�!Eø$Ù\Û$ØNÙ>à���Ù1�Và\Ù>ù$Ù\æ:à1�Và\Û$ÙNü~ÙNÛÁß3æ
à��ÕÔûæ�ß3Ú"!Eø$ÙNæ�Ü

10MHz
åGÙ\ß�Ú,Û$à���Ômæ�ß½Ú)!Eø$ÙNækÜ

100MHz
å Ù1�%Ú�ÝVÙkø�Û ß½ÙNü~á$æ"ù$ÙkØ\Ö��)�,ÙNØ\ß½Ú�ÖVÛ�ù$Ùÿù$ÖVÛ$Û$à\ÙNæ�×3Ôûá$Ú�ù$Ù(�

Ú)�yÙ\æ�ß�Ú�Û�Fçà\×½Ú,ÙNø$×�Ù��
20ns

á¤Ömø$×4��Ùdü~Ö%ù�ø#��Ù²ù�Ù�ù�à\ß3Ù\Ø\ß½Ú�ÖVÛ'ù$Ù ãJI Ó Þ#�

Þ�Ù\á$ø$Ú,æt��Ù�á$×�Ú�ÛÁß3Ù\ü*á$æJ&�a�a ¥ �+�,Ù>ØNÔ���Öm×½Ú�ü�W\ß½×½Ù"Ù\æ�ß"à%!
ø�Ú�á�à>ùyúÊø$Û$Ù[á#�ÕÔûß½Ù	£,FçÖV×½ü~Ù�á$Ú"�mÖmß5ÔmÛÁß½Ù����[Ù\ß½ß½Ù[á#��Ôûß3Ùd£
FçÖV×½ü~Ù á¤Ù\×½ü~Ù\ßuø$Û$Ù~×½Ömß3Ôûß3Ú,ÖVÛ ù$ø1ù$àJß3Ù\Ø\ß3Ù\ø$×�ù�Ù

180 . ��Þ�Ù\á$ø$Ú,æ7�,ÖV×½æ%��ù$ÙNæuü*Ù\æ½ø$×�ÙNæ�Ôûø�� ÔmÛ$Ý��,ÙNæ�Ôm×�×½Ú)W\×½Ù
æ½ÖVÛÁß�à\ÝÁÔ���Ù\ü*Ù\ÛÁßýù$Ù1�VÙ\Û
ø�ÙNæ�á�ÖVæ½æ�Ú)�#�,ÙNæ��V��Ömø$æý×�Ù%�
Ú�Ù\Û$ù$×½ÖmÛ$æýæ�ø$×G��Ù'ù$Ù\æ½ØN×�Ú�á�ß½Ú"Fdù�ø Û$ÖVø��mÙ¹Ômø ù$Ú�æ�á¤ÖVæ�Ú,ß½Ú"F
Ù1�%á¤à\×½Ú,ü*Ù\ÛEß3Ô���ø#��ß3àN×�Ú�Ù\ø$×½Ù\ü*Ù\ÛEßÿù$ÔmÛ$æ6�ÕÔ�æ�ÙNØ\ß½Ú�ÖVÛ1Ü([�� ¦ åS�

Ï�[
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e-

Cristal

Photomultiplicateur

Berceau en aluminium Support

7 cristaux 
PbF2

Cible

¿ ¯³�¨ [��E` â À�éaÆ5?9Ð	ÙKËxÉ$ÎEÆ�Ë$Ó,ÒhÃdÄ¯Ùýí	Ô!ÃXÈyÉSÈuÁ�lû(4m_ÖEì	ÓFÌ=ÈzÆWÒhÙxÇ9Ò=Ì=È~ÉSÈ
1022

Æ	ÃdÄ,Ì	Ô Ë$Î.Ï>ÉSÈ|Á�Ê��
2

Ö�×5È�õ�Ë$Ä,Ì=ÆWÈ�Ë$Î
É�Í Ð	Ó,ÈWÆ	Ô!ÃXÒhÅGÌZÈWÌ	Ô:õBÒ=Æ�Ë$Ó Ä,Ì=Ð2Ì	ÎSÃNÓ&ËeÆ	ÄwÊ�Ó,ÈUÉ�Í ?
îFÉ$ÃXÒ�Ø
í	ÅcÈKÓ Ä
B�ÎSÄwÉSÈ Ì	Ä¯Ô!Î9ÐWÈ�=MØ`Ë$Î9Æ5?9ÈUÉSÈEÓ&Ë�ñ#Ø$ÎSÃXÈ�Ö~×>Í Ð	ÅcÈ	Ã!Ø$Ä?È
É�Í Î�ÅcÈCÇGË$ÃdÔwÄ?Æ	Î�Ó,È\Ô!Ã7Ë$Ñ$È	ÃXÌ�Ë$Å9Ô]Î�Å�Æ	ÃdÄ,Ì	Ô?Ë$ÓQÈWÌ	Ô2ÆWÒhÅ9Ñ$È	ÃdÔ!Ä?È<È	ÅúÓ ÎSÙ2Ä�í	ÃWÈ�P~È	ÃWÈ	Å�ô`ÒhÑhÖ��ÅÜÆ	Ó Î3Ì	Ô(È	Ãqu ÙKË$Ô!ÃdÄ?ÆWÈ
3 × 3

x²õBÒhÃ	ÙNÐxÇGË$ÃKÓ,È\Æ	ÃdÄ,Ì	Ô?Ë$Ó~È	ÔQÓ,ÈWÌ�?SÎ�Ä¯ÔxË$Î�ÔwÃXÈWÌNË$Ñ$ÒhÄ,Ì	Ä¯Å_Ë$Å9ÔmÌNÆWÒhÅGÌ	Ô!Ä¯ÔwÎ�ÈKÎSÅJÙNÒ�É$ÎSÓ,ÈEÉSÈNÉSÐ	ÔÕÈWÆ	ÔwÄ?ÒhÅLÉ$Î
Æ�Ë$Ó,ÒhÃ	Ä¯Ùýí	ÔwÃXÈ�Ö

ÏmÞ
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Å�ÆR� h���A$=%Ë¡ m¢eÎ�£7Ñ;É�Ò¤;Ë ¥�¤  ¦Tz=U£�ÎXÉ'? Ð¦¢eÎXË S�Ê<ð
2

÷"úÊà���Ù\Ø\ß½×½ÖVÛ$Ú"!Eø$Ù²ùyúSÔmØ�!Eø$Ú,æ½Ú,ÖVÛ�ù$Ù ãJI Ó Þ ÙNÛ$×�ÙNÝVÚ,æ�ß½×½Ù�ß½ÖVø�ß3Ù\æ4��Ù\æ[ù$ÖVÛ�Û$àNÙ\æ�ù�ÙNæká@Ôm×½Ômü�W\ß3×�ÙNæIù�Ù<��úÊÙ1�%á�à�§
×½Ú�Ù\Û$ØNÙ�á¤Ù\Û$ù@ÔmÛÁß4�,ÙNæ�Ø¹Ômü~á@ÔmÝmÛ$ÙNæ>ù$Ù5F�ÔmÚ,æ½Ø\Ù¹Ômø/���[ÙNæ[ù$ÖVÛ$Û$à\ÙNæIæ�ÙN×�ÖVÛÁßkÙ1�%á#�,ÖVÚ,ß3Ô��#��Ù\æ�Ômá$×�W\æ[á�ÖVø$×V��úSÔmÛ@Ô���â%æ�Ù
á$ø$Ú�æ@!EøyúSÙ%�)�,ÙNæ²á�ÙN×�ü*ÙJß½ß3Ù\ÛÁßdù$Ù�×�ÙNØNÖmÛ$æ�ß½Ú,ß3ø�ÙN×<�WúSàJß5Ôûß�ù$ø ù$àN×�ÖVø#�,ÙNü~ÙNÛÁß²ù$Ù2��úÊÙ1�%á¤à\×½Ú,ÙNÛ$Ø\Ù��e�[Ù\ædá@Ôm×½ÔmüjWJß3×�ÙNæ
ØNÖVÛ$Ø\ÙN×�Û$ÙNÛÁß5�ÕÔ�!Eø@Ô��,Ú,ß3à�ù$ø;F�ÔmÚ�æ�ØNÙ¹Ôûø/�#��úÊà\ß3Ôûßkù$Ù���Ô�ØNÚ"�#��Ù²ÙJß6��Ù\ækù$ÖVÛ$Û$à\ÙNæ�ù$ø�Ø¹Ô��,ÖV×½Ú,üjWJß3×�Ù��%÷�úSÔmØ%!
ø�Ú�æ½Ú�ß3Ú,ÖVÛ
ù$ÙNædù$ÖmÛ$Û$àNÙ\ædø�ß3Ú"��Ú,æ½Ù�ø$Û$Ù�Ø¹Ôû×�ß3Ù�à���Ù\Ø\ß½×½ÖVÛ$Ú"!Eø$Ù��wÙ\ù$ø$æ½Ô��e��Ömø$ædù$àNØ\×½Ú,×½ÖVÛ$æU��Ù7FçÖmÛ$Ø\ß½Ú�ÖVÛ$Û�ÙNü~ÙNÛÁß²ù$Ù�ØNÙ\ß�ß3Ù
Ø¹Ôm×Lß3Ù²ÙJßIÛ$ÖVø�æIÔ��"��ÖVÛ$æ�ÙS��á���Ú)!Eø$Ù\×�,Ù�á$×�Ú�Û$Ø\Ú�á�Ù�ù$Ù5�@Ômæ�Ù²ù$øýß½×3ÔmÚ�ß3ÙNü~ÙNÛÁß>ù$ÙNæ[æ½Ú�ÝmÛ@Ômø��~ù$ø�ù�à\ß3Ù\Ø\ß½ÙNø$×kÔ0�ûÔmÛÁß
��ÙNø�×kæ�ß3Ö
Ø $�ÔmÝVÙ�æ½ø�×�ù$Ú,æ�!Eø$Ù��

þQÿ+¨zÿ�� ^ �"%�%����������¹I��#��
#¦�%#�	��©W �������
�

÷�ÙNæ~æ½Ú,ÝVÛ@Ômø��êÔmÛ@Ô��,ÖVÝVÚ"!
ø�ÙNæ�ù$Ù\æ*Ø\×½Ú�æLß5Ômø�� ù$ø ØNÔ���Öm×½Ú�ü�W\ß½×½Ù�FçÖmø$×½Û$Ú,æ�á@Ôm×8��Ù\æ á#�$Ömß½ÖVü�ø#��ß3Ú�á���Ú�ØNÔûß3Ù\ø$×½æ
æ½ÖVÛÁß�Ú�ÛÁß3à\ÝV×½à\æ��öù$Ú�ÝmÚ,ß5Ô���Ú�æ�àNæIÙJß3�$Ú�æLß3ÖVÝV×½Ômü~ü*à\æ��9á�Û$Ùuø�Û$Ú,ß½à�à%��Ù\Ø\ß3×�ÖVÛ$Ú"!
ø�Ù�á�×½ÖVá$×�ÙuÙ\æ�ß�Ômæ½æ�Ö%Ø\Ú�à\Ù2� Ø �@Ô�!Eø$Ù
ØN×½Ú,æ�ß3Ô��yù$Ùdß3Ù%�)�,Ù²æ½ÖV×Lß3Ù�!Eø$Ù���Ù\ækæ½Ú�ÝmÛ@Ômø���ÔmÛ$Ö
ù$Ú)!Eø$Ù\ækù$ø ã � æ½ÖVÛÁßÿß3×½ÔmÚ,ß½àNæIá$Ôm×3Ô��"�)W%��ÙNü~ÙNÛÁß[á¤ÖVø�×4��ÙNæ�`0a�&�&
ü*Ö
ù$ø#�,ÙNæ�� ÷]Ô ù$à\ß½ÙNØ\ß½Ú�ÖVÛ!Ù\æ�ß8�@Ôûæ½àNÙ�æ�ø$×��ÕÔwæ½ÖVü~üýÔ�ß3Ú�ÖmÛ1ù$Ù\æ�Û$ÙNø�F�æ½Ú,ÝVÛ@Ômø��ðù$Ù\æ�ØN×�Ú�æ�ß3Ômø��ðÔ0�VÖVÚ,æ½Ú�Û$ÔmÛÁß3æ
æ½Ù��,ÖVÛ ø�Û$Ù ü*Ôûß½×½Ú�Ø\Ù<Ü

3 × 3)
�5d"Û ÙUª¤Ù\ß0�6�,ÖV×½æ�ù$ø á@Ômæ½æ½ÔmÝVÙ ùyúSø�Û$Ù á$Ôm×�ß½Ú�ØNø���Ùc� ß½×3Ô0�VÙ\×½æwùyúSø�Û�ØN×�Ú�æ�ß3Ô��

Ü�ØN×�Ú�æLß5Ô��/ØNÙ\ÛEß½×3Ô��Õå6��Ô*ù$àJß3Ù\Ø\ß3Ú,ÖVÛ ù$øÉæ½Ú�ÝmÛ@Ô��]ù@ÔmÛ$æ5��Ù�Ø¹ÔmÛ$Ô��:Ø\ÙNÛÁß3×½Ô�� ù�àNØ��,ÙNÛ$Ø ��Ù���úÊÚ�ÛÁß3à\ÝV×3Ô�ß3Ú�ÖmÛ'ù�Ùuß3Ömø$æU�,ÙNæ
æ½Ú�ÝmÛ@Ômø���ù$ÙNækØNÔmÛ@Ômø����VÖVÚ,æ½Ú,Û$æ��9Þ�ÙNø���à%��à\ü*Ù\ÛEß½æIà��,ÙNØJß3×½ÖmÛ$Ú)!Eø$Ù\ækæ½ÖVÛÁß�Ômæ�æ½Ö
ØNÚ�à\æÿÔmø�ü*Ö
ù$ø#�,Ù�ùyúSÔmØ%!
ø�Ú�æ½Ú�ß3Ú,ÖVÛ
ù$øwØ\×½Ú,æ�ß5Ô��«��á�Û�ß3×�Ú�ÝVÝmÙN×kÙ\ßÿø�Û I ÙJß3Ö#�@èH�,æká¤Ù\×½ü~Ù\ß½ß½ÙNÛÁßÿù$Ù�ÝVà\×½ÙN×6�WúSÙ\Û$æ½Ù\ü��#��Ùdù�ÙNæ�æ½Ú�ÝmÛ@Ômø���ù$øwù�à\ß3Ù\Ø\ß½ÙNø$×
ÙNÛ ß3Ù\×½ü~Ù�ùyúSÔmø�ß½ÖV×½Ú,æ3Ôûß½Ú�ÖVÛ'ù$Ù�ù�àNØ��,ÙNÛ$Ø ��ÙNü~ÙNÛÁß�ù$Ù2�Wú`ÔûØ�!Eø$Ú�æ�Ú,ß½Ú�ÖVÛ/�\��Ô*ü~Ú�æ�ÙuÙ\Û9FçÖV×½ü~Ùuù�ø æ½Ú�ÝmÛ@Ô��]ÖVø9�$Ú,ÙNÛ
��Ùd×½ÙH}�Ù\ßÿß3Öûß5Ô��yù�Ù-�WúSà1�Và\Û$ÙNü~ÙNÛÁß�á@Ôm×kü~Ú�æ½Ù���ÖV×½æÿæ½Ù\×@�
Ú�Ø\Ù�ù$øwü~Ö
ù$ø#��Ù�ù$Ù�ù$à\ß½ÙNØ\ß½Ú�ÖVÛk�

þQÿ+¨zÿY� �����¤�"%�%� �
$#I¬¬��y

÷]Ô Ø¹Ôm×Lß3Ù�ß3×�Ú�ÝVÝmÙN×�Ù\æ�ß���úÊÖV×½ÝVÔmÛ$Ù�ù$Ù�ù$à\ØNÚ�æ�Ú�ÖVÛ ÙJß*ù�Ù'æ�à�!Eø$Ù\Û$ØNÙ\ü*Ù\ÛEß�� Ó �ûÔmÛÁß���Ù�ù$à\Ø���Ù\Û$Ø �$Ù\ü*Ù\ÛEßýù$Ù
��úSÔmØ�!Eø$Ú,æ½Ú,ß½Ú�ÖVÛk�¤ß3Ömø$æ���ÙNædæ�Ú�ÝVÛ$Ômø�� ù$ø ù$àJß3ÙNØJß3Ù\ø$×uæ�ÖVÛÁß�ß3×3ÔûÚ,ß3à\ædá@Ôm×���Ô�ØNÔm×�ß½Ù�ß3×½Ú,ÝVÝVÙ\×��y÷�ÖV×�æ�!Eø$Ù���úÊàNÛ$Ù\×½ÝVÚ,Ù
ùyúSø�Û$Ùká@Ôm×Lß3Ú�Ø\ø#��Ù>Ô²à\ß½àIù$à\á¤ÖVæ�àNÙkù@ÔûÛ$æGø$Û�Ø\×½Ú�æLß5Ô��(�'��Ù[æLâ
æ�ßLW\ü*ÙA�màN×�Ú"T@ÙA�WúSà\Û$ÙN×�ÝVÚ�Ù>ù$ÙA��Ô�á@Ôm×Lß3Ú,ØNø#�,Ù>ù$àJß3Ù\Ø\ß3à\Ù��
Þ²ÔmÛ$æj�ÕÔ ØNÖVÛ$ù�Ú,ß3Ú,ÖVÛ Ö�®Ú�WúSà\Û$ÙN×�ÝVÚ�Ù�ù$à\á¤Ömæ½àNÙwù@ÔmÛ$æ���Ù�ü~Ö%ù�ø#��Ù�Ù\æ�ß�á���ø$æ~ÝV×3ÔûÛ$ù$Ù�!
ø�Ù*�,ÙNæ~àNÛ$Ù\×½ÝVÚ,ÙNæ~ù$ÙNæ
ü*Ö
ù$ø#�,ÙNæ��VÖVÚ,æ½Ú�Û�æuÙJß�æ�ÚV�WúSà\Û$ÙN×�ÝVÚ�Ù~ù$àNá�ÖVæ�àNÙ�ù@ÔûÛ$æ7�,Ù*Ø%��ø$æLß3Ù\×�Ü�ü*Ôûß½×½Ú�Ø\ÙwÜ

3 × 3
å½ådÙNæLß�æ½ø�á¤à\×½Ú�Ù\ø$×½Ù��wø$Û�Ù

àNÛ$Ù\×½ÝVÚ,Ùýæ½Ù\ø$Ú)�(�]ØNÙ�ü~Ö%ù�ø#��Ù��ûÔÉù$à1T@Û$Ú�×7��Ù~ü*Ö
ù$ø#�,Ù*Ø\ÙNÛÁß3×�Ù�ù$øðØ%��ø$æLß3Ù\×�� Ó ��úÊÚ�æ�æ½ø$Ù*ù$ÙýØ\Ù\ß�ß3Ù�àJß5Ômá�Ù��/ø$Û$Ù
ù$àNØ\Ú�æ½Ú,ÖVÛ ù$Ù�×�Ù´}�ÙJß�ÖVø ù$Ù�á@Ôûæ½æ3ÔûÝVÙ Ômø ù$Ù\ø��%Ú)WNü~Ù�Û$ÚE�VÙNÔmø ùyúSÔmÛ@Ô���â%æ�Ù�ÙNæLßdá$×½Ú,æ½Ù�á$Ôm×<��Ùuü*Ö
ù$ø#�,Ù���d"Û ØNÔmæ
ù$Ù7�ûÔ��,Ú�ù@Ôûß½Ú�ÖVÛk����Ù\æ�ü~Ö
ù$ø#��Ù\æ�`U§�Ï�FçÖV×½ü~ÙNÛÁß5��Ù�Ø��,ø$æ�ß½ÙN×�ù$Ùuù�à\ß3Ù\Ø\ß½Ú�ÖVÛ Ô0�mÙNØ2�,Ùuü~Ö
ù$ø#��ÙdØ\ÙNÛÁß3×½Ô��Xa*ØNÖmü*ü~Ù
��Ù�ü~ÖVÛÁß3×�Ù2�ÕÔ�T@ÝVø$×�Ù�Ü([��E`RÎVåS��÷"úÊÙNÛ$æ�ÙNü�����Ù�ù$Ù\ædÛ$ÙNø�F>æ�Ú�ÝVÛ$Ômø��Éù$ÙNæ²á��$Ömß3ü�ø#�,ß½Ú�á#�,Ú�Ø¹Ô�ß3ÙNø�×½æÿù$ø Ø��,ø$æ�ß½ÙN×²Ù\æ�ß
Ô���ÖV×�ækÙNÛ$×�ÙNÝVÚ,æ�ß½×½à�Ù\ß�Ú�ÛÁß½àNÝV×�àdù@ÔmÛ$æÿø$Û$Ù�FçÙ\Û�ß\ß½×½Ù�ÙNÛ�ß3ÙNü~á$ækù$Ù

5ns
�

Ï�¯
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MEDUSA

FADC

HISTOGRAM

UNIT
VME-BUS

SUM
3

1
2

4
5

0

6
7
8

from neighbours

G
A

TE

Delay
FADC

5 ns

50 ns

PS &

DISCR.
LOGIC (PAL)

Delay

LOC.  MAX

CFD

25 ns

Delay

Pile-up  inspection &
rejection

E3 - E7

E5 - E1

5 7
to neighbours

Veto-Logik

position

histogramenergy

trigger

Veto

1

234

5

6 7 8

0 R1

R2

R3R4R5R6R7

R8

R9

R10

R11 R12 R13 R14 R15

R16

20ns, 3.5%

E0

- 1022 parallel modules
- no single events
- 3 dimen. Histogramming
- analogue "Analysis"
- analogue Summation
- temporal and spatial  pileup
- 100kHz  event processing per channel

¿ ¯³$± [��"`eÎCÀfÁ~ÃdÄ¯ÅcÆ	ÄpÇ9ÈCÉSÈCÃXÈsyBÈ	ÔzÉSÈkÓ�Í È	ÙxÇ_Ä¯Ó,È	ÙNÈ	Å9Ô�ÇGË$ÃjÎ�Å�Ñ$È	ÔÕÒNÓ,Ò�Ø$Ä
B�Î9È�Ö�×5ÈKÆ	ÃdÄ,Ì	Ô Ë$Ó�ÔÕÒhÎ9Æ5?9ÐKÈWÌ	Ô�ÃWÈ(Ç9Ð	ÃXÐ
ÇGË$ÃjÎSÅ

0
È	ÔuÌ=ÈWÌd?SÎ�Ä¯Ô|Ñ$ÒhÄ,Ì	Ä¯ÅGÌ>Å9Î�ÙNÐ	ÃXÒhÔ(ÐWÌkÉSÈ

1
=

8
Ö�×5ÈWÌ)Ì=È	ÄE¶hÈ2Æ	ÃdÄ,Ì	Ô?Ë$Î$Ï<È	Å9Ô(ÒhÎ�Ã7Ë$Å9Ô~Ó&ËNÙKË$Ô!ÃdÄ?ÆWÈ5ó|ÅcÒhÔ(ÐWÌ

wtH�=�w�Ho³kõBÒhÃdÙNÈ	Å9Ô|Ó&Ë�¶hÒhÅcÈjÉSÈ>Ñ$È	Ô(Ò$Ö

Ó ø�ØNÖVø$×�æ"ù$ÙA�WúSÚ,ÛEß½àNÝV×½Ôûß3Ú,ÖVÛ�ù�ÙNæ"Û$Ù\ø�F�æ�Ú�ÝVÛ$Ômø���ù$ø�Ø��,ø$æ�ß½ÙN×��ûÚ)�%æ½Ùká�ÙNø�ßD!EøyúÊø$Û Û$ÖVø��VÙ¹Ôûø~ù�àNá_îmß�ùyúÊàNÛ$Ù\×R§
ÝVÚ�Ù²ù$ÔmÛ$æ4��Ù�üEß\ü*Ù²ü~Ö
ù$ø#��Ù�ù$Ùdù$àJß3ÙNØJß3Ú,ÖVÛ�æ½ÖVÚ�ßIÙUª¤ÙNØJß3ø$à����[ÙNØ\Ú�ÙNÛÁß3×½ÔmÚ�Û$Ù�ø$Û�ÙNü~á$Ú)�,ÙNü~ÙNÛÁß[ß½ÙNü~á¤ÖV×�Ù��¤ù$ÙNæ
à%�Và\Û$ÙNü~ÙNÛÁß½æ�� Ó T@Û1ù�úSà1�%Ú�ß3Ù\×7�WúSÙ\ü*á$Ú"��Ù\ü*Ù\ÛEß�ù$Ù~á#��ø$æ�Ú�Ù\ø$×½æ�ÝVÙ\×���ÙNæ�à���Ù\Ø\ß½×½ÖVü*ÔmÝVÛ$àJß3Ú"!
ø�ÙNæ�ù@ÔmÛ$æ-�ÕÔ�üKßNü~Ù
üýÔûß½×½Ú,ØNÙ�ù$Ù�ù$àJß3Ù\Ø\ß3Ú,ÖVÛ/����Ù\æ>Û$Ù\ø�Fe�VÖmÚ�ÙNæ>ù$ø�Ø%��ø$æLß3ÙN×>æ½ÖVÛÁß[ü*Ú,æ½ÙNæ��$ÖV×�æ[æ�ÙN×@�
Ú,ØNÙ²á�ÖVø$×�Ú�ÛÁß3Ù\×½ù$Ú,×½Ù3��Ù�ù$à%�mÙ��,ÖVá´§
á¤Ù\ü*Ù\ÛEßÿù�ÙdÛ$ÖVø��mÙ��)�,ÙNækÝVÙ\×���ÙNæ%���[ÙNØ\Ú�ÙNæ�ßÿ×�à¹Ô��,Ú�æ�à�����úSÔmÚ�ù�Ù�ùyúÊø$Û>�VÙ\ß½Ö#�@÷]Ô�ü*Ôûß3×�Ú�ØNÙ�Ü

3× 3
å�ù$Ùdù$à\ß½ÙNØJß3Ú�ÖmÛ

ÙNæ�ß~á@Ôû×3Ô���â%æ�àNÙ�á�ÙNÛ$ù$ÔmÛÁß
15ns

Ômá�×�WNæ8�WúSÙ\Û$×½Ù\ÝVÚ�æLß3×½Ù\ü*Ù\ÛÁß�ù$ÙNæ á$×�ÙNü~Ú�Ù\×½æ�æ½Ú,ÝVÛ@Ômø��k��Þ�Ù�üEß\ü*Ù�� á�ÙNÛ$ù$ÔmÛÁß
�ÕÔ�á¤à\×½Ú,Ö%ù$Ù�ùyúÊÚ�ÛÁß½àNÝV×½Ôûß3Ú,ÖVÛ/�#�,ÙNæÿü*Ö
ù$ø#�,ÙNækÙS�%ß½ÙN×�Û$ÙNæ�Ü¶µ�`2�µ-` â ådÜsT@Ýmø$×½Ù7[��E`RÎVå[æ½ÖmÛEß�á@Ôm×½Ô��,â
æ�àNæÿá¤Ù\Û$ù@ÔmÛÁß
20 ns

á¤ÖVø�×kÙNü~áß\Ø �$ÙN×3��Ùdù$à1�VÙ%��ÖVá$á�ÙNü~ÙNÛÁß�ù$Ù�ù$Ù\ø��'ÝVÙN×@�¤Ù\æÿù$Ú�æLß3Ú�Û�Ø\ß3Ù\æÿù@ÔmÛ$æÿù$Ù\æ�Ø\×½Ú,æ�ß5Ôûø���ØNÖmü*ü�ø�Û$æ��

þQÿ+¨zÿ!þ �����¤�"%�%�¸·º¹¸^
÷�ÙIæ�Ú�ÝVÛ@Ô��%×�àNæ½ø��,ß5ÔûÛEßGù$ÙA��úÊÚ�ÛÁß½àNÝV×½Ôûß3Ú,ÖVÛuù�ÙNæ"Û$Ù\ø�F��VÖVÚ,ÙNæ"ù$ø�Ø%��ø$æLß3ÙN× ÙNæ�ßGÙNÛ��VÖeâVà�æ½ø�×Gø$Û�ù$Ú,æ½ØN×�Ú�ü~Ú�Û@Ô�ß3ÙNø�×

�8Fç×½ÔmØ\ß½Ú�ÖVÛ�Ø\ÖVÛ$æ�ß3ÔmÛÁß3Ù*Ü,��í�ÞdåA!
ø�Ú�}�ø$ÝVÙ�ù$Ù���úÊÚ�ÛÁß3à\×�ßJßÿù$Ù���úÊà%�màNÛ$Ù\ü*Ù\ÛEß�� A Úe��Ù\ækØNÖVÛ$ù�Ú,ß3Ú,ÖVÛ$ækùyúSÔmØ%!
ø�Ú�æ½Ú�ß3Ú,ÖVÛ
æ½ÖVÛÁßG×�ÙNü~á#��Ú,ÙNæ%�b��Ù�ß3×½Ú,ÝVÝVÙ\×/ù�àNØ��,ÙNÛ$Ø ��ÙA�ÕÔÿù$Ú�ÝmÚ,ß5Ô���Ú�æ½Ôûß3Ú,ÖVÛ²ÙJßt�Wú:�$Ú,æ�ß½ÖVÝV×3Ôûü*ü*ÔmÝVÙ��¹÷�Ù[æ�Ú�ÝVÛ@Ô��
Ú,ÛÁß3àNÝm×½à�ÙNæ�ß ØNÖ
ù$à
á@Ôm×[ø�Û�jöÔmæ�� Ó Þ��U�$÷�Ù�á$×½Ú,Û$ØNÚ,á¤Ù�ù$ø�jöÔmæ@� Ó Þ�� Ù\æ�ßkù$Ù5��Ú,×½Ù3��úSÔmü*á���Ú,ß½ø$ù$Ùkù$ø�æ�Ú�ÝVÛ$Ô��öÙ\ßIù�Ù<��Ù�ØNÖVÛ��VÙ\×�ß½Ú�×
æ½ÖVø$æ7FçÖV×½ü*Ôûß�ù$Ú�ÝmÚ,ß5Ô��"ØNÖ
ù$àýæ�ø$×�Ï?��Ú,ß3æ%��Þ�Ù�üKßNü~Ù��^��Ù~æ½Ú,ÝVÛ@Ô���ù$øðØ\×½Ú,æ�ß5Ô���Ø\ÙNÛÁß3×½Ô���,ø$Ú,��Ù\æ�ß�ÛEø$ü~àN×�Ú�æ�à��
â �$Ú,ß½æ�� ã ÖVø�×�á�ÖVø��VÖmÚ�×ÿß3×3ÔûÚ,ß3Ù\×5�,ÙNæ�ù$ÖVÛ$Û�àNÙNæd×½Ômá$Ú,ù$ÙNü~ÙNÛÁß�Ü�ü~Ú�Û$Ú,ü�ø$ü

20 ns
å1���,ÙNæ�ù�ÖVÛ$Û$à\ÙNæ²×�ÙNlNø�ÙNædæ½ÖmÛEß

ß3ÖVø�ß²ùyú`Ô��¤ÖV×�ù àNØ\×½Ú�ß3ÙNæ�ù@ÔmÛ$æ²ù�ÙNæ²ü~àNü~ÖVÚ�×�ÙNæ6�
Ú�×�ß½ø$Ù��"��Ù\æ*í èÕí 6 ÜsT@×�æ�ßdÚ,Ûq°�T@×�æ�ßdÖmø�ßXåÿù$Ù��ÕÔ~Ø¹Ôm×Lß3Ù Ó Þ��U�
÷]Ùuæ�â
æ�ß�WNü~Ù�ùyúSÔmØ�!Eø$Ú,æ½Ú,ß½Ú�ÖVÛ'ØNÖmü*á�ÖVæ½àuù$Ù2��ø$æR§ I �?d4�k�,Ú,ß3�ÕÔ ü~àNü~ÖVÚ�×�Ù��
Ú,×�ß3ø�Ù��)�,Ù�ù$Ù��ÕÔ Ø¹Ôû×�ß3Ù Ó Þ���á$ø�Ú�æ
ß3×3ÔûÚ,ß3ÙdÙJß�ØNÖVü~á@ÔmØJß3Ù���Ù\æÿÚ�Û�FçÖV×�üýÔ�ß3Ú�ÖmÛ$æ��

þQÿ+¨zÿ
	 Ð[ ����ö�%�����»k u�y$#LÑÒ���>�%���

��ÖVø$æ/Ô0�VÖVÛ$æ^�
ø�ù@ÔûÛ$æX�,Ù"á@Ôm×½ÔmÝV×3Ôûá#�$Ù�Ü([��:[��Z&Våk!EøyúÊø$Û$Ù[ù�Ú9ª¤àN×½Ù\Û$ØNÙ�æLâ%æLß3à\üýÔûß½Ú)!Eø$Ù�ù@ÔmÛ$æ^�,ÙNæ]á@Ôm×½ÔmüjWJß3×�ÙNæ
ÙNÛÁß3×�Ù���ÙNæ[à\ß5Ô�ß3ækùyú=�$à��,Ú�Ø\Ú,ß3à�ÖVá$á�ÖVæ�àNÙdÚ�Û�ù$ø$Ú,ß[ø$Û$ÙUF�Ôûø$æ½æ�Ù�Ômæ�â
ü~à\ß3×�Ú�Ù Afausse Û$ÖVÛ�á��Eâ
æ�Ú)!Eø$Ù��ö÷]Ô�á$×�Ú�æ�Ù²ù$Ùù$ÖVÛ$Û$à\ÙNæ�Û$à\ØNÙ\æ½æ½Ú�ß3Ù Ô��,ÖV×½æ*ø$Û Ø\ÖVÛÁß3×�î���ÙÉÙ\Û ØNÖVÛÁß½Ú�ÛEø ù$Ù9�WúSà1�VÖ��,ø�ß3Ú,ÖVÛ<ß½ÙNü~á¤ÖV×�Ù��"��Ù�ù$ÙNæýá@Ôm×3ÔûüjWJß3×½Ù\æ�ù$ø
F�ÔmÚ�æ�ØNÙ¹Ôûø<ÙJßj�,Ù�ß5Ômø��!ù$Ùw×½Ômù$Ú�Ôûß3Ú,ÖVÛ!ù@ÔmÛ$æ8�,Ù��$Ô��)�IÙS�%á¤à\×½Ú�ü~ÙNÛÁß3Ô�� Ó Þ#��÷]Ô ü~ÙNæ½ø�×½Ù*�c�Wú`Ô0�ûÔmÛÁß~Ô ø%ß3Ú)�,Ú�æ�à

Ï â



ã*ä µ#±_-¾5¬5²r°�±«å�¸æ²�º�±_´�¬5¯²�®#°¤²eª~ç~èké¼êÝëeµ#¯®�ì
ø$Û$Ù�à\Û$ÙN×�ÝVÚ�Ù*Ú�Û$Ø\Ú�ù$Ù\ÛEß½Ùýù$Ù\æ�à��,ÙNØJß3×½ÖmÛ$æ�ù$Ù

854.3 MeV
Ù\ß�ø$Û$Ù�Ú,ÛEß½ÙNÛ$æ�Ú,ß½àýù$ø¨F�ÔûÚ�æ½Ø\Ù¹Ômø1ùyúSà%��Ù\Ø\ß3×�ÖVÛ$æ�ù�Ù

20 µA
Ù\ßIø�Û�ÔmÛ$Ý��,Ù�ù�ÙU��úÊà��,ÙNØJß3×½ÖmÛýù$Ú�ª�ø$æ�à5�ûÔm×�ÚÕÔmÛÁß>ÙNÛÁß3×�Ù

30 . Ù\ß 40 . �%÷�Ù�æ�á¤Ù\Ø\ß3×�Ù²ù$Ù�ù$Ú9ª¤ø$æ½Ú,ÖVÛýà%�ÕÔmæLß3Ú"!
ø�Ùà���Ù\Ø\ß½×½ÖVÛ¼§ká�×½Ömß½ÖVÛ ÙNæLß���Ù�×�àNæ½ø��,ß5Ô�ß²ù$Ù
5 mn

ù$Ù�ü~ÙNæ�ø$×½Ù��yèH�GØNÖm×½×½Ù\æ½á�ÖVÛ$ùc��ø$Û ß3Ômø�� ù�Ù�ØNÖVü~á�ß3ÔmÝVÙ�ù$ø
Ø¹Ô��,ÖV×½Ú,üjWJß3×½Ù�æ½Ú�ü�ø#�,ß3ÔmÛ$àNü~ÙNÛÁß���Ú�æ�ß½ÖVÝV×½Ômü*ü~à�á�ÖVø$×��,ÙNæ�ù$Ù\ø�� à\ß3Ôûß3ædùyú=�$à%��Ú�Ø\Ú,ß½à

(+,−)
á@Ôm×�ØNÔmÛ@Ô�� Ó Þ��

ÜsT@ÝVø�×½Ù-[��E`eÏÁå1�

0 50 100 150 200 2500

200
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1400

1600

1800

2000

2x10
Entries  256
Mean   8.31490e+01
RMS    5.04100e+01
Integral  9.61053e+06

Run 19110: Chan 125 pol1 ProjX Entries  256
Mean   8.31490e+01
RMS    5.04100e+01
Integral  9.61053e+06

pol1 raw

pol1 dnl

pol0 raw

pol0 dnl

peak
π0

∆

Elastic Cut

Elastic Cut

¿ ¯³$± [��E`eÏ�À�éFÇ9ÈWÆ	ÔwÃXÈ)È7Ï�Ç9Ð	ÃdÄ¯ÙNÈ	Å9Ô Ë$Ó_ÉSÈxÉ$Ä ÚzÎ`Ì	Ä?ÒhÅ@Ð	Ó&ËhÌ	Ô!Ä
B�Î9È*ÉSÈ�Á�lû(4m_Ö¤ìdÓ$Ç_ÃXÐWÌ=È	Å9ÔÕÈxÉSÈ	Î.Ï�?SÄ,Ì	ÔÕÒ�Ø$Ã7Ë$Ù2ÙNÈWÌ
ÉSÈWÌ]Ô Ë$Î.ÏZÉSÈkÆWÒhÙxÇ_Ô?Ë=ØSÈ

N+ È	Ô N−
ËhÌWÌ=Ò=Æ	Ä?ÐWÌ]Ë$Î$Ï\ÉSÈ	Î.ÏMÐ	Ô?Ë$ÔmÌ>É�Í ?9Ð	Ó Ä?Æ	Ä¯ÔÕÐ]ÉSÈ]Ó�Í Ð	Ó,ÈWÆ	Ô!ÃXÒhÅrÄ¯ÅcÆ	ÄwÉSÈ	Å9Ô?Ö¤×]Í ËBÏ�È

ÉSÈWÌkË`Ê	Ì=Æ	Ä,ÌWÌ=ÈWÌkÆWÒhÃdÃXÈWÌ(Ç9ÒhÅ_É�=EÓ�Í Ð	ÅcÈ	Ã!Ø$Ä?ÈjÉSÈ>Ó�Í Ð	Ó,ÈWÆ	ÔwÃWÒhÅfÉ$Ä ÚzÎ3Ì=ÐCÈ	Å�Æ�Ë$Å_Ë$Î$Ï ((½�uÖ

Ó Þ��

Ó �$Ômø�ß3Ù�àNÛ$Ù\×½ÝVÚ,Ù�ù$Ù��WúSà%��ÙNØJß3×�ÖVÛÉù$Ú�ª�ø�æ½à�����Ù�æ�á¤Ù\Ø\ß½×½Ù�á$×�àNæ½Ù\ÛÁß3Ù�ø$Û á$Ú,Ø�!Eø$Ú Ø\ÖV×½×�ÙNæ�á¤ÖVÛ�ù Ôûø�� à1�Và\Û$Ù�§
ü*Ù\ÛEß½æ[ù$àJß3Ù\Ø\ß3à\æ�
ÚÕÔ-��Ùÿá$×½Ö
ØNÙ\æ½æ�ø$æIù$Ù�ù$Ú9ª¤ø$æ½Ú,ÖVÛ~à��ÕÔûæ�ß3Ú"!Eø$ÙG�

e+ p→ e+ p
��÷]Ôu×�àNÝVÚ,ÖVÛ~ù$ø�á$Ú,Ø�à%�ÕÔmæLß3Ú)!Eø$Ù

ÙNæ�ßÿù�à���Ú,ü*Ú�ß3à\Ù�á@Ôû×Iù$ÙNø���ØNÖVø�á$ø$×½Ù\æ��@ù$à1T@Û$Ú,æ½æ3ÔûÛEß6�,ÙNæIØNÔmÛ@Ômø���ø�ß½Ú)��Ù\æA���WúSÙS�%ß½×3ÔmØJß3Ú,ÖVÛ�ù$Ù<�Wú`ÔmæLâ
ü*àJß3×½Ú,Ù¾�\d"Û
F�ÔmÚ,ß��¹ÙNÛÁß3×�Ù[ù$Ù\ø���àNÛ�ÙN×½ÝmÚ�ÙNæ/ù$Ù�ØNÖVø�á$ø$×½Ù�ü~Ú�Û$Ú,üýÔ��,ÙkÜçØ¹ÔmÛ@Ô��ÁÚ�Û�Fçà\×½Ú�Ù\ø$×5å�ÙJß ü*Ô+�%Ú�ü*Ô��,ÙkÜ�ØNÔmÛ@Ô��Eæ�ø$á¤à\×½Ú,ÙNø$×3å1�eÖVÛ
Ö���ß3Ú,ÙNÛÁßkø$Û*ß5Ômø��ýù$Ù²Ø\ÖVü~á�ß5ÔmÝmÙ

N+ ÙJß
N−

���[ÙNækà\Û$ÙN×�ÝVÚ�Ù\æIù$Ù²Ø\ÖVø$á$ø�×½Ù²æ�ÖVÛÁßkØ¹Ô��,ØNø#�,àNÙ\æ[ßL�$à\ÖV×½Ú"!Eø$ÙNü~ÙNÛÁß
�~á@Ôû×�ß3Ú,×Iù$Ù���úÊàNÛ�ÙN×½ÝmÚ�ÙdÙNæLß3Ú,ü*à\Ùdù$øwá�Ú�Ødà���Ômæ�ß½Ú)!Eø$Ù üÄ`'& â ý(�

Å�ÆR¿ ó Ëzñ}¤GÎXËÀ� =j��T�ÎRÎtÉ1ÐAÎXËZÁXÂÃ£¾¤�Ä�Ë$=�=1ËZ Å£7ÑÇÆ�ÏG¤GÎ«Tt¢^ÉU£7Ñ

ãJI Ó Þ²æ�ÙIá$×½Ömá¤ÖVæ�ÙIùyúÊÙ1�
ß3×½ÔmÚ�×�Ù[æ�àNá@Ôm×�àNü~ÙNÛÁßD�,ÙNæ Ø\ÖVÛÁß3×�Ú)�$ø�ß½Ú�ÖVÛ�æ à��,ÙNØJß3×½Ú"!Eø$Ù
G

s

E

Ù\ßGü*ÔmÝVÛ�à\ß3Ú"!Eø$Ù
G

s

M

ù$ÙNæ
!
ø$Ôm×�$Eæ²àJß3×3ÔûÛ$ÝVÙNæ5�

Q2 = 0.23 (GeV/c)2 � Ó ØNÙ\ß�ß3Ù-T@Û/��ø$Û$Ù�ü*Ù\æ½ø$×�Ù�ùyúSÔmæ�â
ü~à\ß½×½Ú�Ù�ù$Ù-�
Ú�Ö���Ôûß3Ú,ÖVÛ�ù$Ù-�ÕÔ
á@Ôm×½Ú�ß3à*Ômø��1ÔmÛ$Ý���ÙNæuÔm×�×½Ú)W\×½Ùj�*��Ô'üKßNü~Ù��ûÔ��,ÙNø$×�ù$Ù

Q2 ÙNæLß�Û$à\ØNÙNæ�æ3ÔmÚ,×½Ù��G÷�Ù*ü~àNØNÔmÛ$Ú,æ½ü~Ù*ù$Ùj��úSÔmÛ$Ø\Ú�ÙNÛ�Û$Ù
ØNÖVÛ�T$ÝVø$×3Ô�ß3Ú�ÖmÛ!ù$ø<ù�Ú�æ½á�ÖVæ�Ú,ß3ÚEFkÙ1�%á�àN×�Ú�ü~ÙNÛÁß5Ô��[ù$Ù ãJI Ó Þ àJß5ÔmÚ�ß�á$×½à1�
øêø�Û$Ú)!Eø$Ù\ü*Ù\ÛEß~á�ÖVø$×�ù�ÙNæ ü*Ù\æ½ø$×�ÙNæ
Ômø��ÉÔmÛ$Ý��,ÙNæ�Ô0�mÔûÛEß��¤èH�/Û$Ù�á¤Ù\×½ü~Ù\ß�á@Ômæ�ù$Ù�á@Ôûæ½æ½Ù\×²ù$ÙuüýÔmÛ�Ú)WN×�Ù�æ½Ú�ü~á#�,Ù�ù�Ù2�ÕÔ ØNÖmÛ�T@ÝVø$×½Ôûß3Ú,ÖVÛ'ù$ÙNædÔûÛ$Ý���Ù\æ
Ôb�ûÔmÛÁß6�7�ÕÔuØ\ÖVÛ�T@Ýmø$×3Ôûß½Ú�ÖVÛýù$ÙNækÔûÛ$Ý���Ù\æIÔm×�×½Ú"WN×½Ù��Gá�Û�Û$ÖVø��VÙ¹Ôûø'Ø\ÖVÛ$Ø\ÙNá�ßká�ÖVø$×V��Ù�ù$Ú�æ�á¤ÖVæ�Ú,ß½Ú"FyÙS�%á¤à\×½Ú�ü~ÙNÛÁß3Ô��
Ôuà\ß½à�ù�à%�VÙ%��ÖVá�á¤à�Ù\ß>×½àNÔ���Ú,æ½à��K��ÖVø$æ>Ô��)�,ÖVÛ$æGá$Ômæ½æ�ÙN×[Ù\Ûý×�Ù%�
ø$ÙU�,ÙNæ�Û$ÖVø��VÙ¹Ôûø��*ù$à%�mÙ���Ömá$á¤Ù\ü*Ù\ÛÁß3æ>ß½ÙNØ �$Û�Ú)!Eø$ÙNæ
!
ø�Ú/ÖmÛEßÿá�ÙN×�ü*Ú,ækù$Ù�á@Ômæ�æ½ÙN×�×3Ôûá$Ú�ù$Ù\ü*Ù\ÛÁßÿùyúSø�Û$Ù�ÝVàNÖVü~à\ß½×½Ú,Ù����Wú`Ôûø�ß3×�Ù²ÙNÛw×½Ù\ß½ÖVø$×�Û@ÔmÛÁß6��Ùdù$àJß3Ù\Ø\ß3Ù\ø$×��

ÏÁÎ



°�±\È�±«ëi²�-�¹�¬5²eê«¶$¸æµ#¬5¬5�Ô_¬5²DÉzÊ>½�¹¤»�²_¶S¶S²e°¤½�®}Ë�¯³�¹}Ì¤µ�¾ Í¯½«Î
þQÿ+Ïzÿ�� ����� ��»ÿ#I¬������¤��� ��� ������	��#LÑ p��%������ ÑÒ�"�%#´py$� ����¬���	�ÑÒ���
$#��

�[ÖVü~ü~Ù�ÖmÛ?��úSÔ��%øk���,ÙuØNÔ���ÖV×�Ú�ü�W\ß½×½Ùdù$Ù ãDI Ó Þ*ù@ÔmÛ$æ5�ÕÔ ØNÖVÛ�æ�ß3×�ø$Ø\ß½Ú�ÖVÛÉÚ�Û$Ú�ß3ÚÕÔ���Ù�Ø\ÖVø��
×½Ù�ø$Û ÔmÛ�Ý���Ù�ù$Ù
ù$Ú9ª¤ø$æ½Ú,ÖVÛ1Ù\ÛÁß3×½Ù

30 . ÙJß 40 . á@Ôû×�×3Ôûá$á¤Öm×�ß2�?��úSÔ+�%Ù*ù�ÙG�ÕÔ�ØNÚ"�#��Ù�� ã ÖVø$×�á�ÖVø��mÖVÚ�×�ü~Ù\ß½ß½×½Ù~ÙNÛ!Ö
ÙNø��
×�Ùýù$Ù\æ
ü*Ù\æ½ø$×�ÙNæ�ùyúSÔmæ�â
ü~à\ß½×½Ú�Ù\æ�Ômø��!ÔmÛ�Ý���Ù\æ�Ôm×�×½Ú"WN×½Ù��X�,ÙNæuØN×½Ú,æ�ß3Ômø�� ù$ø!Ø¹Ô���ÖV×�Ú�ü�W\ß3×�Ù ù$ÖVÚ"�mÙNÛÁß�ÔûÚ�Û$æ�Ú>Ø\ÖVø��
×½Ú,×�ø$Û
ÔmÛ$Ý��,Ùuù$Ùuù$Ú9ª¤ø$æ�Ú�ÖVÛ'ÙNÛÁß3×�Ù

140 . ÙJß 150 . �¤÷"úSÖ���}�ÙNØJß3Ú"FGÙNæ�ß<!
ø�Ù2��Ù�á@Ômæ�æ3ÔmÝmÙ�ù$Ù\ædÔmÛ$Ý��,ÙNæ�Ô0�mÔûÛEß²Ômø��ÉÔmÛ$Ý���ÙNæ
Ôm×½×�Ú)WN×�Ùdù$ÖVÚ�ßIæNúÊÖVá�àN×�ÙN×�Ô0�VÙNØ�ù$Ù<F�ÔûÚ)�#�,ÙNæIü~Ö%ù�Ú"T@ØNÔûß3Ú,ÖVÛ$æ�ù@ÔmÛ$æ6��Ù\æIà��,àNü~ÙNÛÁß3ækù�øwù$Ú,æ½á�ÖVæ½Ú�ß3ÚEF�Ù1�%á�àN×½Ú,ü*Ù\ÛÁß5Ô��(�
÷/Ô æ½Ö��,ø�ß3Ú,ÖVÛr�ÕÔ á#��ø�æ*æ�Ú�ü~á#��Ù�Ù\ßj�ÕÔ á#�,ø$æ*à\ØNÖVÛ�ÖVü*Ú"!Eø$ÙwÙ\æ�ß*ù$ÙÉ×�ÙNü~á#�ÕÔûØNÙN× ù@ÔûÛ$æ���Ô Ø\ÖVÛ�T@ÝVø�×3Ôûß½Ú�ÖVÛêù$Ù
ù$àNá@Ôû×�ß���Ù�ß3ø#��Ù�×�Ù���Ú�ÔmÛÁß<��ÔýØ �@Ômü���×½Ù�ù$Ù�ù�Ú9ª¤ø$æ½Ú,ÖVÛ ÔmøDÐH�¤ÙNÔmü ù$ø$ü~á´Ñ�Ü
�#�,Ö%Øuùyú`Ôû×½×�ßJßdù$ønF�ÔmÚ,æ½ØNÙNÔmøöåÿá@Ôm×
ø$Û$Ù á$×½Ö���ÖVÛ$ÝVÔûß3Ú,ÖVÛ ù$Ù8�ÕÔ�Ø �$Ômü��$×�Ù~ù�Ù�ù$Ú9ª¤ø$æ½Ú,ÖVÛ/�^�[ÙJß½ß½Ù~á�×½Ö��,ÖVÛ$ÝÁÔûß½Ú�ÖVÛwù$ÖVÚ�ß�ÝÁÔm×3ÔûÛEß½Ú�×dÔûø�� ù$àJß3Ù\Ø\ß3Ù\ø$×½æB ÙN×½Ù\Û#$mÖb�1ù$Ùj�,ø$ü~Ú�Û$ÖVæ�Ú,ß½à��ÕÔ�Ø¹Ômá$ÔmØNÚ�ß3à ùyúSÔûß½ß½ÙNÚ�Û�ù$×½Ù~ø$Û ß3Ômø�� ù$Ù*ØNÖVü~á�ß3ÔmÝVÙ ØNÖVü~á@Ôm×½Ô��#�,Ù8�wØNÙ%��ø$Ú�Ômø��
ÔmÛ$Ý��,ÙNæ�Ô0�mÔûÛEßuÜ�T@ÝVø$×�ÙNæ5[��E`�Ò��\[��Z&�aÁåS�

÷�Ù�ØNÔ���Öm×½Ú�ü�W\ß½×½ÙkÙJßA��Ù\æ>ù�ÙNø��ýØ �@Ômü���×½ÙNæ>ù$Ù²ù$Ú�ª�ø�æ½Ú�ÖmÛ*æ�ÖVÛÁßIæ½ø�æ½ØNÙ\á�ß3Ú"�#��Ù\æIù$Ù�á$Ú"�mÖmß3Ù\×>ù$Ù
180 . Ômø%ß3ÖVø$×ù$Ù<�ÕÔ�ØNÚ"�#��Ù��EèH��æ�æ½ÖVÛÁßIá��ÕÔmØ\àNæ[æ�ø$×[ø�Û$Ù�á#��Ôûß3ÙÓ§NFçÖV×�ü*Ùÿ×�Ömß5Ôûß½Ú"�mÙ��Sá�Û�á$Ômæ½æ½ÔmÝVÙ�ù�ÙNækÔmÛ�Ý���Ù\æ[Ô0�ûÔmÛÁßkÔmø���ÔûÛ$Ý���Ù\æ

Ôm×½×�Ú)WN×�Ù�Ù\æ�ß[Ô���Öm×½æ�×3Ômá�Ú�ù$Ù�Ù\ß>á¤Ömæ½æ½Ú"�#��Ù��ÁèH�ö×½ÙNæLß3ÙU�uÛ$Ömß½ÙN×�!Eø$ÙU�Wú`ÔmÛ�Ý���Ùkæ�Ö���Ú,ù$Ù6!
ø�Ù�ØNÖmø��
×½ÙNÛÁß��ÙNæ�ü~ÖVÛ$Ú,ß½ÙNø$×�æ
ù$Ù���ø$ü~Ú�Û$Ömæ½Ú,ß½à�Ù\æ�ß�Ú�Û��ûÔm×½Ú�ÔmÛÁßká@Ôm×k×�Ömß5Ôûß½Ú�ÖVÛ�ù�øwù$àJß3Ù\Ø\ß3Ù\ø$×��

Cellule cible Calorimètre

Moniteurs de luminositéChambre de diffusion
Prolongation de la chambre 

de diffusion

Ô Í]Õ$± [��E`�Ò�Ö��«×�Ø�B'Ù´Ú6ÛÅÜoÝmÞ�ß¡àoá	ØOâdá�ã+×�ÚsÝmÜoÝÅÞ�ß(ä�ØOÙoå�Ý�Þ]Þ6Ý$æ	ØOä3Û�ã+×�Ù1æ�ã+ÚsØOädÝwçUè1á�×�Ú]âdÝ�ä1ãsß�Þ6Ý'éj�Ú�à�Ùo×�ÝÅÜoÝ�à�ß�ÙLæ5?1ÝÅêß�äoà�Þ6Ý	ÛGß�åOß�ä1ã�é}��Ú�à�Ù´×�ÝGÜoÝ¾Ü�×�ØOÚ]ã�ÝGê�ß�äoà�Þ6Ý	ÛGß�×Ó×ÓÚ�í�×	Ý'éìë-ØOÙo×zÞ6Ý	Û¾ß�äoà�Þ6Ý	ÛGß�åOß�ä1ã.óÞ6Ý)æ�ß�Þ6ØO×ÓÚ]âýí�ã¶×�Ý�æ	ØOÙoå�×�ÝzÙ´äß�äoà�Þ6Ý)ÜoÝ�Ü�Ú í¡Ù�Û�ÚsØOäbÝ�ä1ã¶×�Ý
30 z Ý�ã 40 z Ý�ã;è1ØOÙo×�Þ6Ý	Û)ß�äoà�Þ6Ý	Û¾ß�×Ó×ÓÚsá�×�ÝGÙ´äîß�äoà�Þ6ÝeÝ�ä1ã¶×�Ý

140 z Ý�ã 150 z é;½Gß�ä3ÛÞ6Ý	ÛzÜoÝ�Ùlçdæ�ßOÛ5ó�Þ�ß)ÞïÙoâ)Ú]ä�Ø�Û�Ú]ãIázÝ	Û�ã�âdÝ	Û�Ùo×�á	ÝzÝ�ä1ã¶×�Ý
4 z Ý�ã 10 z æ	ØOÙoå�×wß�ä1ã«Ùoä�Ý�ØOÙoå�Ý�×Óã¶Ùo×�Ý�ßb¶'Ú]â)Ùoã�ß�Þ6Ý�ÜoÝ 360 zð `b[�&Oñ,�

ò-ó+Ï¡ó�ô õ�öø÷(ùIö�ú´û.ü+»	ý�þ$Ñøûÿþ�ý«ú´ö«ú��´�û
÷�Ù�Ø¹Ô��,ÖV×½Ú,üjWJß3×�Ùýæ½Ù�Ø\ÖVü*á�ÖVæ�Ù'ù�Ù

1022
Ø\×½Ú,æ�ß5Ôûø��f!Eø$Úkæ½ÖmÛEß ß½×�WNæ æ�ÙNÛ$æ�Ú)�#�,ÙNæ*Ômø��¿�
Ú)��×3Ôûß½Ú�ÖVÛ$æ�ü*à\Ø¹ÔO§

Û$Ú)!Eø$Ù\æ��^��@Ô�!
ø�Ù�ØN×½Ú,æ�ß3Ô��:á�WNæ�Ù
1 kg

��èH� Ù\æ�ßdØ\Ö��)�,àuæ�ø$×²ø$Û$Ù�æ½ø$×_F�ÔmØNÙ�ùyúÊÙNÛ��
Ú�×�ÖVÛ
0.5 cm2 ����ÙNædÙ1�%Ú,ÝVÙNÛ$Ø\ÙNæá@Ôm×�ß½Ú�Ø\ø#��Ú"WN×½Ù\æIÙNÛ'ü*Ôûß3Ú"WN×½Ù�ù$ÙdØNÖVÛ�ù$ø$Ú,ß½Ùdù$Ù��ÕÔ�á#��Ôûß3ÙÓ§NFçÖV×�ü*Ù�á¤Ù\Û$ù@ÔmÛÁß3��Ù�×½Ù\ß½ÖVø$×�Û$ÙNü~ÙNÛÁß�ù$ø�Ø¹Ô��,ÖV×½Ú,üjWJß3×�Ù

ù$ÖVÚ"�mÙNÛÁß��\ß½×½Ù�×�ÙNæ½á�ÙNØJß3à\ÙNæ���÷]Ô á#��Ôûß3ÙÓ§NFçÖV×�ü*Ù~Û$Ù�á�ÙNø�ß Ù\ÛêÔmø$ØNø�Û!Ø¹Ômæ�ÖVæ�ØNÚ"�)��Ù\×uÖmøêá�×½Ö
ù$ø$Ú�×�Ùýù$Ù\æ��
Ú)�$×½ÔO§
ß3Ú�ÖmÛ$æ�,ÖV×½æ�ù$ÙU��Ôu×�Ömß5Ôûß½Ú�ÖVÛk����Ûýß½Ù���ØNÖVü~á¤Öm×�ß3Ù\ü*Ù\ÛÁß[á�ÙNø�ßIæ½Ù�ß½×3ÔmÛ�æ@FçàN×�ÙN×kÔûø��*ØN×½Ú,æ�ß3Ômø��*Ù\ß[á$×½Öb�VÖ�!Eø$ÙN×[ù$ÙNæ
ù$à\ß½àN×½Ú,ÖV×3Ô�ß3Ú�ÖmÛ$æ4!Eø$Ú�á¤Ù\ø��VÙ\ÛÁß�ÛEø$Ú,×½Ù-����ÙNø�×AFçÖVÛ$Ø\ß½Ú�ÖVÛ�Û$ÙNü~ÙNÛÁß0�
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Rotierbare Plattform

Kalorimeter
Streukammerverlängerung

Anschluß Strahlfänger

Strahlführung Streukammer

Ô Í]Õ$± [��µ&�a�Ö.-0/ Ý�ä3Û�Ý�â21'Þ6ÝÇêtæ�ß�Þ6ØO×ÓÚ]â43�ã+×	ÝDÝ�ã¾æ653ß�â21'×�Ý	Û@ÜoÝ@Ü�Ú í¡ÙjÛ�ÚsØOä87�Ý	Û�ãÅè1Ø�Û�Ú]ã¶ÚsØOä1ä�áÛ�Ùo×ÇÙ´ä�ÝGè�Þ�ß�ãIÝ:9; ØO×�âdÝD×�ØOãsß�ã¶Ú]å�Ý ß�Ù´ã�ØOÙo×�ÜoÝDÞ�ßºæ�Ú<1'Þ6Ý'éÇ� ä�Ý ×�ØOãsß�ã¶ÚsØOä�ÜoÝDÞ=/ Ý�ä3Û�Ý�â21'Þ6Ý¼ÜoÝ
180 z è1Ý�×ÓâdÝ�ã)ÜoÝè3ßOÛ	Û�Ý�× ÜoÝ	Ûß�äoà�Þ6Ý	ÛGß�åOß�ä1ã¦ß�ÙlçÇß�äoà�Þ6Ý	ÛGß�×Ó×ÓÚ>3�×�Ý)Ý�ã�å�Úsæ	Ýtå�Ý�×	Û'ß ð `b[	?Oñ>@

ACBED8F=GEHID�J=FKFMLNFPOLWIQRHIF0S�HTJ=UVOXWYOXGZU	[\S�HTBEW^]�B�W_OXH�§>`aU	J=Q2HbU	[cO0dIOXdTd:OXD�S8GEdeFI@��f[(FPLNFMOXgeQ2H�D8OXGZBEGZFXWV[cOfS�HeF
J=U	D�BZHeQ2He[cOXFhW.dIOXd!WVi�U	[�S�UV[�[�dV@kj�H(`<WVGZOlS8H!JPU	D�BEHIJmF=D�JnS�HIFoGEJPJ=dIp	D�B�WYJ=GZO=deF^S8DqF=UVBK]rHID8Oo]8J=Uts	UNu�D�HeJ
S�HeF0sNGEi�J=WYOXGZU	[�Fe@v�f[�H�F=UVBED8O=GEU	[wdIBEdep	WV[cOXH2WmdIOXd�JPHIOXHI[�D�HV@�xCBEBEH&D8OXGZBEGEFPHyS�HIFz]�GZHeS�F0{IU	D�BEGZF=F=WV[cOXFe@vj�H�]�GZHeS
F=H\{IU	QR]�U	FPHhS�HhS�HeDN|�]}WYJPOXGZHeF2F=]�~8deJ=GZu�D�HeF^[8U	[�J=HIBEGZdeHeFI@�j,W�]}WVJMOXGEHnF=D8]rdIJ=GEHID�J=Hhp	BEGZF=FPHhFPD�J4BEW�]}WYJPOXGZH
GE[8`adIJ=GEHID�J=HY@�j�Hz]rU	Q2]}WVpVHzS�HzB>��~�D�GEBZHbS�WV[�F�BZHz{:L�BZGE[�S8J=H&S8H&B�W2]}WVJMOXGEHbGE[�`adeJ=GZHeD�JPHzS8D\]�GEHIS\{eUVD�BEGZF=FXWY[�O�S�H
S�G�WVQ2gIO=J=H

100 mm
]rHIJ=Q2HIOzS�H4FPU	D�BZHIs	HIJ&`<WV{IGEBEHIQRHI[cOzBZHR]8GEHeS*�<He[csNGEJPU	[

0.1 mm � ]}WVJzBEH2i�G�WVGZF0S�H4BEW]�J=HIF=F=GZU	[v@}�,U	D8O=HbBEWyFPO=J=D�{:OXD�JPHbHIFPO�]�U	F=G�OXGEUV[�[�deH�F=D�JkD�[n{eU	D8F=F=GZ[lSv��WYGEJe@8��GE[8F=G>�NOXU	D�OXHKB�WyFMOXJPD�{IO=D�J=Hb]rHID8O
[}WVp	HIJ�u�D}WVFPG�§�BZGEi�JPH�F=D�J#D�[4�}BZQ�Sv��~�D�GEBZHfH:O�]�HeD8O#�IO=J=H�S8de]�BEWV{edIH�QRWV[�D�HeBZBEHeQ2He[cOe@c��BrH�|8GZFPO=H�S�HIF�H:|�GZp	He[�{IHeF
]}WVJPO=GE{ID�BEGZgeJ=HIFKS�H�B>��dIOXWYO0S�H2B�W^F=D8JP`<WV{IHRS�D�F=UVBCuND8G�S8U	GZOKO=U	D8OXH:`aU	GEFK�:OXJPH2D8[�HR]8B�WVu�D�HTS�H2i}WVFPH�He[�WY{eGEHIJ
BEGEFPF=dIHV@
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�#���� c¡8¢ `o��£�î¥¤EïV¦N§X¨�©N¨�ïcªV¦}«6¬}¨3ð\è��ªV®�¨1õµç°¯_§�±4¨#²:¦N§��ª�qe¦}¨:�E¨f¨6²:®�³}¯t²:¤�®<¤>¯_´}´�µ6¨�®�¯_¦�®�¨k�ª�²:®¶§�¦}«:®¶¦N§X¨e·�î¥¤EïV¦�§X¨
©N¨z©V§X¯_¤�®¸¨7ð é8¦}¨z©N¨tçIªN«6¨z©N¨K=¹º¨:´8²t¨:±�íeE¨0©V¦o©V¤E²�³}¯t²:¤�®<¤ çz¨wvI³}µ:§�¤�±4¨:´}®>ªV�·/ævªl«6¯_´8²:®<§�¦»«:®<¤>¯_´!¨6²:®¥±4¯_´}®�µ6¨�²:¦N§
¦�´�¨�³��ªV®�¨1õµç°¯_§�±4¨0§X¯_®¼ªV®<¤�ìV¨m½\�t¡�`�¾

��¿ �}À	Á�ÂPÃ¥Ä�Ã¥À ¿ Á�Å	��Ã�� ¡8¢ `o�5��ÆRÇVÈ�É Â=ÃCÊ ¿�Ë Ê ¿VÌ Á�Ã¥Ä�Ã¥Í ¿YÎ Ã¥Ã É ÊEÃ Î�Ë�Ï ÃIÄ Î Å Ç Á8Ê ÏEÎPÎX¿VÈcÉ=Îe¢5� Ã Ë�Ï ÃIÄzÅ Ç Á�Ê ÏEÎ=Î=¿VÈcÉÁ ÉXÏ Ê ÏEÎPÐTÏ Å Ï>Ñ�Ë ÃeÁ ÉzÎPÇ Á�ÊZÃIÒ	ÃIÂ ¿ Á ÆR¿_Ó�ÏEÆ Á Æ
5 tonnes

Ñ ÅIÃ Ì Á Ï Ã ÎPÉzÎ Á8Ô Î=¿VÈcÉ°¢}�fÈ!¿VË ÃeÂ=ÅIÁ�À ÐIÈ�Ð Â ¿ ÊCÄ�Ã�Ê ¿
Å Ç	È�ÎMÉ ÂPÁ�Å É=ÏEÇ	È^É=ÇVÉ6¿ ÊZÃ�� È�¿ ÊEÃfÄ�ÁmÄ ÏEÎPËrÇVÎ=ÏZÉ=ÏZÕ Ã Ó�ËrÐ Â ÏEÆ Ã ÈcÉX¿ Ê�Ã ÎPÉ�Ë Â ÐeÎ Ã ÈcÉXÐ0Î Á8Â�Ê ¿ ��À	Á�Â=Ã)�¶� Ï À	Á�Â=ÃfÄ�Ã�Ä�Â Ç	ÏZÉ Ã
¡8¢ `o�5�:¢

Ö�×<Øk×¶Ö Ù�Ú�Û�Ü¸ÝßÞ&à<á�â�Þfã�ä¥å¥æ�ç�ÝèÜ¸ÚMé�ê�Ú¸Þ�Ýìë¥ê�íîë�çfå¥ÜMÝ�ï.ëCã8ã8Ú¸ævã�Ý

ð,Ç Á�Â�Â Ð Ä�Á Ï Â=ÃKÊZÃ É Ã ÆRË8Î Ä�Ã Ë Â ÏEÎ Ã Î Ä�Ã�Ä ÇVÈ�È�Ð Ã Î�¿ Á Ól¿YÈ À	ÊEÃ Î�¿ ÂPÂ ÏZñ Â=Ã Ñ Ê ¿&Î=Ç ÊZÁ ÉXÏZÇ	È^Ë Â ÏEÎ Ã Ë}¿ Â ð�ò�ó�ô�¿
ÐIÉXÐ Ä�õ ¿ ÊZÊ Ç	È À	ÃeÂ¥Ê ¿ ÅeÃeÊZÊEÁ�ÊZÃfÄ8Ã�Ê ¿ Å Ï Í8ÊEÃ ¢�ö�¿&È�Ç Á�Ò	ÃeÊZÊEÃ�Å Ï Í�ÊZÃfÄ8Ã ð�ò�ófô�¿ Á Ó^¿VÈ À	ÊZÃ Î�¿ ÂPÂ ÏZñ Â=Ã�Ã ÎMÉkÎ=ÏZÆRÏ Ê ¿VÏ Â=Ã�÷ÅeÃeÊZÊEÃ ¿ Á Ón¿VÈ À	ÊZÃ Î�¿ Ò ¿VÈcÉf¿ Ò	ÃeÅbÁ È Ã0Ä Ï�ø�Ð Â=Ã È ÅeÃ0Ä ¿VÈ8Î Ê ¿ Ä ÏEÆ Ã È8Î=ÏEÇVÈ Ä�Ã0Ê>õ�Ã È Ò	ÃIÊ Ç	Ë8Ë Ã Ë}¿ Â ¿ Í Ç Ê Ç	Ï Ä ¿ ÊZÃfÃ É Ê ¿
À ÐeÇ	Æ2ÐIÉ Â Ï Ã�Ä�ÃKÊ ¿ Í ¿VÎ ÃRù<Å6ú ¿VÎ=ÎPÏEÎ6û Ä�ÃKÊ ¿ Å Ï Í�ÊEÃ ¢�ö�¿yÈ�Ç Á8ÒVÃeÊZÊEÃKÃ È ÒVÃeÊ ÇVË�Ë Ã Æ Ã Î Á�Â=Ã

23.39 cm
Ä�Ã0Ê ÇVÈ À	Á�ÃIÁ�Â ¢

ö,¿ ÅeÃIÊEÊZÁ�ÊEÃ�Å Ï Í�ÊZÃKÁ ÉXÏ Ê ÏZÎ Ã�Á È ÃbÃ È Ò	ÃeÊ Ç	Ë�Ë Ã Ë ÊEÁ Î À	Â ¿VÈ Ä�Ã Ì Á�Ã0ÅeÃIÊEÊEÃ ¿ Á Óh¿VÈ À	ÊZÃ Îk¿ Ò ¿VÈcÉ°¢�ü ÃIÅ Ï,¿ Á�À Æ Ã ÈcÉ ÃbÊZÃ
È�Ç	Æ Í�ÂPÃ0Ä�Ã0Ä ÏZø Á Î=ÏZÇ	È�Î Ä�Ã ÎkÐ ÊEÃIÅ É Â Ç	È�ÎkÎ Á�ÂkÊEÃ ÎkË Â ÇVÉXÇVÈ�Î Ä�Ã0Ê ¿ Å Ï Í�ÊEÃTùaý}À	Á8Â=Ã ¡8¢�þ	þ	û:¢
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Ô Í]Õ���� @�?	?(Ö
	xæ651á�âß)ÜoÝ�Þ�ß�æ�Ú��'Þ6Ý�ß�Ùlç"ß�äoà�Þ6Ý	Û�ß�×Ó×ÓÚ>3�×�Ý'é��ß�ä3Û�æ	Ýzæ�ßOÛ67;Þ6Ý ; ß�Ú6Û�æ	Ý�ß�ÙÇÜ,/ á�Þ6Ý	æ�ã+×��Oä3Ûtß�×Ó×ÓÚ]å�Ý�Ü�Ùæ��OãIá¾ÜoÝ�Þ=/ Ýwç�ã+×�á�â)Ú]ãIá¾ÜoÝzÞ�ß ; �O×ÓâdÝ$è3ß�×wß����OÞ��OÚ+Ü�ß�Þ6Ý'é�- Ý)æ653ßOÛ	Û�Ú6ÛGÜoÝtÞ�ß�æ�Ú��'Þ6Ý¾ß@á�ãIáG×�Ý�Üoá��ä1Ú.è3ß�×t×wß�è�è��O×Óã��Þ=/ ß�ä�æ�ÚsÝ�ä1ä�Ýtæ��Oä�æ	Ý�è�ã¶Ú��Oä����;à�Ùo×�Ý��jé �"!�é�-b/ Ýwç´æ�ß�åOß�ã+Ú��Oä�ß"á�ãIá�×�á�ß�ÞïÚ6Û�á	Ý$Û�Ùo×�Þ6Ý$Û�Ù�è�è��O×ÓãmÝ�äDß�ÞïÙ´â)Ú]ä1Ú]Ùoâ�è��OÙo××	á�Ü�ÙoÚ]×�Ý�Þ6Ý#�'×ÓÙ´Ú]ãÅÜoÝ ; �Oä�Üzè�×��Oå�Ý�ä�ß�ä1ã�Ü�Ùeè�×���æ	Ý	Û	Û�Ù�ÛGÜ,/ Ú]ä1ãIÝ�×wßoæ�ã+Ú��Oäîá�Þ6Ý	æ�ã+×��Oäo9$�'Þ���æGÜ,/ ß�ÞïÙ´â)Ú]ä1Ú]Ùoâé

j�WR{IU	[�{IHe]8O=GEU	[hS�H&BEWR[�U	D�s	HeBZBEHb{eGZi�BEHbW4d:OXd&{6~8U	GEFPGEHbS�H&QRWV[�GZgeJ=H&%2J=HeFP]rHI{IO=HeJ�BZHz]�JPGE[�{IGE]�HzS8Hz`aU	[�{('
OXGEUV[�[�HeQ2He[cO�S�H�B>� WV[�{IGEHe[8[�Hf{IGEi�BZH�HIO#F=HIF�{°WYJXWV{:OXdeJPGEFMOXGEu�D�HIF¥S�de{IJ=GZO=HeF#]�J=dI{edeS8HeQ2QRHI[�O��<FPHe{:OXGEUV[ � @*)�@,+ � @�j�W{eGEi8BEH�F=H2{eU	Q2]�U	F=H�S�H2]�BED8F=GEHID�J=F0{IU	QR]�WVJPO=GEQ2He[cOXFKHI[�WVBZD�QRGZ[�GED8Q d:O6WV[8{6~�HeFzJ=HeBZGEdIFzW°sVHe{4S8HeFbdeBEdIQRHI[cOXF
He[wGE[8S�GED�Qn@»jC� ~cLNS�JPU	p	ge[8HyBEGZuND8GES�Hb]rdI[�gIO=J=H&WVBEU	JPFf]�WVJ�BZHz{IU	BEBZHe{IO=HeD�JfSv��He[cOXJPdeHV@��f[�H&i�D�F=H&S�H&S�GEWVQ2gIOXJPH
12 mm

�»S}WV[�FfB�WVu�D�HIBEBZHbBZH.-}UVOfS�H&B¶� ~cLNS�J=UVp	ge[�H&WYO=O=HeGZ[�OfFXW�sNGZOXHIF=FPH&QRW_|�GEQRWVBEHKp	D8GES�H0B>��~cLNS�J=U	pVge[�H�/PD�F0'
uND���%^BEWR]}WVJMOXGZHzD8O=GEBZHzS�H&B�WR{IGEi�BZHV@»��]8J=geF�GE[cOXHIJXWV{:OXGEUV[oS�HyB¶� ~cLNS�JPU	p	ge[8HTW°s	He{&BEHeFfdeBZHe{IO=J=U	[8F�S�Do`<WVGZF={IH°WVD
GE[�{IGES�HI[�Oe�»B>��~�LNS�JPU	p	gI[�Hzu�D�G�O=O=HzBEW�{IGEi�BZH0]}WVJkB�WTs	U	GZH0S�H&FPU	JPO=GEHV@»j�HbQR�IQRH0FML�FMOXgIQRHzS�HzJPHI`aJPU	GES�GZF=FPHeQ2He[cO
HeFPOlD�OXGEBZGEFPdn]�U	D�J4Q4WVGZ[cOXHe[8GEJ�B>��~cL�S8J=U	p	gI[�H�%�D�[8HoOXHIQR]�deJ=WYOXD�JPH\W°s	UVGEF=GZ[}WV[cOXHoS�H\FXW�OXHeQ2]�deJXW_OXD�JPH\S�H
`aD�F=GZU	[v@

j�U	JPF^S�HeFmQ2HeFPD�J=HIFnWVD�| p	JXWV[8S�FlWV[�p	BZHeF^S8H\S�G21rD�FPGEU	[ì�<WV[�p	BZHeFmWYJ=J=GZgeJPH � �#BEHo`<WYGEF={IH°WVD*S�� dIBEHe{:OXJPU	[�F
]rdI[�gIO=J=HyS}WY[�F�BEWR{eGZi�BEH0]}WYJ�B>��H:|NO=J=deQ2GZO=d0S�HyB�WT`aU	JPQRHb]}WVJ=WVirUVBEU	GZS}WVBEH�U�3\GEB�GZ[cOXHeJ=WVp	G�O�W°sVHe{yBZHeF�]8J=UVO=U	[�F
S�HhBEWw{eGEi8BEHV@��f�}[ S�HlJ=deS8D�GEJPHnBZHm`aU	[�S ]rU	BZBED}WY[�OyJ=deFPD�BZOXWV[cO2S�HhB¶� GZ[cOXHeJ=WV{IO=GEU	[ S8HeF2deBEHI{IO=J=U	[�FRW°s	HI{hBZHeF
`aHe[��:OXJ=HIFkS�H0B�W&{IGEi�BZH�He[nWVBZD�QRGZ[�GED8Qh�cGZB�HeFMOk[�de{IHeFPFXWVGZJ=H0S�H0QRGZ[�GEQ2GEFPHeJ�WVDlQRW_|�GEQyD�Q BZHeF�de]�WVGEFPF=HeD8J=FkS�H
B�W&]}WYJ=U	GrS�HKB�W&{IGEi�BZH�u�D�GvFPH�OXJPU	D8s	HI[cOfFPD�J�B�WbOXJXW4/PHe{IO=U	GEJPH�S�HKBEW&S�G,1�D�FPGEU	[4deBEHI{IO=J=U	[5'¥]8J=UVO=U	[v@�j�Wy]}WYJPOXGZH
D8OXGZBEHbS�HyB�W�{eGZi�BEHz{eU	[8{eHeJP[�HyB¶� HI[�sVHeBZU	]�]�H&]}WVJ=WVi�U	BEU	GZS}WVBZHKuND8G�Fe��dIO=He[�S6%R]}WVJPO=GEJ�S�H&B¶��WY[�p	BEHbS�HzS�G21rD�F=GZU	[
S�H

138 7 @rjC� dI]}WVGEFPF=HID�J�S�HzB�WR]�U	GZ[�O=H&S�H&B�W�{eGEi8BEHm�aHe[o`<WY{eH&S8D\`<WVGEFP{eH°WYD\Sv��deBEHI{IO=J=U	[�F � W4d:OXdTWYQRGZ[�{eGZHzWYDQ4W_|�GZQyD�Q8/PD8F=u�Dv�9%
110 µm

@�jC��de]}WVGZF=FPHeD�JbS�H�B�W^`<WV{IH2S8H2FPU	JPO=GEHTS�H2B�W^{IGEi�BZH�WmdIOXd2J=dIS�D�G�OXH�HeBZBEHTWVD8F=F=G
/PD�F=u�Dv�9%

350 µm
@;:�G,'¸WY]�J=gIFe��BEW^{°WVJMOXHTS�HTB¶� H�|NOXJ=dIQRG�OXdyS8HTB�W^{eGZi�BEH&He[(de]}WYGEF=FPHeD�JKHIFPOb]�JPdeF=HI[cOXdeHo�a��p	D�J=H
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A�WVJ�WVGZBEBZHeD�JPFe��B�W�{eHeBZBED�BZH#{IGEi�BZH�WYD�|TWY[�p	BEHIF�W°sYWV[cO�HIFPOCHI[�{°WVFMOXJPdeH�S}WV[8F�D�[T{6~}WVFPF=GZF�He[�WVBZD�Q2GE[�GZD�Qh@4:�H�'
]rHI[�S}WV[cO°�ND8O=GEBEGZF=HIJ�BEWKQR�IQRH�{eU	[��}p	D�J=WYOXGZU	[RS8D4{6~}WVFPF=GZF�]�U	D�J�BEHeF#WV[�pVBEHeF#WVJPJ=GEgIJ=Hk]�HeD8O�p	de[�dIJ=HIJ#D�[4i�J=D�G�O
S�H&`aU	[�Swu�D�G,sYW4]rUVBEBED8HeJ�BEH&FP]rHI{IO=J=HyH�|8]�deJPGEQ2He[cO6WYB>@rx¥[wH�1�H:O°�rS�HeF�dIBEHI{IOXJPU	[�F�FPD�i�GZF=FXWY[�O�S�HeFKS�G,1�D8F=GEUV[�F
QyD�BZO=GE]�BZHeF�S�WV[�FKB�W^{IGEi�BZHT]rHID8s	HI[cO°�,WVD(]}WVFPFXWVp	H�S}WY[�F0BEHTi�BZU�{yS���WVBZD�Q2GE[�GZD�Q He[cOXU	D8JXWV[cObB�W4`aHI[��IO=J=H�S�H
F=U	JMOXGEHkS�HkBEW�{eGEi8BEHV�Vp	de[�dIJ=HIJ#D�[2i�JPD�GZO¥S�H�`aU	[8Sv@�A�WVJ¥JPdIOXJPUP'�S8G21rD�F=GZU	[v�V{IH�`aU	[�S2]rU	BZBED}WY[�O�]rHID8O�{eU	[cOXJPGEi�D8HeJ
WVDmF=]�He{:OXJ=HKH�|�]rdIJ=GEQ2He[cOXWVB�Sv��D�[�H�`<WPQeU	[^{IU	[�FPGES�dIJXWVi�BZHV@8x¥[m{IU	[�FPdeu�D�He[8{eHV�»BZH�{6~}WVFPF=GZF�S�H�B�Wz{eHeBZBED�BZHf{IGEi�BZH
WRdIO=d&Q2U�S8GZ�}dK]}WYJfJ=WV]�]�U	JPO�%2B¶��WY[�{eGZHe[�[�Hbp	dIU	QRd:OXJPGEHbWVD�|hWV[8p	BEHIF�W°sYWV[cO°@�j�HzQRWYO=deJ=GEWVDnHe[\WYBED�Q2GE[�GZD�Q
F=GZO=D�d2WVD8O=U	D�JKS�HTBEW4`aHe[��:OXJ=H�S�H�FPU	JPO=GEHTS�HTBEW^{eGEi8BEH�WmdIO=dT{eU	Q2]�BEd:OXHIQRHI[�O0FPD�]�]�JPGEQ2dTS}WV[�FKBEW^[�U	D8sVHeBZBEH
{eU	[8��p	D�JXW_OXGEUV[nFPD�JkD�[n{SR	[�H0Sv� WV[�pVBEHKSv��U	D8sVHeJPO=D�J=H

40 7 WVD�OXU	D�J�S8HbBEWyBEGZp	[�H�S�Dl`<WVGZF={eHeWVDv@j�H�S8deQ2U	[cO6WVp	H�S�H�B>��H:|�]�deJPGEHe[8{eHKW&{IU	Q2QRHI[�{ed�WVD^S�dIi�D8OkS�D^Q2U	GZF#Sv� WVU�T�O�?VU�UV)8@N��B�W&S�D�JPd�]�JPHeF=u�D�H
+^QRUVGEFKHIO&S�HeQ2G>@�j�WnQRGZF=H2He[�]�BEWV{eH2S�HRB�Wl]�B�WVu�D�H2S�HRi}WVF=HRHIO&B�Wl[�U	D8sVHeBEBZHR]8B�WYO=H�'¼`aUVJ=Q2HTJ=UVOXWYOXG�s	H2HIO
B�WyJ=dIGE[�FMO6WVBZB�WYO=GEU	[RS�H�OXUVD8OkBEH�S8GEF=]�U	FPGZOXG�`�H:|�]�deJ=GZQRHI[cO6WVB�WYDW'�S�HIF=FPD�FkU	[cOkS�dei�D�OXdX/=WV[csNGEHeJ�?PU�U�Y&HIOkFPH0F=U	[cO
WV{6~�HIsVdeHIFksVHeJPF�BEH�QRUVGEF�S�H�QRWVJ=F�?VU�U�Y�@Nj�HIF�]�JPHeQ2GEHIJ=F#O=HeFMOXF�FPD�J�`<WVGZF={IH°WVDRU	[cO�dIO=d�JPd°WVBZGEF=dIF�WVDRS�dei8D8O�S�D
QRU	GZF�S�H0Q4WYG�?VU�U�Y�@

ò-ó+Ï¡ó�Z [Å÷¾û]\Lú´þ3û¸û�^$÷`_xþ��0aøû]b�ú´öù
j�W!{eWVQ2]}WVp	[�HnS�HoO=HeFMOXF4FPD�J4`<WVGZF={IH°WVD S}WV[�FRB�W![8U	D8s	HIBEBZHh{IU	[8�}p	D8JXWYO=GEU	[ Fe��HeFPO^S�deJPU	D�BEdIHoHI[�O=J=H\BZH

Uc?�cVU�YVcVU�YhH:OTBEHl?d+ecVU�Y�cPU�Y��@%\D�[�HmdI[�HeJPp	GEH^S8H4`<WVGEFP{eHeWVD S�H
0.570 GeV

H:OTD�[�HmGZ[cOXHe[8F=GZO=d^S�H
20µA

@
j�HK{eWVBEUVJ=GEQ2gIO=J=Hk{eUVD8sNJ=HKD�[lS�U	QRWVGZ[�H�WY[�p	D�BEWVGEJPHfHI[�O=J=H

140 7 H:O 150 7 @�:�UVQRQ2H�WVDN|lWV[�pVBEHeF�W°sVWY[�Oe��[�U	D8F
WtsVU	[�F�F=D8GZsNG�B�WhQR�IQRH^]8J=UN{edeS8D�J=HlFPOXWV[�S}WYJ=S.]rUVD�JyB>� WV{IuND8GEF=G�OXGZU	[�S�HmS8U	[�[�dIHeFgf�{eUV[�O=JhR	BZH^He[.{IU	[cOXGE[�D
S�HeF�]}WVJ=WVQRg:OXJPHeFkS�Dl`<WVGEFP{eH°WYDv@}j�H0F=]�He{IO=J=HbH:|�]�deJ=GZQRHI[cO6WVB�JPdeF=D8BZO6WY[�OkS8HbBEWTS�dIO=He{IO=GEU	[nS}WV[8F�BEWy[�U	D8sVHeBZBEH
{eU	[8��p	D�JXW_OXGEUV[v��HIFPO&]�J=dIF=He[cO=dmF=D�JyBEWn�}pVD�J=H\� � @�?P) � @K:�HI]rHI[�S}WV[cO°��]rUVD�J&{IHIO=O=H^[�U	D�s	HeBZBEHRQRHIF=D�JPHV��[8U	D�F
WtsVU	[�FKJPHe[�{IU	[cOXJ=dTD8[\]�J=UVi�BEgIQRHzS�Hyi�JPD�GZOfS�H&`aU	[8S\u�D�G�]�U	BEBZD�HbBEHeFfF=]�He{:OXJ=HIFKH:|�]�deJ=GZQRHI[cO6WVD�|r@;:�U	QR]�OXH
OXHe[�DnS�H�B¶� dI[�HeJPp	GEH�GZ[�{eGZS�He[cO=HV�8S8HKB�W&BZU	[�p	D�HID�J�S�H�B�W&{IGEi�BZH�HIO�S8HKB>��U	D8s	HIJPO=D�J=H0WV[8p	D�B�WYGEJ=H

(±10 7 ) WVD�OXU	D�JS�HzBEWysVWYBEHeD8J
145 7 �}BEH0]�GZ{KdeB�WYFPOXGZu�D�H0HeFPO�WYOPOXHe[8S�DhHI[cOXJ=HzBEHIF�{eWV[}WVDN|ji�U�HIO&+4U�U8@EkNHeD�BZHbBEWys�GZF=D}WYBEGEF=WYOXGZU	[

l ?
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S�D(F=]�He{IO=J=H�He[(dI{6~�HeBZBEHyBZU	pcWVJPGZOX~8QRGZuND8Hb]�U	D�J�B>� W_|�HTS�HeFKU	JPS�U	[�[8deHeFK]�HeJPQRH:O0S�HyS�GZFPO=GE[�p	D8HeJ�D�[8Hy`aU	J=Q2H
S�H0]�GE{&%T~}WVD8O=H0de[�HIJ=p	GZHKQ4WVGZF�u�D�G�[v��HeFPO�]}WYF�i8GEHe[lGZF=U	BZdV@

medusa_24_p1_px
Entries  256
Mean    42.03
RMS     13.18
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Run 22483: Chan 24 pol1 ProjX
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n BDo��;� @�?P)qpr	�è�s	æ�ãut�svswçUè1á�t(w]â5s�ä1ãyxVz@{dszë}|P~����j���P�v��s<|�xV�P�GxV�d�Vz�s��#xVt(t(w>3�t�sS����w,�V�Wt�s}{ds���xV�m�65�s#�
-b/ x��Ws�{ds�����th{d��������s���s�����s������65�s�zDz�s�z�wD���hxVwDt�sS�m��w,�V�dt�s${ds�{Vt���wD��s���-0/ x��Ws�{ds��.��t�{d��������s���s�����s��G���65�s�zDz�s
z��h��xVt�wD��5d�qw��S��sS�

����:���.:

��B}HIFPO�GEQ2]rUVJPO6WY[�O�S�Hf{IU	[�[}WYGZOXJPH�]�J=dI{eGZF=deQ2He[cO#BEH�i�JPD�GZO¥S8Hk`aUV[�S4WYD�F=FPG�i8GEHe[�HI[ROXHIJ=Q2H�S�H�F=U	[2U	J=GZp	GE[8H
uND�� HI[ O6WYD�|.S�Hl{eUVQR]8OXWVp	HY@C�f[.`aU	JPOTOXWVD�|.S8Hn{IU	Q2]8O6WVpVHm]�J=Uts	HI[}WV[cORS�D i8J=D�G�OTS�Hm`aU	[�S ]rUVBEBED8HeJXWhB�W
FPO6W_OXGEFMOXGZuND8Hn]8~�LNFPGEu�D�HnHIO2J=HI[�S�JXW(B�WwFPde]}WVJ=WYOXGZU	[.S�HlB�Ww{eUV[�O=J=GZi�D8OXGZU	[ deBEWVFPO=GEu�D�HlS�HlB>��GE[8deB�WYFPOXGZu�D�H^S�G�` '
�}{eGZBEHV@�j¥��dIO=D�S�HmS�D i�JPD�GZOTS8H^`aU	[�S WwdIOXd^`<WYGZOXHRs�GEW\S�HeF�Q2HeFPD�J=HIF2]8~�LNFPGEu�D�HeF2H"1rHe{:OXD�dIHeF2S}WV[�F�BZH^~}WVBZB
H:|�]rdIJ=GZQRHI[�OXWVB���)8@

�]�2 ;�>¡A�u¢ £v¤�¥�¦E¥�§@¨G©�ª�«@¤�ª�¥D¬©A¨¯®y°E§�©
j�Hh`<WYGZO2Sv��D8OXGZBEGEFPHeJ�D�[�Hh[�U	D8sVHeBZBEHo{IGEi�BZHh]�U	D�JRAK±���)�[�U	D8F^W�]�U	D�FPF=d�%�]rHI[�F=HIJ^u�D�H\B>��U	JPGEp	GZ[�HmS�H

{eH(`aU	[�S ]rU	D�sVWY[�On]�JPUts	He[8GEJlS�H�]�BED�FPGEHID�J=Fl]�JPU�{IHeF=FPD�Fo]8~�LNFPGEu�D�HeF��<J=WVS�G�W_OXGEUV[�H:|NOXHIJ=[�HY�fJPd°WV{:OXGZU	[�FlS�H
]�~�UVO=U	]�J=UNS�D�{:OXGZU	[q@�@Z@ � u�D�G�F=UV[�O4]�J=UVi}WVi�BZHeQ2He[cO4GZQR]�U	JMO6WV[cOXF�S}WY[�F4BZHeF�`aHe[��:OXJ=HIF^Sv� WVBED8QRGZ[�GED�Q S�HhB�W
{eGEi8BEHV@�j,WT`aHe[8�IOXJPH0Sv� HI[cOXJ=dIHzS8HbBEWT[�U	D8sVHeBEBZHK{eGZi�BEHKS�HbAK±���)RW2D�[8HbdI]}WVGZF=F=HID�JkS�H

110 µm
@�j¥��de]�WVGEFPF=HeD8J

S�HyB�W�`aHe[��:OXJPH&S�HyFPU	JPO=GEHbHeFMOKS�H&B¶� UVJ=S�JPH
350 µm

@rj�HIFf`aHI[��IO=J=HeFK{IU	J=JPHeFP]rU	[8S�He[cO0WVBZU	J=F�%4D�[8H&de]�WVGEFPF=HeD8J
OXUVOXWVBEHKHI[oWVBZD�Q2GE[�GZD�Q S�H

460 µm
@

² ��[�Hk]�J=HIQRGZgeJ=H�H�|�]rdIJ=GEHI[�{eHfW0dIOXdkJPd°WVBZGEF=dIH�F=D�J¥D�[8Hf{IGEi�BZH�sNGES�Hz�a��p	D�J=H � @�?�Y � ]�U	D�J¥FI��WVFPF=D�JPHeJ�u�D�HfBZH`aU	[�S^]�U	BEBZD}WV[cO�[�H�]�JPUts�GZHe[cO�]�WVF�S�HfB�Wz{eWV]�FPD�BEHfHe[lWVBZD�QRGZ[�GED8Q S�HfB�Wz{IGEi�BZHV@�±¥D^BZH�S}WV[8p	HeJ#Sv� HI[cs	UtL	HIJ�BZH
`<WVGEFP{eH°WYDnFPD�J�B�Wz{eGEi8BEH�HI[hWYi�F=HI[�{eH0Sv��D�[lFPLNFPO=geQ2H0S�HKJ=H:`aJ=U	GZS�GEFPF=HeQ2He[cOkWY]�]�J=UV]�J=GZd�]rUVD�J�D�[�HK{IGEi�BZH�sNGES�HY�
B>��~�LNS�JPU	p	gI[�H�HIFPO#J=HeQ2GEF�%0F=UV[4dIOXWYO#pcWV³eHID�|2]}WVJ�WVJPJ=�:O�S�H�F=UV[4FPLNFMOXgeQ2H�S�HfJPHI`aJPU	GES�GZF=FPHeQ2He[cO°@�jC��GE[cOXHI[�F=G�OXd
S�Do`<WVGZF={eHeWVDwWRWVD�F=FPG�d:OXd&S8GEQ2GE[�D�deH�/PD�FPuND���%(�

1µA � ]�U	D�J�]�J=d:s	HI[�GEJ�S�� d:s	He[cO=D�HeBZBEHeF�S�dep	J=WVS}WYO=GEU	[8FfS�HzB�W{eGEi8BEHV@�j,WT]�JPGEFPHbS8HbS8U	[�[�dIHeFfW�S8D�J=d
300 s

@
l��
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medusa_24_p1_px
Entries  256
Mean    42.12
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Run 22576: Chan 24 pol1 ProjX

pol1 raw

pol1 dnl
pol0 raw

pol0 dnl

peak
π0

∆

Elastic Cut

Elastic Cut

n BDo���� @�?�Y}p¯	�´�s����ut�sqs��"´���t(wD�5s�����xVzµ�V�S�¶s����g���Wt`�W��sv��w��Sz�s&·4w�{ds}�
570MeV

��-0/ wD���¶s��<��wD���}{V� ; xVw��4��shxV�
{,/¸��z�s����ut����<�}s����X{ds

1 µA
��-]x.´Et�w��4s#{ds&{d��������s��`x
{V�dt��

t = 300 s

���.:

² j,W\S8HeD�|�GEgIQRH4QRHIF=D�JPHmW\D8OXGZBEGZF=d2D�[�H4`aHID�GEBZBEH2Sv��WYBED�Q2GE[�GZD�Q S�H
2.5 mm

Sv��de]}WYGEF=FPHeD�Jm�a�}p	D8J=HmS�H
pcWVD�{6~�H � @�?Vi � @�j�Wm{eGEi8BEHySv� WVBZD�QRGZ[�GED8Q HIFPOb]�BEWV{edIHTHe[W'¼S�HeFPF=U	D�FbS�H�B�W^{IGEi�BZHySv��~cL�S8J=U	p	gI[�H2BEGEu�D�GZS�HV@rj�HeF
S�HeD�|z{IGEi�BZHeF,F=U	[cO�F=D�FP{eHe]�OXGEi8BEHeF�S�H�FPH#Q2U	D8sVU	GEJ�sVHeJPO=GE{eWVBEHIQRHI[�O,]}WYJ�J=WV]�]�U	JPO�%fB¶��W�|8H¥S�Dz`<WVGEFP{eH°WYDv@���He]8D�GEF
B�WhF=WVBEBZH�Sv��WY{eu�D�GEFPGZO=GEU	[v��[�UVD�FyW°s	UV[�Fy]�D!{eHe[cO=J=HeJ&BEH�`<WVGEFP{eH°WYD�F=D�JzB�Wl{eGZi�BEHo�¶WVBZD�Q2GE[�GZD�Q � p	J�¹Y{eH
%nD�[�H
{eU	Q2Q4WY[�S�H�%zS�GEFMO6WV[�{IHV@8�f[�H�{eWVQ2deJXWzGE[�FMO6WVBZBEdeH�F=D8J�B�Wb{6~}WVQyi�JPH�S�H�S8G21rD�F=GZU	[4]�HeJPQRH:O�S�H�sNGZF=D}WVBZGEFPHeJ�B�W
{eGEi8BEHbHIOKS�Hbs	dIJ=GZ��HeJ�BZHz{IHe[cOXJ=WVp	HV@�jC� GZ[�O=He[�FPGZO=d&S�Do`<WYGEF={IH°WVDodIO6WYGZOfS�Hl�

1µA � HIO�B�W2S�D�J=dIHyS�HyBEWRQ2HeFPD�J=HHeFPOfS�H
120 s

@
j�H�O6WYD�|mS�HK{IU	Q2]8O6WVpVHKU	i8OXHI[�DnFPD�JkD�[�HK{IGEi�BZH�Sv� WVBED�Q2GE[8GED�Q S�H

2.5 mm
HIOku�D�Gv{IU	J=JPHeF=]�U	[�SG%yD�[�H

S�D�J=dIHzS8Hb]8J=GEFPHKS�HbS�U	[�[�dIH0S�H
300 s

]rHID8O��IO=J=H0HeFMOXGEQ2dI%�]}WVJPO=GEJ�S8Hf

N2.5 = N ′
2.5

(
300

120

) � � @ ?�) �
U�3

N ′
2.5

HeFPO0BZH&O6WYD�|wS�HT{IU	Q2]8O6WVpVH&Q2HeF=D8J=dT]�He[�S}WY[�O0D8[�HTS�D�JPdeH�S�H
120 s

H:OKu�D�G�{IU	J=JPHeF=]�U	[�S�%^D�[8H
de]}WVGZF=FPHeD�J�S�H

2.5 mm
Sv� WVBED�Q2GE[8GED�Qn@8j�Hb[�U	Qyi8J=H0Sv��dIs	dI[�HeQ2He[cO=F�U	i8O=He[�DoFPD�JfD8[�Hz{IGEi�BZHKSv� WVBED�Q2GE[8GED�Q

Sv� dI]}WVGZF=F=HID�J
0.46 mm

]�He[8S}WV[cO�D�[�HbS�D�J=dIH0S�H
300 s

HeFPO�S�UV[�[�d0]}WVJ.f

N0.46 = N2.5

(
0.46

2.5

) � � @ ?VY �
j�HmJ=WV]�]�U	JPO&S�D�O6WYD�| S�H4{eU	Q2]8O6WYp	H4U	i�OXHe[�D.F=D8JTB�Wh{IGEi�BZHRsNGES8H

NCible vide

���}p	D�JPH � @�?�Y � WVD [�U	Qyi8J=H
Sv� d:s	dI[�HeQ2He[cOXF

N0.46

HeFPO�S�H0B¶� U	JPS�J=HKS8Hf
NCible vide

N0.46
= 0.76

� � @�?Vi �
² j�W�S�HIJ=[�GZgeJPHwH:|�]rdIJ=GZHe[�{IH�FI� HIFPOlS�dIJ=U	D8BEdeHwHI[ WVi�F=HI[�{eH(S�Hw{IGEi�BZH.�a��p	D�J=HwS8HwS�J=U	G�OXH � @ ?Vi � ]�U	D�JQRHIF=D�JPHeJnBEH\O6WYD�| S�H({eUVQR]8OXWVp	HwS�H(]}WYJPOXGZ{eD�BZHeFmJPdIOXJPU�S8G21rD�F=dIHeFlS�He]8D�GEFlB�W�O=JXWV]�]�H(Sv� WVi�F=UVJ=]8O=GEU	[ S�D

`<WVGEFP{eH°WYDjº�irHeWVQ S�D8QR]I»�@cxC[TH"1rHIO°�VGEBNF=H�]�HeD8OCu�D�H�BZH�[�U	Q&i�J=H�S8H�]}WVJMOXGE{ID�BEHIF�{eJPdedIHeF¥BEU	JPF�S�DT]8J=UN{eHeFPF=D�F
l )
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Sv� GZ[cOXHeJ=WV{IO=GEU	[hS�Do`<WVGZF={IH°WVDwW°sVHe{yBEW2QRWYOXGZgeJPHbS8GEF=FPGE]}WY[�O�B>��de[�HIJ=p	GZH0S�Do`<WVGZF={eHeWVD.�ai�BEUN{eF�Sv� WVBED�Q2GE[8GED�Q HIO
H°WVD � FPU	GZOkGZQR]�U	JPOXWV[cO°@:�U	Q2Q2HRBZH4[�U	Q&i�J=H^S�� d:s	de[8HeQ2He[cOXF�He[8J=HepVGEFPO=J=dIFyHeFMOT`<WVGEi�BZHV��{eHI{eG#]�J=U	D�s	Hmu�D�HmBEHRi�BEUN{2Sv��WYJ=J=�:OTS�D
`<WVGEFP{eH°WYDh[v��HeFMO�]}WVFkB�WyFPU	D�J={IHzS8Dhi�JPD�GZOkS8H0`aUV[�Sl]rU	BZBED}WY[�O�BEHKF=]�He{:OXJPHbH�|�]rdIJ=GEQ2He[cOXWVB>@}�z��WVD�OXJ=H0]}WYJPO°�8B�W
{eU	Q2]}WVJ=WVGEFPU	[�S�D�F=]�He{IO=J=H

N0.46

W°s	He{mBZHRFP]rHI{IO=J=HmU	i8O=He[�D F=D8J&B�Wn{eGZi�BEH�sNGES�H\�a�}p	D8J=H � @�?�Y � HeFMOT]�J=WYOXG>'uND8HeQ2He[cO0S�DwQ2�eQ2HzU	JPS�J=HY@]:�HI{eG�]�HeJPQRH:O�Sv��deBZGEQ2GE[�HIJ�B¶� ~cLN]�UVOX~�gIF=Hyu�D�HTBZH&i�JPD�GZOfS�H&`aUV[�Sw]�J=UtsNGEHI[cOKS�H
B>��GE[cOXHIJXWV{:OXGEUV[hS�Dn`<WVGEFP{eHeWVDoSv��deBZHe{:OXJ=UV[�F�W°s	HI{&BZHeF�]}WVJ=UVGEF�S�HzBEW2{IGEi�BZHV@»xC[\{IU	[�{eBZD�F=GZU	[v�»BEH0i�JPD�GZOfS�H0`aU	[�S
S�dIO=He{IO=d�[�HT]rHID8OKs	HI[�GEJ�uND8H2S8HTB>��GE[cOXHIJXWV{:OXGEUV[oS�Dw`<WVGZF={eHeWVD(W°s	HI{TBEHeFK]8J=UVO=U	[�F��a~�LNS�JPU	p	gI[�H�BEGEu�D�GZS�H � S�HB�Wz{IGEi�BZHV@���B»HeFMO�S�T^HIF=F=HI[cOXGEHIBEBZHeQ2He[cO�%bB>��deBZHe{IO=J=U	]8J=UNS�D�{IO=GEU	[2S�HIF�]�GEUV[�F#[8HeD8O=J=HeF�HIO�BZHeD�J�S�dI{eJ=UVGEF=F=WV[�{IH�He[
]�~�UVO=U	[�F

(π0 → γγ)
@

medusa_24_p1_px
Entries  256
Mean    33.92
RMS     16.26
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medusa_24_p1_px
Entries  256
Mean    33.92
RMS     16.26

Run 22524: Chan 24 pol1 ProjX medusa_24_p1_px
Entries  256
Mean    37.99
RMS     16.89
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Entries  256
Mean    37.99
RMS     16.89

Run 22573: Chan 24 pol1 ProjX

n BDo���� @�?Vi¼p���w,�V�dt�s{ds`��xV�m�65�sv�½z�s ; xVw��4��shxV�Os����¾wD����w�{ds��������Wtq�d��s¿��w��Sz�s{,/ xVz��d�qwD��wD�W�À{,/¸��´<xVw����4s��Wt
2.5 mm

s����W��s�wD���¶s��<��wD����{ds ; xVw��4��shxV�¼{ds
1µ A

��-;x`�5s����dt�s.����t(t�s���´����E{#�#�W��s�{V�dt���s�{ds
120 s

�m��w,�V�Wt�s
{ds#{Vt���wD��s#����xV�V�g{dsq������´E��x4�ds�´Et���·Vs��ExV���½{V�¯�Sz��4�&{,/ xVt�t�Á��X{ds ; xVw��4��shxV�¯s���x����4s�����s&{dsq��w��Sz�sS�

���.:���.:

�]�2 ;�>¡A��Â ÃS©A¨d§M¬e¥DÄKÅ�Æ<¬4¥�°E§Ç©A¨dÈÉ@Æ�¤4¬e¥�Å�ª�Ê�¨dÈqÅPËAÆ�¤e¦mÌÍ¨WÈvÉ@Æ�¤¿È�Å�¥�§M¬e¥�ÊuÊ�Æ<¬e¥�°E§
jC��H:|NOXJ=WV{IO=GEU	[�S8H4B>� WVFML�Q2dIO=J=GZHRS�HRs�GZU	B�W_OXGEUV[�S8H^]}WVJPGZOXdRWVD�|�WV[�pVBEHeFzWVJPJ=GEgIJ=HRH:|�GEp	HRB�Wl�}BZO=JXWYO=GEU	[�S�H

i�J=D�G�O^S�Hh`aU	[�Sv@#j�W�F=U	BZD8OXGZU	[ JPHeu�D�GZF=Hw]}WVJ4AK±���) HeFPO^B>��HeQ2]�BEU	G�S�� D�[*[8U	D8s	HeWVD S�dIO=He{:OXHeD8JmdIOXGZu�D�HIOPOXH
]rU	D8J�deBEGZQRGZ[�HeJ�BEHIF�]}WVJMOXGE{ID�BEHIF�[�U	[l{6~}WYJ=p	dIHeFe@�A,U	D�J�GES8He[cOXG��}HeJ�BZHeF�deBZHe{:OXJ=UV[�Fe�}AK±���)RWyS�dIsVHeBZU	]�]�d0O=J=U	GZF
QRUNS�D�BZHeF�]�JPUVOXUVO�LN]�HeF�S�H0S�dIO=He{:OXHeD8Je@�j�Hb]8J=HeQ2GEHIJ�O�LN]rHbS�H0S�d:OXHe{:OXHID�JfD�OXGEBZGEFPH�BEHKJ=WVS�G�W_OXHeD8J¾Î�HeJPHe[�ÏYU�sG%
WVdeJPU	p	HeB�Sv��GE[�S�GZ{eHbS�HyJPdI`aJXWY{IOXGZU	[

1.05
@�j�HeF�]}WYJ=U	GZFfGZ[�O=HeJP[�HyS�D\S8dIOXHI{IO=HeD�JKU	[cO�dIOXd&{eU	D8sVHeJMOXHeF0W°sVHe{yD�[8H

F=D�i�FMO6WV[8{eHlJ=d�-}de{6~�GZF=F=WV[cOXHeFh�uÐhGEBZBEGE]�U	JPH � @@:�H4S�GEFP]rU	FPGZO=GZ`kW\]�HeJPQRGZFzSv� WYOPOXHeGZ[�S�JPHgYo]�~�UVO=U�dIBEHI{IOXJPU	[�Fz]}WVJ
deBEHI{IO=J=U	[bGE[�{IGES�HI[cO°@tj�HCF=HI{eU	[8S&]�JPUVOXUVO�LN]�H¥HeFPO,D�[bS�d:OXHe{:OXHID�JKÎ�HIJ=HI[�ÏVUts&%�pcWV³Y@�A�U	D�J�{IH�S8dIOXHI{IO=HeD�JI�YAK±���)
W2D8O=GEBZGEF=dfB�WTQ2�eQ2HKp	deU	Q2dIO=J=GZH�S�H0S�dIO=He{:OXHeD8Jfu�D�H0{eHIBEBZHKS}WV[�FkBEHK{eWVFkS�H0B>� WVdeJPU	p	HIB>@�j�H0S�d:OXHe{:OXHID�JfD�OXGEBZGEFPH
BEHTpcWV³�Sv��GEFPU	i�D8OXWV[�H�Sv��GE[�S8GE{eHTS8H2JPdI`aJ=WV{IO=GEU	[

n = 1.0019
@Ak�HIF0]}WVJ=UVGEFKGE[cO=HeJ=[8H2UV[�Obd:OXd�{eU	D�s	HeJMOXHIFz]}WYJ

D�[mQ4W_OXdeJPG�WVDRJ=d�-}He{:OXHeD8JIxVz��W�qwD��w,Ñ�sh{#��ÒPz,xVt�@�:�H�S�dIO=He{IO=HeD�JkWz]rHIJ=Q2GEF�Sv� UVi8OXHI[�GEJ½)y]�~�UVO=U�dIBEHI{IOXJPU	[�F#]}WVJ
deBEHI{IO=J=U	[v@�j�H¥S�HIJ=[�GZHeJ�]�J=UYOXUVO�LN]�H�S8H�S8dIOXHI{IO=HeD�J,{eU	[8F=GEFMOXHÓ%kD�[zFP{eGZ[�O=GEBZB�WYO=HeD�Jr]�B�WVFMOXGZuND8HCS�HCOXHeQ2]�F�J=dI]rUV[�F=H
JXWV]�GZS�HV@�j�HTF={eGZ[cOXGEBZB�WYO=HeD�JfW4D�[8HTde]}WVGZF=FPHeD�JKS�H

2 cm
@vj�HyS8dIOXHI{IO=HeD�JbW^dIO=dT]�B�WY{edyHI[�O=J=HTBEW4{6~}WVQyi8J=HTS�H

S�G21rD�F=GZU	[THIO¥BZHeFC{IJ=GEFMO6WVDN|TS�D2{°WVBZU	J=GZQRg:OXJPHV@V:�He{eG}]�HeJPQRH:OCS�HkQ2HeF=D8J=HeJCB¶� dIBEHI{IOXJPU	[TS�G,1�D�FPd�He[2{eU	GZ[�{eGZS�He[8{eH
WtsVHe{0BEH�{°WVBZU	J=GZQRg:OXJ=HY@�:�UVQRQ2H�BZH�O6WVDN|mS�HK{IU	QR]�O6WVp	H�S�HeF�dIBEHe{:OXJPU	[�F�S�G,1�D�FPdeF�dIB�WVFMOXGEu�D�HIQRHI[cOkHeFPO�`<WYGEi�BZH

l Y



���>=���)������@?��!'��V�  ?A?ABDCE?��GFIHb���������N�N�!���KJ@L�BDoC�@?  �AB��KJ

]}WVJT{eJPGEFMO6WVB�S8D {eWVBEU	JPGEQ2gIO=J=HV�,GEB#[v��HeFPO2]}WYF2[8de{eHIF=F=WVGEJPHnS8Hn{IU	[�FMOXJ=D8GEJ=Hm]�U	D�JT{6~�WV{eD�[ S�HIFR{IJ=GEFMO6WVDN| D�[
S�dIO=He{IO=HeD�J�d:OXGZuND8HIO=O=H�S�HIF�deBZHe{IO=J=U	[8Fe@�A�±���)�WbS�de{IGES�d�WVBEU	JPF#S8H�{eUVD8sNJ=GEJ�+�)y{IJ=GEFMO6WVDN|w�¶?bi�HeJP{eH°WYD�| � WtsVHe{D�[hFPHeD�B�S�d:OXHI{IOXHID�JkdIO=GEu�D�HIOPOXHY@»j�HKOXWVD�|lS�HK{IU	Q2]8O6WVpVHKdeB�WYFPOXGZu�D�HKS�DnS�dIO=He{IO=HeD�J�HeFMO�Sv� HI[cs�GZJ=U	[

15 kHz
@

Co
un

ts

ADC-Channel ADC-Channel ADC-Channel

Aerogel Gas Scintillator

n BDo���� @�?�Ô.p¿	�´�s�����t�s��I{,/¸����s�tu�Vw�s.{ds`����wD����w�{ds�����s.s�����t�s.z�s&�hxVz���t(wD�43��ut�sIs���z�s��I{d����s�����s��Wt��#����w��S��s��u��s&{ds��
��z�s����ut����<�S�<Õ(z��X�4�����µ�V�S��s����Í�¾xV·Vs�����t���w���{Vw í���t�s�������{d���¶s�����s��dt��$��xd��t��h�ds�z;�¶����xV�m�65�s�!t7m��x4Ñ`�¶xV�5��s�����t�s�!`s��
�4��wD���uwDzDz,xV��s��Wt�¶�¿{Vt���wD��s�!V��-As ; xVw��4��shxV��{,/¸��z�s�����t����<�IwD����w�{ds���������t(t�s���´����E{¼�5�W��s#����s�t��Vw�s&{ds

315 MeV
�

j�HeF�OXJPU	GEFkS�d:OXHe{:OXHID�J=F��uÎ�HeJPHe[�ÏYU�s¯%RWYdeJ=UVp	HeB¶��FP{eGZ[�O=GEBZB�WYO=HeD�JI�8S�d:OXHe{:OXHID�J.%Rp	WV³ � U	[cO�d:OXdbOXHeFMOXdIF�]�U	D�JdIOXD8S�GEHIJCBEH#OXWVD�|ySv� dIBEGZQRGZ[}WYOXGZU	[0S�HeFC]8~�UVOXUV[�F
γ
S�DTi�J=D8GZOCS�H#`aU	[�Sv@Vj,W���p	D�J=Hb� � @�?�Ô � ]8J=deFPHe[cOXHkBZH�F=]�He{:OXJ=HSv� dI[�HeJPp	GEHTS8Hy{eU	GZ[�{eGZS�He[8{eHT]�U	D�J�D8[�FPHeD�B�{eJ=GZFPOXWVB�S8D�{eWVBEUVJ=GEQ2gIO=J=HzW°s	He{TBZHeF�O=J=U	GZFfO�LN]�HeF0S�HyS�d:OXHI{IOXHID�J=F

dIOXGZu�D�HIOPOXH¾%�D�[8H�de[�HIJ=p	GZH�S�H�`<WYGEF={IH°WVDTS8H
315 MeV

@	j�HIF�F=]�He{:OXJ=HIF¥{eU	JPJ=HeFP]rUV[�S�He[cOÓ%.Y�Q2GE[�D8O=HeF�S�H�]�JPGEF=H
S�H�S�UV[�[�deHIFe@VÖ0Jh¹V{eH#WVD�|bS8dIOXHI{IO=HeD�JPF�dIO=GEu�D�HIOPOXHY�YB¶� H�|8]�deJPGEHI[�{eH�HeFMO�S�H:s	He[�D�H#`<WVGEF=WVi�BEH¥H:O�BZHeF,{eU	[cOXJPGEi�D�OXGEUV[�F
deB�WYFPOXGZu�D�H0HIOkGE[8deB�WYFPOXGZu�D�HKF=U	[cO�S�GZFPOXGZ[�p	D�dIHeFI@

:�HI]rHI[�S}WV[cO°�V]rU	D8J�{6~�U	GZF=GEJ,He[cO=J=H�BEHIF�OXJPU	GEF�S�dIO=He{:OXHeD8J=FC[�U	D8F¥WtsVU	[�FCGZQR]�U	F=d�B>��H"×2{eWV{eG�OXd�S�DTS8dIOXHI{IO=HeD�J
{eU	Q2QRH�{eJ=G�OXgIJ=HKS�H0{6~�U	G�|r@}jC� H�×R{eWV{eG�OXd R HeFMOfS8dI�}[�GZHK{eU	Q2Q2H�BEH�J=WV]�]�U	JPOkS8Dn[8U	Qyi�JPHKSv� dIBEHI{IOXJPU	[�FkS�G�` '
`aD�F=dIF�dIB�WVFMOXGZuND8HeQ2He[cO

N elas He[�JPHep	GZFPOXJPdeF�]}WYJ�BEHfS�dIO=He{IO=HeD�JkWYDm[�U	Qyi�JPH�Sv��deBZHe{IO=J=U	[8F�deB�WYFPOXGZu�D�HeF�{eWVBE{ID�BEdIFOX~�dIU	J=GZuND8HeQ2He[cO
Nattendu @

R = N elas/Nattendu � � @ ?VÔ �
j¥��H"×2{eWV{eG�OXd�S8H�B�WKS�d:OXHI{IOXGZU	[^S�HIF�dIBEHe{:OXJPU	[�F�S�G21rD�F=dIF�dIB�WVFMOXGEu�D�HIQRHI[cO�{IU	J=JPHeF=]�U	[�S5%

80%
He[^D�OXGEBZGEF=WV[cO¥BEH

F={eGZ[cOXGEBZB�WYO=HeD�JI�	Sv��He[csNGEJPU	[
70%

He[R]�J=dIF=He[8{eH�S�DRS�dIO=He{:OXHeD8J�Î�HeJPHe[�ÏYUts¿%bWVdeJPU	p	HeB»H:O�Sv��He[csNGEJPU	[
50%

W°s	HI{
BEHKS�d:OXHe{:OXHID�J�Î�HIJ=HI[�ÏVUtsG%2p	WV³V@�Ø�GE[}WVBZHeQ2He[cO°��BEHKFP{eGE[cO=GEBEBEWYOXHID�J�WTS�UV[�{0dIOXd0JPHIOXHI[�Do{eUVQRQ2HKS�dIO=He{:OXHeD8Je@

l i
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Scintillator Photomultiplier Base

Scintillator Photomultiplier Base

n BDo��M� @�? � pj}����s����¶s��dt}���uw��S��s����¶s#{ds��}��z�s�����t����<�����V�dt�s&{ds���xV�m�65�sI�µ�W���5�S{V�dz�s`{ds`{d����s����uw����E�]��w,�V�Wt�s
{ds#{Vt���wD��s#���d��s#{d�����Sz�s#�����Wt�������s}�����<����wD�u����s#{ds¼��Ù
�5�S{V�dz�s��

j�W���p	D�J=H � � @�? � � ]�J=dIF=HI[�O=HwBEHnS�dIO=He{:OXHeD8J^dIO=GEu�D�HIOPOXH\S8HeF4dIBEHI{IOXJPU	[�F^H:O^D�[ QRUNS�D�BZHnS8dIOXHI{IO=HeD�JI@���B
{eU	[�FPGEFMOXH&%yD�[lF={IGE[cOXGZBEB�W_OXHeD8J�]�BEWVFPO=GEu�D�H���O�L�]�H0xÓÚ�'M?VUP) � S�HKS�GZQRHI[�F=GZU	[ 40 cm× 5 cm× 2 cm

��{IU	D�]�BZd.%
]�~�UVO=U	QyD�B�OXGE]8BEGE{eWYOXHID�J�S�H�O�LN]rH½ÛKA�?V?Vic?VÜ�@Yj�W��}p	D�JPH�S�H�S�JPU	GZO=HK� � @ ? � � Q2U	[cOXJPH�BEH�FMLNFPOXgIQRH�{IU	Q2]�BEH:O�S�DS�dIO=He{IO=HeD�J�dIO=GEu�D�HIOPOXH¥Sv��deBZHe{IO=J=U	[8Fe@_AK±���)�W�{eUV[�FPO=J=D�G�O�S8HeD�|b{IU	D�J=UV[�[�HeF,S�H½Ô	?�Q2U�S�D8BEHeF�S8H�FP{eGZ[�O=GEBZB�WYO=HeD�JPF
�<{6~}WVu�D�HK{IU	D�JPU	[�[�Hf{eU	[cOXGZHe[cO � ?bQ2U�S�D8BEHeF � uND8G�{eUVD8sNJ=He[cO�O=U	D�F#BEHeF�{eJPGEFMO6WVD�|RS�D4{°WVBZU	J=GZQRg:OXJ=HY@cj�Wz�}p	D8J=H� � @�? l � Q2U	[cOXJPH�BZHwS�dIO=He{:OXHeD8Jhd:OXGEu�D�H:O=O=H!GZ[�O=dep	JPdwS}WV[�FnB>��He[8F=HeQ&i�BEHwS�D S�GZF=]�U	F=G�OXGZ`bH�|8]�deJPGEQ2He[cO6WYB>@�j�H
F=GEpV[}WVB�GEFPF=DnS�DnF={eGZ[cOXGEBZB�WYO=HeD�J�HeFPOfD8O=GEBEGZF=d�S�WV[�FkB�WT{°WYJPOXH0Sv� WV{IuND8GEF=G�OXGZU	[lS�H`ÐhHeS�D8FXW8@���B�HeFMOfGZ[cOXJ=UNS�D�G�OkHe[
{eU	GZ[�{eGZS�He[�{IHKW°s	HI{�BEHfF=GEpV[}WVB»S�Dm{°WYBEU	JPGEQ2gIOXJPHV@�j�U	JPF=u�Dv��D�[�H�]}WYJPOXGZ{eD�BZHf{6~�WVJ=p	dIH�OXJ=W°s	HeJPF=HKBZHfFP{eGE[cO=GEBEBEWYOXHID�Je�
B>� WV{eu�D�GZF=GZO=GEU	[RS�HKS�U	[8[�deHIF�HeFPOkS8de{eBZHe[�{6~8deH0F=GrD�[�HK]}WVJMOXGZ{eD�BZH�WyS�dI]rU	FPdKF=U	[mdI[�HeJPp	GEH�S}WV[�F�D�[m{IJ=GZFPO6WYB�S�D
{°WVBZU	J=GZQRg:OXJ=HY@

n BDo���� @�? l p^-AsI{d���¶s�����s��Wt¾�4��wD���uwDzDz,xV��s��dt&s�����wD�������Vt��.{�xV�<��z�sI{Vw���´��4��wD��w ; s��"´���t�wD�5s�����xVzM{ds�Ý}|�~¾�E�MÕ�z]s����
´Ez,xd���}s����ut�s&z,xj�65<xV��St�s`{ds`{Vw Þ¾����w����ßs��Óz�s��}��t(w����yxV�P�g{V���hxVz���t�wD�43���t�sS�
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à�WV]�]�HeBZU	[�FKu�D�H2B>��U	id/PHe{:OXG�`#]8J=GE[8{eGE]�WVB�S�H�B>��H:|�]�deJPGEHe[8{eH2S�H2A�±���)nHeFMO&S8H2Q2HeFPD�J=HIJ0BEHeFK`<WV{:OXHID�J=FbS�H
`aU	J=Q2Ho`<WVGZi�BEHIF4S�D [�D�{eBZdeU	[

G̃E

HIO
G̃M

]�U	D�J4D�[ QRU	Q2He[cO^O=JXWV[8FP`adeJPd
Q2 = 0.23 (GeV/c)2 @¾:�HI{eG

sVW�]�HeJPQRH:O=O=J=HoS8H\S�dIO=HeJPQRGZ[�HeJRB�W!{IU	[cOXJPGEi�D8O=GEU	[ S�D*u�D}WVJhÏ dIO=JXWV[8p	HwWVD�| S�HI[�F=G�OXdIFmS�H\{6~}WVJPp	H\H:OmS�H
Q4WVpV[�dIO=GEFXW_OXGEUV[mS�Dh[�D�{IBEdIU	[v@}��DN|np	JXWV[8ShWY[�p	BEHIFkS�H0S�G21rD�F=GZU	[v��B¶��WY[�p	BEH�QRUtL	HI[oS�H0S�d:OXHI{IOXGZU	[nHeFPO

θe′ =
145 7 @�:�U	QRQ2H�[�U	D�FzB>� W°s	U	[�F0sND�S}WV[8FzBEWnFPHe{IO=GEU	[��>?�@�Y�@ � � ��BEWn{IGE[�dIQ4W_OXGEu�D�H�S�H2B�WlS�G,1�D�FPGEU	[�H:|�GZp	HRD8[`<WVGEFP{eH°WYD Sv��deBZHe{:OXJ=UV[�FRGZ[�{eGZS�He[cO2S�H

0.315 GeV
@¥��WV[�F2{eHIFR{IU	[�S�G�OXGZU	[�Fe��BEHmF=]�He{:OXJPHoH:|�]�deJPGEQ2He[cO6WVB�S8H

S�G21rD�F=GZU	[ldeBEWVFPO=GEu�D�HKdeBZHe{:OXJ=UV[W'�]�JPUVOXUV[nJPdeFPD�BZOXWV[cOkHeFPOfS�U	[8[�d0]}WVJ�B�W&��p	D�J=HR� � @ � U � @
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315 MeV
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ì,¨K²�³}¨6«:®<§X¨&©N¨y«6¯_¤�´�«:¤<©N¨:´�«6¨&¨:´}®<§X¨bE¨�²t«:¤�´}®<¤���ªV®¸¨:¦N§y¨:®#E¨T«=ªVE¯_§�¤�±5í:®<§6¨e·

ó�îKüó�îKü

ö Ã ÎPË ÃIÅ É Â=Ã�Ä�Ã�Ä ÏZø Á Î=ÏZÇ	È Ã ÎPÉ ÊEÃ�Â ÐeÎ Á�Ê ÉX¿YÉ Ä8Ã
5 mn

Ä�Ã Ë Â ÏZÎ Ã�Ä8Ã�Ä Ç	È8È�Ð Ã Î¥¿ ÒVÃeÅ�Á È&Õ<¿VÏEÎ ÅeÃ ¿ ÁyÄvõ Ð ÊZÃeÅ É Â Ç	È
Ävõ ÏZÈcÉ Ã È8Î=ÏZÉ=Ð

20µA
¢�ü ú ¿VÌ Á�Ã Î=Ë ÃeÅ É ÂPÃzÅ Ç Â=ÂPÃ Î=Ë�Ç	È Äo÷2Ä8ÃeÁ Ó ú ÏZÎPÉ=Ç À	Â ¿YÆRÆ Ã Î Ä8Ã ÉX¿ Á Ó Å Ç	Æ2Ë8É6¿ ÀVÃbÄ8ÃbÄ8ÃeÁ Ó

ÐIÉ6¿_ÉXÎ Ävõ ú Ð Ê Ï Å Ï�ÉXÐ Ä�Á Õ<¿VÏEÎ ÅeÃ ¿ Á ÏEÈ Å Ï Ä8Ã ÈcÉ°¢�ö Ã Î=Ë ÃeÅ É Â=Ã Ë Â ÐIÎ Ã È�É Ã^Á È!Ë�Ï Å Ð Ê ¿VÎPÉ=ÏEÌ Á�Ã2÷lú ¿ Á É Ã ÐIÈ ÃeÂPÀ Ï Ã Ì Á Ï
Å Ç ÂPÂ=Ã ÎPËrÇVÈ Ä ÷�Ê ¿ Ä ÏZø Á Î=ÏZÇ	È Ð Ê ¿VÎMÉXÏEÌ Á�Ã

e + p → e + p
¢#ö õ Ã ÓNÉ Â ¿ Å ÉXÏZÇ	È Ä�Ã\Ê¶õ ¿YÎ�ïNÆRÐ:É Â Ï Ã È8Ð ÅeÃ Î=ÎPÏZÉ ÃwÄ8Ã

Î=Ç Á ÎMÉ Â ¿VÏ ÂPÃ�ÊEÃ Î Å Ç	ÈcÉ Â Ï Í8Á ÉXÏZÇ	È�Î Ä8Ã ÎCÐ Ò ÐeÈ Ã Æ Ã ÈcÉXÎ¥ÏEÈ�Ð Ê ¿VÎMÉXÏZÌ Á8Ã Î Ã É Ä�Ã ÎCË ú ÇVÉXÇVÈ�ÎC¿ Á ÎPË ÃIÅ É ÂPÃ�Ã Ó�Ë�Ð Â ÏZÆ Ã ÈcÉ6¿ Ê ¢
ó ÁhÅ Ç Á�Â Î Ä�ÃbÅeÃbÅ6ú ¿VË�Ï�É ÂPÃ Ñ»È�Ç Á Îf¿ Ò Ç	È8Î Ä Ð ÅeÂ Ï�É ÊEÃ0Ä ÏEÎPËrÇVÎ=ÏZÉ=ÏZÕ Ã Ó�Ë�Ð Â ÏEÆ Ã ÈcÉ6¿ Ê�Ä8Ã ð�ò�ó�ô4È8Ð ÅeÃ Î=Î=¿VÏ ÂPÃ&÷

Ê ¿yÆ Ã Î Á8Â=ÃKÄ�Ã�Ê¶õ ¿YÎ�ïNÆRÐ:É Â Ï Ã�Ä ¿YÈ�Î Ê ¿ Ä ÏZø Á Î=ÏZÇ	È
~ep
¢�ö Ã�Å6ú ¿VË�Ï�É Â=Ã Ë Â Ð Å Ð Ä�Ã ÈcÉfÆ2Ç	ÈcÉ ÂPÃ�Å ÇVÆRÆ Ã ÈcÉ Ã ÎPÉ Â=ÃIÊ ÏZÐ ÃÊ>õ ¿VÎ�ïNÆ2ÐIÉ Â Ï ÃzÄ�ÃyÒ ÏEÇ Ê ¿YÉXÏZÇ	È Ä8Ã Ë}¿ Â Ï�ÉXÐ&¿ ÁwÅ Ç	ÈcÉ Ã È Á Ð:É Â ¿VÈ À	ÃTÄ�Á È Á�ÅIÊ ÐIÇ	Èv¢�ö ÃyÅ6ú ¿YË�ÏZÉ Â=Ã Î Á Ï Ò ¿VÈcÉ Ä Ð:É6¿VÏ ÊEÊZÃÊEÃ Î Ä ÏZørÐ ÂPÃ ÈcÉ Ã ÎKÐIÉ6¿YË Ã Î Ä�ÃyÊ¶õ ¿VÈ�¿ Ê ïNÎ ÃzÄ�Ã Î Ä Ç	È�È�Ð Ã ÎKË�Ç Á�Â�Ã ÓNÉ Â ¿YÏ Â=ÃzÊ>õ ¿VÎ�ïNÆ2ÐIÉ Â Ï ÃzÄ�Ã&Ò ÏEÇ Ê ¿YÉ=ÏEÇ	È Ä�Ã Ë}¿ Â ÏZÉ=Ð

ËrÇ Á8Â�ÊZÃ Î Ä�ÃIÁ Ó Å ¿YÎ Ä8ÃbÄ ÏZø Á Î=ÏZÇ	Èv¢

ÿ�ð
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:��y{6~��������������:|��������! ��"���$#&%'�(���)�*#,+-�"�/.0��12���435#��6+-�*#,+�7�1�1�%*�$#8+��"�9.0�;:-�)%*�<���$1�=*�?>K±���)�@r�A�B�-��%*#<�*1C�D�
=*7FE	EG�$1C�H7F1I�;:����D���4�H �1-�8��#<35E	%$�������J��KC35#����! ��I%��2���<�����L+M.N �1O�(�� 5:O+��&=*7FE	�-�(�QPF�&%$�R��#S�D���! ��JT��� ��

N±+� U=V�Q��7F�<��E	W$�D�<��@YXZ�[#�%*���*='�D��7�1\+��$#]+�7�1�1�%*�$#O=*7������$#��)7F1�+2�Q1!�
%^+��$#]=$7F1�+��4�D��7�1�#_+��a`b�Q��#�=$�V�� \#<�D��T����Y�
=*7F1�#S�D�4�D ��J �1��&%'�(���)�&��EG�)7F�S�(��1C�D�c+��J�R�d����%$�2�����Q�D��7F1G+-�&�/.0��12�Q��35#��Q@�XZ�e+�%$���*��E	��1��Q�D��7F1_+��&�9.f��#S35EG%'�D�����
1�%*=$�*#�#<�����?+M.0�;:5�D�D�Q�������R�	=*7F1C�D�<��T� ��D��7�1g%*����#<�����! ��6�� h#��)�*='�D�<�"�':��)%*����EG�$1C�(���9@�:��'�����?��#<35E	%$���������':��)%*���>'
EG�$1!�D����� Aexp +�%*�)�*1-+]+��$#L1-7FE"T��<�*#Y+��c+��,1i �#<��7F1-#j%*����#<�����! ��*# ~ep +2�Q1�#Y���$#Y+��* �:?%$�(�k�D#l+��m�)7F�R���<��#��Q�D��7F1+� [`b�Q��#�=$�V�� n��1�=*��+��*1C�V@]:�7FEGE	�"1�7� �#d�*1[�VoF7F1�#e+���#�=* ��D%_����%$=*%$+��*E	EG�$1C�Opq#��$=$�D��7F1^r�@�Y�@sr�t:�M���6�(�� 5:n+��
=*7FE	�-�(�QPF�h%*����#<�����! ��h�)7F ��G=(K2���! ��n%$�D�Q�I+��u�)7F��������#D�Q����7F1

N±
�$#<�I`q7F1�='�D��7F1U+��u���v#��$=$�D��7F1w�"×	=*��=*�

+��21x%*�<�*1C�D���*�����,+��&Ü�7F�<1yp
dσb/dΩ

t8p9zY�{@A+F@,+eÔFt'@8�A�M#*.N%*=$�����&f

N± =
I±
e

e

(ρ`)±

A
NA

(∫

∆Ω±

e′

dσb(E
±
e , θe′)

dΩe′
dΩe′ ± P±

e

∫

∆Ω±

e′

dσb(E
±
e , θe′)

dΩe′
APV (E±

e , θe′)dΩe′

)
T±

p�)�@,+|t
�}o��*=

T = T+ + T−
�R�e+� ���%$�8+M.N �1O�� -1v�

I±
e

���&=*7� ��D��1C��+M.0%$���$=$�D�<7F1�#I�
P±

e

�R�e�x7F��������#D�Q����7F1_+� G`b����#<=*�V�Q v�
ρ±

���,+��*1�#<����%~+-�~�9.0KC35+��<7FPFW*1-�~�����! ���+��V�
`±
���,��7F1�P� ��* ��Y+-�~���,=*��T����Y�

A
���H1-7FE"T��<�~+-�~EG��#<#��m+��c�R�,=$��T����

�$� NA

���G1�7�E"T����	+M.���o�7FPC��+-��7�@
e
���$����%$#��$1!���O�R��=(K2���<PF�]+-�]�/.N%*���*='�D��7�1^�'�

E±
e

�/.N%*1��$��PF���_+� ^`b����#�=$�V�� 
��1�=$��+��$1!�*@�XY.N%*1��$��PF���

E±
e

�����$1�+��*1y=$7FE	�-�D�G�R���)�*�S�D�O+i.0%$1��*�<PF���G�2���6��7F1���#D�Q����7F1[�$�6�2���6T-���*E	#�#S�D����KW'
�� �1�P]�':5�D�$��1��Q@]:�7FE	EG�e1�7F -#&�/.0�VoF7F1-#&o5 h+2��1�#&�R�_#��*='�D��7F1�p � @sr�@*)!t��x�����<�*1CoF�$��#��$EG�$1C�d+��"�/.NK�%$����=$����%8+��*#
%*���$=$����7F1�#��*#<�H7F�x%$��%8�Q O1���o��V�� I+-�&�R��#�7F ��<=*�Q@�:��*=$�i�)�* -�H#*.0��=*=$7FEG����PF1��$�H+M.N �1I��%$PF�*�L+�%*�-�R��=$�*E	�*1C�m+� 
`b����#<=*�V�Q u�$�8�Q��1�#<�BE	7�+-�Z�2�$�J���6�)7F��1C�J+M.0��EG����=$�&+��*#,%$���$=$�D�<7F1�#,#< ��,���G=*��T����Q@)Xl.N%*�! 2�k�D��7�1�p�)�@,+|tmEG7F1C�����
�5 -�&���$#Yo��Q���R�k�D��7�1�#Y+��*#L���<7F������%$��%*#l+� G`b�Q��#�=$�V�� gpb��1C�D�*1-#�����%c+� G`b����#�=$�V�� v�C%$1��*�<PF���Y�!�x7F#<������7F1_K�7F�<��³$7F1C�(�����
�$�moF�$�<����=V�Q���8+2��1-#m�R�6=$��T����,�$�c���*#m��1-PF���$#H+��d+�%"-��':���7F1�K�7�����³$7F1C�(���x�$�mo��*�<����=*���i+2�Q1�#c�R�6=$��T����}t��$1!�����8���*#
+��* �:��2P� ����$#�+��G�x7��R���<��#D�k�D��7�1h+��*#e%*���*='�D��7�1�#e�Z��1C���*�<o5���*1�1��$1C�"+������*='�D�$EG�$1!�e+2�Q1�#��9.f�Q#<35EG%'�D�<���_�':��)%*���>'
EG�$1!�D�����Q@ZzY1^��1i�'�°�Z�/.0��#<35E	%$�������6+� v=$7F ��D�Q1!�e�'�����I+��21x%*�<�*1�=$�	+-�*#e�2���D�QEGW'�D���$#d�*1C�D�<�G���*#d+��* 5:[%$�(�k�D#
+M.0K-%*����=*�4�D%?��1-+� ���#<�*1C��+��*#d`b�� �#<#��*#6��#<35E	%$�������$#d�5 -�L#<7F1C�6=$7F���<%*��%*�*#`%��/.NK�%*����=*�4�D%Q@MXY.f�Q#<35EG%'�D�<���_EG�$#� ��<%*�
+�7F���~�Q��7F�<#H�$�����d=*7F�<����PF%*�d+��d=*�$#m`b�� �#�#<�*#J��#<35E	%$�������$# Afausse

Aexp = Pe Aphys +Afausse p�)�@frFt
�J7F �#~������7F1-#�oF7����H+2�Q1�#c���,�2�Q�D��PF������K��?p�)�@,+F@fr�@sr�t��! ��8o� ����"#<�(�QT��������D%J+� I`b����#<=*�*�� I+M.N%*���$=$����7F1�#c+�%$���4o��<%
%��/.N�':��)%*�<���*1-=*�	>K±���)g�$���R�I#<%*���$=$����7F1[����PF7F ��<�* �#<�G+��$#��< �1�#e+��	+�7F1�1�%$�*#$�B���	=*����=$ ��Y+�� Afausse �x�$ -��$�D�<�d�"1x�*=$�� �%e�VoF�*=d �1-�,�D��W$#mTx7�1�1��8���<%*=*��#���7F1I�*1�#��d����E	���(�Q1!�½%" �1�+�%'oF�$��7F���)�*E	�*1C�~+��8�B�V3���7F�m�� 6+ er
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7F��+��<��@iXl.0��#S3�E	%$������� Aphys �<%*#� -���(�Q1!���6+�7����J�$�D�<�}%]#<7F1g��7F ��&=$7F���<��PF%$��+- h`q7F1�+g�-K!35#<���! ��?�)7F���� 2��1C�~�$�
+��*#e�"1x�$��#�����+��R�k�D��`q#&��1C�D�$��1��$#

R
�x7� ��d���*E	7F1C�D�$�&%����Oo��Q���$ ��8+�� APV

@@:��,'��Q����W$#*�1�7F -#��Q����7�1�#,%*=$�������
�/.N�':������$#�#<��7F1�PF%$1�%*�������O+-�I�/.0��#<35E	%$�D�<���G�':��x%$����EG�$1!�D�����]�*1y`q7F1�='�D��7F1�+��O�9.f��#S35EG%'�D�����]+��Oo5��7F�R�Q����7F1^+��
�2�����4�D%8�<�*=(K��$��=(K�%$��@

Aexp = Pe Aphys + (Afausse)1erordre

p�)�@ � t

Aphys =
1

R

NLH2 APV + Ninelas Ainelas + Nγ Aγ + Nalu Aalu

NLH2 + Ninelas + Nγ + Nalu

p�)�@*)!t
7�3 f

NLH2

�$#<�e���"�D�� �:n+-�	=$7FE	�-�(��P��?%*�R�Q#<�D���! ����1�7�1[E	�*#< ���%_+��_EG��1���W*���?��#�7F��%*�Q�M+2��1�#d���O+��21x �#���7F1
ep → ep

�
NinelasAinelas �<�*���<%*#��$1C�D�v����=$7F1C�D�<��T� -����7F1�+��$#�%'oF%$1��*E	�*1C�D#g��1�%$�R��#S�D���! ��$#*@cX�n����75+� ��4�

NaluAalu ����-2W$���8�R�6=$7F1C�D����T� -����7F1G����7}oF�$12��1C�~+��,���6+��21x �#<��7F1G+��*#m%$���*='�D�<7F1�#H#< ��m���$#�`q�*1-�$�D�<�*#c+M.N�*1C�D�<%*��$��+��u#<7F�<�����h+��u���y=*��T������$���*1��21
Nγ Aγ =*7F1�#S�D�4�D ��u���v=*7F1C������T- -�D��7F1U+��$#aPF��EGEG��#G����7}oF�$12��1C�a+��

�/.N%*���$=$����7F���<7�+- �=$����7F1I+��$#J�-��7F1�#
π0 �'�c���* -�~+-%*=*�<7F��#<#D��1-=*�d�*1a��K�7���7F1�# γ (π0 → γγ)

@
�J �:���1-PF���$#m�Vo��Q1!��p

θe′ ∼ 35 7 t8p��2PF ��<�.)�@,+|t'���R�"E	7�+�%$����#D�Q����7F1	+��*#m�-��75=*�*#<#� �#~+M.N%*���*=$����7F�-��75+� �=$����7F1
��1C�D�$�<oF�$12��1C��+2��1�#8���O+�%$���*��E	��1��Q�D��7F1h+��?�9.f��#S35EG%'�D�����"+��"o5��7��R�Q����7F1�+��_�2�����4�D%"+-�?�/.N�':��x%$�����*1�=$�G>K±B��)
�O�x�$��E	��#,+M.N�*#S�D��EG�$�,�R�]=$7F1C�D�<��T� -����7F1g+��*#8��K-7��D7F1-#d�� u#��)�*='�D���v%

1%
�'�d+��?+�%:�21����&+��*#8=$7F ��� ��<�*#d�*1

%*1��$��PF���&+2��1-#����c#<�x�$=$�D�<�,�':��)%*�<��E	�*1C�(���9@!XZ�6�x7�#�������7F1_+��J�R�d=*7F -�� ����&��%'�D%&=(K-7F��#<���~#� <×	#D�QEGE	�*1C�HK��� -�
p9�� n+��$#�#� -#e+- [#<�* ����j+� u����7F1{tJ�)7F ��&#*.0�P1i����1�=(K����,+��?���O=*7F1C�D�<��T� ��D��7�1h+� u`q7F1�+u�)7F���� 2��1C�,+i.0%$���*='�D�<7F1�#
��1�%$�R��#S�D���! ��$#m�$�~+��dPC��E	EG��#8�>+|rVik�9@
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Entries  256
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∆Aexp
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exp)2
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∑
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�/.0��#<35E	%$�D�<���d#� -�&�R�_�� -EG��1�7F#��4�D%Vt'@�X�$#JoQ�����$ ���#~E	7|3��*1�1-�*#&+-�6=*�$#&�2�Q�D��E	W$�����*#

Y j
i

�)��#�#<7�=$��%$�*#�%	=(K2���! ��
�� �1

(i)
�2#< ��

N
�< �1�#c+��$#<�D��1�%*#�%?�/.0��12���435#��8#�7�1!�~+�%'¬21����*#c=*7FE	E	�qf

Y j =
1

N

N∑

i=1

Y j
i ,

p�)�@2+V×Ct

>����&���������* -��#*�27�1g+�%'¬21����
δY j

i

�{=$7FEGE	�e%$�(�Q1!�&�/.N�*�<���* -�J#< ��&�����2�Q�D��E	W$�����
Y j

i

�x7F -�J �1g�� �1
(i)

+�7F1-1�%�@
XZ�$#I�*�<���* -��#I#� -�O=*�$#a�����D��E	W$�����$#�f�+-�21x%*���$1�=*�$#I+��u�)7F#��4�D��7�1M�l���*#O��1�PF���*#]+-�h+�%"-��':���7F1��'�I�/.N%*1��$��PF���
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Chisquare: 43.951 / NDegFree 
Chisquare reduced: 0. 845
m= 9. 734e-06 +- 1.661e-06

b=-1.6 45e-06 +- 3.065e-06
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X1 �&#<35E	%$�������d+��d=$7F ��D�Q1!�
AI = (I+ − I−)/(I+ + I−)

X2 �&�21x%*�<�*1�=$��#< ��c�R�"�)7F#��4�D��7�1IK�7F���2³*7F1C�D�����,+���1�#c�R�?=*��T����
∆x = x+ − x−

X3 �&�21x%*�<�*1�=$��#< ��c�R�"�)7F#��4�D��7�1OoF�*�S�D��=V�����8+2��1�#c�R�?=$��T����
∆y = y+ − y−

X4 �&�21x%*�<�*1�=$��+M.0��1�P����8K�7F�<��³$7F1C�(���M+���1�#c�R�"=$��T����
∆θx = θ+

x − θ−x
X5 �&�21x%*�<�*1�=$��+M.0��1�P����,oF�$�<����=V�Q�+2��1�#c�R�"=$��T����

∆θy = θ+
y − θ−y

X6 �&�21x%*�<�*1�=$��+M.N%*1-�*��P����
∆E = E+ − E−

Ý �BÞ � )�@9)5p[ãµ�"´Et�s�����w����<�v{ds���´<xVt�xV�]����t�s��{V�?�"xVw��4��shxV�5´����Wt5�(�<x��S��sqt(�d�
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Xl.0��12�Q��35#��J+��*#�+�7F1�1�%$�*#m�Q �:]��1�PF���*#��}oQ��1C��#��*='�D�$ ��H�2���L#��$=$���* ��H�)�*�<EG�'��+i.0�;:����D�������J���*#L=*75�"×	=$���*1C��#H+��
��%*P����*#<#���7F1

aj =*7������$#��)7F1�+2�Q1!�X%d=(K2���! ��&#<�*='�D�* -�*@�X��8�(�QT�����p�)-@ YFt��-��%*#<�*1C�D�&���*#YoQ�����* ��<#L+-�*#L=*75�"×	=*���*1C�D#
�x7F -�J+��,1i%$���$1!��#J#<�*='�D�* -��#

s = 1, 2, 5, 6
@2X�*#J#��$=$�D�$ ���#

s = 3, 4, 7, 8
#�7�1!�J7FE	��#c�� ���#��! M.N���1M.N�':���#<�D���2��#

+��m+�7F1�1-%*�*#Y=$7F���<�*#<�x7F1-+2��1C�D�$#*@!zY1?`b�����*�k�)�*1-+2��1C�l�R�&�)%*�<��75+���+-�H�R�&�-����#<�H+��m+�7�1�1�%*�$#l�� �:"��1�PF���*#Y�VoQ��1C�
%

Q2 = 0.23 (GeV/c)2 ���8=V����7F����EGW'�D���J1M.N%$�(�Q���c�2��#c�$1�=*7F�<�d=*7FE	�����'�V@

#
a1 a2 a3 a4 a5 a6

(10−6/µm) (10−6/µm) (10−1/Grad) (10−1/Grad) (10−8/eV )+
1.01± 0.09 18.19± 13.92 −5.39± 13.59 −3.67± 5.05 −2.10± 10.65 5.52± 5.36r
0.92± 0.09 −0.20± 14.30 −0.08± 14.18 −0.29± 5.09 −0.36± 10.85 5.40± 5.43Y
0.87± 0.09 −21.90± 14.49 −12.67± 14.14 −0.49± 5.27 9.57± 11.12 −4.90± 5.59i
1.13± 0.09 3.04± 13.98 −12.69± 13.69 −1.32± 5.05 8.28± 10.67 −3.48± 5.36

Ý �BÞ � )�@�Y
p |�xVz�s��dt��
{ds��¿���4sLQ ��w�s����D�¼{ds¼t����Vt�s�����w����
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{Vw Þ���t�s������#�4s����¶s��dt��

s =
1, 2, 5, 6
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Ðg�Q��1C�D�$12��1C���! ��J���$#�=$7���×G=$���$1!��#�+��J��%$PF���$#�#���7F1]#<7F1C�H+�%'�D�$��E	��1�%$#*�!���$#���#S35EG%'�D�����*#L�':��)%*����EG�$1C�(�����*#
7FT-�D�$1! ��*#8�)7F ��J=(K2���! ��"#<�*=$���* ��	pbzY�)@M)�@ l tc#<�*�<7F1C�8=*7F�<����PF%*�$#&+��$#&`b�� �#<#��*#d�Q#<35EG%'�D�<���*#"pq�D��T����&)�@9iCtm�2���
����������=V�k�D��7�1O+��d�/.N%*�! 2�Q����7F1^p�)�@srPUCt'@

>B���D��E	W$����� :�7F���<�*=$����7F1[� ����E_� zl�<���$ ��6� ����E_�
AI

U-@9iV) U�@�UV)
∆x, ∆y

'¶U-@9U � U-@�UFr
∆θx, ∆θy

U-@9U � U�@�U �
∆E

'¶U-@9U�Y U�@�UCr
Ý �BÞ � )-@�i�p |�xVz�s��dt��G{ds��¯����t(t�s����uw����<�j{ds��8�"xV�Í���4s��gx���ÒP�5����t(w�s����¶xV�d�Vz�s��GxV·�xV����!5´����dtgz�s��G{Vw Þ���t�s������
�4s����¶s��dt��#{V�6�hxVz���t(wD�]����t�s

s = 1, 2, 5, 6
�R�>+|rP)|�

:�7FE	E	�e1-7F �#,�9.f�VoF7�1�#,��1-1�7F1�=$%6+2��1-#&�R�	#��$=$�D��7F1 � @ l �{ �1���1�7F -o��*�����6E	�*#< �����+M.0��#<35E	%$�D�<���e+���o5��7P'
�R�Q����7F1O+-�e�������4�D%

Q2 = 0.23 (GeV/c)2 �Q �:���1-PF���$#c�����<��W*�<�&oQ�?�x�$��E	�$�������8+��8#<%*�2�Q���*�c���*#H`b��='�D�* -��#c+��`q7F��E	�c%$�D����1�PF�$#
G

s

E

�$�
G

s

M

@5>B�$1�+2��1C�m���d�-���*E	��W$���cE	7F������%m+��~�/.0��1�1�%$�,rPU�U�i-�!>K±B��)"�eEG�$#� ��<%J�9.f�Q#<35EG%('
�D�����8+��8o5��7F���Q�D��7F1]+��d�2�Q������%.%

Q2 = 0.23 (GeV/c)2 �� �:OPF�D�Q1�+�#~��1�PF���*#m+��8+-�21x �#���7F1I=*7F�<���$#��)7F1�+2��1C�%_ -1��d%*1��$��PF���8+��8`b����#<=*�V�Q I+��
315 MeV

@{>B�$1�+2��1C�~=*�'���D�d�)%*�<��75+��,+��d���<��#��8+-�e+-7F1�1�%$�*#*�{>K±B��)G�_��=�'
=* �E" -��%

550h
+��&���*E	��#H+��J`b����#<=*�V�Q M@-XY.0��=*�! ���#��4�D��7�1]+��,+-7F1�1�%$�*#m�*#S�m��%*������#�%$�&�*1I=$7F��1-=*��+-�*1�=$�,�*1C�D�<�8���

=V����7F����EGW'�D���c�'�H���~#�=$��1C�D�������Q�D�$ ��Y���R�Q=*%~�*1C�D�<�,�R�d=(K2��E"T-���,+��J+��21x �#<��7F1	�$�����~+�%$���*=$���* ��H>lT�Ø
2
@-XZ�d�(��T����

p�)�@�ÔFt,����%$#��$1!���O���$#8o��Q���* -��#e+��G�9.f�Q#<35EG%'�D�<���?�$�����$#d+��21x%*�<�*1�=$�*#6+-�G�2�Q�D��E	W$�����*#d=$7F���<%*��%$�*#`%a�9.0K-%*����=*�4�D%�@
X��_=*7���7F1�� � +�7�1�1��d���$#Ho��Q���* -��#c�*#S�D��E	%*�$#c+��*#m`b�� �#<#��$#&��#S35EG%'�D�����*#~�� �#~��1-PF���$#c�����<��W*�<��@

+�+�+
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>��Q�D��E	W$����� ±L�����$ �� zl#S�V@�`b�� -#�#�����#S3�E	%$�������_�N���-E	�
AI −0.31 ppm

U-@ � +
∆x −0.10 µm

U-@,+eY
∆y −0.04 µm

U-@9U�i
∆θx −7.41 nrad

U�@�U �
∆θy −3.00 nrad

U�@�U<+
∆E −0.21 eV

U-@9U�U
Ý �BÞ � )-@ Ô&p |�xVz�s��Wt��`{ds��qs�����wD�xV��w����<�`{ds��Y�"xV�����4s��`x���ÒP�5����t(w�s��#xV�V�
xV�d�Vz�s��`xVt(t�w/��t�sS�

Xl.0�����-����=*�Q�D��7F16+-�m�R�&�<%*PF�<�*#�#<��7F1?#< ��j�D7� -�D�$#Y���*#�+�7F1�1�%$�*#Y�)�*�<EG�'�Y+M.N7FT-�D�$1�����K5 -���l��#S35EG%'�D�����*#j�-K!35#<���! ��*#
Aphys

s

=$7F���<�*#��)7F1�+���1C�$%"=(K2��=* -1�+��$#m#��$=$�D�$ ���#~+� I=*����7F�<��E	W$�����
(s)
@-�&��1-#��/�5�R�e�(��T����_p�)-@f×CtL����%$#��*1C���e���*#

o��Q���* -��#m+��$#J�Q#<35EG%'�D�<���*#m�-K!35#<���! ��*#J��#<#�75=*��%$�*#¾%?=(K2���! ��d#<�*=$���* ��
(s)

+2��1�#m���8=V��#m+��8���"+�%$���*='�D��7�1��Q �:
��1�PF���*#~�Vo��Q1!�*@

#<�*='�D�* -� Aphys
s

p
10−6 t+ −3.84± 1.17r −5.42± 1.22Y −6.76± 1.22i −7.11± 1.18

Ý �BÞ � )�@0×5pö|�xVz�s��dt��¿{ds��x���ÒP�5����t(w�s��.´2�dÒe��w��S��s��5xV�V�6xV�d�Vz�s��5xV·�xV����´����dtz�s��5{Vw Þ���t�s����D�q�4s����¶s��dt��5{V�
�hxVz���t�wD�]����t�s

s = 1, 2, 5, 6
�R�>+|rP)}�

Xl.0��#S3�E	%$�������e�-K!35#<���! ��d�D7��D�����8�Q��1�#<�M�! ���#<7F1a�*���<�* ��c=$7F���<�*#��)7F1�+���1C�D�e#�7F1C�~+�7F1�1-%*�*#~�2���.f

Aphys =

( 8∑

s=1

1

(∆Aphys
s )2

)−1( 8∑

s=1

Aphys
s

(∆Aphys
s )2

) p�)�@9)CrFt

∆Aphys =

( 8∑

s=1

1/(∆Aphys
s )2

)−1/2 p�)�@9) � t

�,��1�#8���"=V��#&7�3u�R�GoQ�����* ��&+��
∆Aphys

s

�*#<�d�-�D�Q�����! ��*E	�*1C�8��1�+�%$�x�$1�+2��1C�D�?+- u#��*='�D�$ ��
(s)

�9.f�Q#<35EG%'�D�<���
��KC3�#<���! �����%*#< ����D��1C�D�d#��d�<%*+� ��4�$%¿f

Aphys ' 1

8

8∑

s=1

Aphys
s

p�)�@9)V)!t

XY.0��#<35E	%$�D�<���]�Q�����*1�+� -�I+��]o5��7F���Q�D��7F1[+��I�2���<���D%G+�%*�)�*1-+�+-�O�/.0��1�PF���G�)7F�������<�
θe

E]����#61��]+�%*�)�*1�+
�2��#6+-�]�/.0��1�P����	�V³*��E" -�D���

Φe

@B�&�$#6�"1x�$��#"�)�*�<�� ���T��Q�D�$ ���#��5 -��+�%$�x�$1�+��$1!�"+��
Φe

�x�$ -oF�$1C�?�*1�P��*1�+��<�*�
+��*#J�*���<�* ��<#&#S3�#S�D%$E]�Q�����! ��$#*@xzl1C�����"�Q -�D�<���{����$1g#��$�D���4�J����1�#<�Z#��Z �1���=*7FE	�x7�#D��1C�D�8���D��1�#SoF�$��#��6+� g#<����1
+M.0%$���$=$�D�<7F1���1�=$��+��$1C�c�':���#S�(���4�V�-=$�*������'Ö=*�x=*7F1�+- ���#���1C�$%" �1��e��#<35E	%$�������,�V³*��E" -�(�Q����@�XY.f�Q12����35#<�_�,+|r�)��i���*�����
�5 -�e+-%*=*�<�����8+2��1�#m���,�2������PF�D�Q��K��8#� -��oQ��1C�c�?+��,`b���4�HE	7F1C�D��%8�! M.N �1��8���*�����&+�%$�x�$1�+2��1-=*�e�*1

Φe

1M.0�?�2��#
%$�D%e7FT�#<�*�SoF%*�Q@

+�+|r
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ZJÆSÇlÆ	R S _Õ�÷JÑAÌ�ËjÌ�ÕUT�b&Ël÷¾^

XY.0��#<35E	%$�D�<���d+��8o5��7F���Q�D��7F1I+��d�2���<����%e�<�*=(K��$��=(K�%$� APV
�$#<�J�':5�D���������e�	�2�Q�<�D���m+��e�/.0��#<35E	%$�D�<���8��KC3�'

#����! �� Aphys �����<W*#m=$7F���<�*=$����7F1��Q �:O�-��75=*�*#<#� �#~+��,T-�� ��4�m+��,`q7F1�+I�'�$%"�R�6�)7F��������#D�Q����7F1	+� I`b����#<=*�*�� 
Pe

@
X���=*7F�<���*='�D��7F1]+��J�/.0��#<35E	%$�������J�� �:G��1i�'�D#�����+����Q�D�4`q#L��1C�D�*�<1��*#��$�H�� OT��< �����+��J`q7�1�+O�6%'�D%J���~#� �/<�'�H+M.N �1��
EG75+�%*����#��Q�D��7F1v+��I�9.0�;:��x%$�����$1�=*��>K±B��)��>+|rVik�9@�:��$�x�$1�+2��1C�V�l=$�$�����I#���E" ��R�k�D��7�1v1M.N%$�D�����?����#?+��*#S�D��1�%*�g%
%$�D -+����$�,���e`q7F1�+u�)7F���� 2��1C�&�-��7}oF�$12��1C�d+��*#,`q�$1��$�����$#8+��"�R�G=*��T-���6�$1n���� -EG��1��� �Ea@2�,�Q1�#8�R�	#��*='�D��7F1u#� ��>'
o��Q1!���_p�)-@srFt;�!1�7F �#�������7F1�#l1�7F �#�=*7F1-=*�*1C�����*�m#< ����9.0%'�D �+-�&+� OT-�� ��4��+��~`q7F1�+G����7}oF�$12��1C�c+��$#��2���<7F��#L+��J�R�
=*��T-����@iXY.0%'o��Q�� 2�Q����7F1g+��?�R�]=$7F1C�D�<��T� -����7F1g+��?=*�$#d`q�$1��$�����$#8+M.f�Q�� �E	��1��� �E �� u#<�x�$=$�D�<�_�':��x%$����EG�$1!�D���BoQ�
1�7F �#~�x�$��E	�$�<�D���8+-�e=$7F���<��PF�$�m�/.0��#<35E	%$�������&��KC3�#<���! �� Aphys @

à~�����)�*��7F1�#,�! ��_�/.N��1-#��*�S�D��7F1u+M.N �1��_�R��E	�6+-�*E	�,'A7�1�+��"#< �������%*E	�*1C�(�������apq�R��E	�
Gvz

t,�� n1���o��V�� [+��
�R��#�7F ��<=*�	+M.N%*���$=$����7F1�#e�)7F�R���<��#<%*#*�i�x�$��E	�$�e+��	���*1Co��*��#<�*�����_#���PF1��_+��	�/.0��#<35E	%$�D�<���?�'�6+��_=$7F1C�D�hR����*�d���*#
�*���<�* ��<#c#<35#<��%*EG�Q�D���5 -�*#c1�7F1�=*7�����%$��%$�*#¾%"�/.NK�%$����=$����%?pb�����D��P��D����K-� � @fr�@9)Ct'@�X�$#m+�7F1�1�%$�*#~+��8�/.N�':��)%*�<���*1-=*�
>�±B��)�#<7F1C�e����7F�<#&�<%*�2���S�D���*#,�$1u%*=(K2��1C��������7F1�#J+��?+�7F1�1-%*�*#8#<�*��7F1u�! ��?�R�]����E	�6+��$EG�>'A7F1�+-�6�*#S�8��1-#�%*�<%*�
(Gvz = IN)

7F y1�7�1
(Gvz = OUT )

@�:�K2���! ��O%$=(K2��1C�D������7F1^+-�]+�7F1-1�%*�$#"=*7F�<���$#��)7F1�+ %a �1��]+- ���%$�
+��

80
K��* -���*#&+��6���<��#<�6+���+�7F1�1�%$�*#$@M��oQ��1C�&�/.0����������=V�k�D��7�1I+��"�R�_E	%$�DK-7�+���+��6�<%*PF�<�*#<#���7�1M�x����#<��PF1-�6+��

�/.0��#<35E	%$�D�<���"�;:��x%$����E	�*1C�D�����
X0

s,i

=*7F�<���$#��)7F1�+2��1C�`%I�R�]����E	�6+��$EG�>'A7F1�+-�"��1�#<%*�<%*�
(Gvz = IN)

��I%$��%
=(K2��1�PF%Q�)�� -�D�<�*E	�*1C�~+�����f

X0
s,i =

{
X0

s,i

#��@Ö,od³ Vdâ8ªJ�
−X0

s,i

#��@Ö,od³ V,©��
Xl.0��#S3�E	%$�������]�*#S�"E	�*#< ���%$�O�$��=*7F�<����PF%*�G+��*#e`b�� �#�#<�*#?�Q#<35EG%'�D�<���*#��x7� ���=(K���=* �1�+-�*#"�< �1�#6=$7F1�#S�D���� 2��1C�
�/.N�*1�#<�*E"T����g+��$#]%$=(K2��1C�D������7�1�#G+-�g+�7F1-1�%*�$#*@HzY�������*#S�I���$����%$#��*1C��%*�u�)7F ��	=(K2���! ��h%$=(K2��1C�D������7�1\#< ��]���*#
¬2PF ��<�*#mp�)�@*)&�$��)�@�YFtM=*7F�<���$#��)7F1�+2��1C�����*#<�x�$=$����oF�$EG�$1C�l�� �:e+��$ �:�=*7F1-+�������7F1�#Z=$��1�%$E]�Q�����! ��$#B�Q1�PF���$#��VoQ��1C�
�$�J�����<��W$����@�Xl.N�"1x�$�~+��d�9.0��1�#��$�<�D��7F1I7F �1�7F1a+��d�R�"����E	�,+��*E	�,'Ö7F1�+��	puÖ8od³Vt��*#<�J7FT�#<�*�So��QT����Q@

n BDoXW )�@9)¿p�~���ÒP�5����t(w�s��`´2�dÒ4��w��S�ms��I´����dt
Q2 = 0.23 (GeV/c)2 {ds��Ià������(�<xV���uwDzDz����<�¿�V�S��s������g{�xV�<�

z�s��hx���{dsjz,x {d����s�����w���� xV�V� xV�d�Vz�s��GxV·�xV�����f-@s��jz�w,�V��s��j��wDt�s��u����s��GwD�E{Vw��S�ms����&z,x�·�xVz�s��dtj�¦������t(w��S�ms¯{ds
z=/ x���ÒP�5����t(w�s¿{ds5·4w���z,xV��w���� {ds`´<xVt(wD����SxV�<�g����t�xV�d�ds��¶�S�#-;x6z,xV�5s5{ds��qw¦�h���E{ds�ä�·�Ñ�s�����wD�<�4��t���sg���O�����
��Õ(å ���væ?çmß�!V��-As��qs�t(t�s��dt��.���WtIz�s��`x���Ò��5����t�w�s��qs��"´���t(wD�5s�����xVz�s����4���������yxV��w�����w��S�ms��S�

+�+ �
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n BDoXW )�@�Y¯p ~���Ò��5����t�w�s��q´2�dÒ4��w��S��s��q´����Wt
Q2 = 0.23 (GeV/c)2 {ds����ß���(�<xV����wDzDz����<�¯�V�S��s����Í��{�xV�<�

z�sG�hx��
{ds5z,x�{d����s�����w�����xV�P��xV�d�Vz�s��5xVt(t(w/��t�sS��-As��¼z�w,�V��s��¼�uwDt�s����¶��s��
wD�E{Vw��S�ms�����z,x¯·�xVz�s��Wt¼�q������t(w��S��sg{ds
z=/ x���ÒP�5����t(w�s¿{ds5·4w���z,xV��w���� {ds`´<xVt(wD����SxV�<�g����t�xV�d�ds��¶�S�#-;x6z,xV�5s5{ds��qw¦�h���E{ds�ä�·�Ñ�s�����wD�<�4��t���sg���O�����
��Õ(å ���væ?çmß�!V��-As��qs�t(t�s��dt��.���WtIz�s��`x���Ò��5����t�w�s��qs��"´���t(wD�5s�����xVz�s����4���������yxV��w�����w��S�ms��S�

Xl.0��#S3�E	%$�������doQ�� ��c�x7F -�m�/.N�*1�#<�*E"T����d+��*#c+�7F1-1�%*�$#&�� 5:a��1�PF���*#c�VoQ��1C���,+|r�)Q��f

Aphys = (−5.74± 0.64)ppm
p�)�@*)ÍYFt

�& �:���1-PF���$#c�����<��W*�<�������8��%$#� ��4�(�Q�c+��d�9.f��1�����35#��8+-�*#c+�7F1�1-%*�*#J�� �:���1�PF���*#c���<����W$���,oQ�� -�e�>+�)!r|��f

Aphys = (−17.1± 1.4)ppm
p�)�@*)�iCt

:����<%*#� -���(�k�c����%$����E	��1������<�J=$7F���<�*#��)7F1�+���1C��%
550h

+-�d���*E	��#c+��8`b����#<=*�*�� M@�©A�1M.N��1-=*�� -�8�2��#c���$#~��1�=*�$�<���,'
�D �+��$#J#S35#<�D%$E]�k�D���! ��$#*@

�®B] ^ ·6¸?²³�¶�_aÃO²Z¶$·�¸ ¹�ºc»«¾A`"¾c¸Iºc½ ºc¸?²�» ¶$¸I¾mÀ*´e»M²Z¶*Â	ÃIºc»

XZ��#<��E" -�R�Q����7F1_+�%$=*���4�D�J+2��1�#��R�8�DK�W$#��,+���Ü&@7a�7F������1a�cb}r?dQ�)�! ��x�����*1C��=*7FE	�-���&+��$#�#��$=$����7F1�#��"×	=V�Q=*�*#
��1�%$�R��#S�D���! ��$#8+��	�/.N%*���$=$����7F���<7�+- �=$����7F1h+-�*#e����7F1-#81��* -�����$#��'��=(K�����PF%$#*�Z+��_�R�O+-%*#��;:�=*���D�Q�D��7F1[+��*#e����7�1�#
1��* -�����$#"�*1^+��* �:^��K-7��D7F1-#*�����*�-��75+� ����e������#<7F1�12��T-���*E	�*1C�e���_#<�x�$=$�D�<�]�;:-�)%*�<��E	�*1C�(�Q�L+���1�#e�R�g³*7F1��G+��
�/.N%*�R�Q#<�D���! ��*e~=*7F1-+�������7F1e+M.N��1�=$�� ��<�����~�<%*�)7F1�#���+� "+�%'�D�$=$�D�$ ��*@Q�B7� -�D�'`q7F��#$�k+���1�#����~�! ��$ ��Xe&T���#�#<��%*1-�*��P����
+� �����=,%$�R��#S�D���5 -�������i���-�2���D�Q���H -1a+-%*#D�Q=*=*7���+a�*1C�D�<�8�R�"#���E" ����Q�D��7F1G�'�c���,#<�x�$=$�����8�':��)%*�<��E	�*1C�(���Ypq¬2PF -���
f @�dFt'@

bgb f
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p h�q W f @�dXrts1u�vxw7y?z�y?{}| u�~�����|1|�w������	z���|x����w���z+{�v���~���y?�����#��u�~�����s:y?z+�}u"�/b|r?d|��w�u���zX�=/�����w���z+{���~#���1�k���6�[�
-���|�|�w������!z���|k��u�z+z���|�w�u�~[����~��*����~#�k��~#��z	�?{��H���l��y?{}| ���By?��{�~#��{!����~��1���

855 MeV
�

�,��a

>Y�� -#����$ ���#c���i�'�D#&�)�* �oF�*1C�&�':��������! ��*�c=*�e+�%$#D��=$=*7F�<+M@x��7F �#~���$#c����75=*�$#�#� -#&+M.N%*���*=$����7F�-��75+� �=$����7F1�`b���/�
#D��1C�,��1C�D�*�SoF�$1����~���$#c`q�$1��$�����$#,+M.N�*1C�D�<%*�6�'�&+-��#<7F�<�����e�*1g�J�� �E	��1-�� �E 7F1C�&%'�D%�1�%*PF����PF%$#*@{�&�e���� �#*�{���1i.f�
�2��#H%'�D%&���*1! �=*7FE	�-�D�J+��*#m�<%V��='�D��7F1�#�+-�,��K�7���7"�A�-��75+� �=$����7F1G��1�+- ������*#����������*#H��K-7��D7F1-#���%$�*��#H+������<�*Eo�
#�#<���D��K-�� �1�P?�-��75+� �����#������H���$#�%$���*='�D�<7F1�#H��1�=*��+��*1C�D#*e6�R�d`q7F��#�+2��1�#����*#L`q�*1��'�D�<�*#m+M.N�*1C�D�<%*�8�'�H+��,#<7F�<�����J�$�
+2��1�#J�R�?=*��T����8+���XZê

2

@)XZ�	�-��75+� �=$����7F1�+�����K�7���7F1�#c��%$�*��#J�2�Q�J���*#c%*���*=$����7F1-#J+��c�i -#�%*#~+2��1-#J���_=$��T����d�$�
���*#��2���<7F��#��*1O�J�� �E	��1��� �E +��&�R��=(K���E"T��<��e6�<%V��='�D��7�1I�6%$��%,�� -#�#��i=*7FE	����W'�D�$EG�$1!��1�%$PF����PF%*�Q@�XZ�6������#<7F1
�*1h�$#<�,�! ������d#��)�*='�D�<�6�*1g%*1��$��PF����+��$#J�-K�7��D7�1�#&�<%*�*��#J�$#<�&��1CoF�$��#��$EG�$1C�,���<7F�x7��<�D��7F1�1��$�%eG�9.0%$1��*�<PF���d+� 
��K�7���7F1?=*7FE	E	�������� �#S�D�<%�+2�Q1�#Y���$#j��%'`q%*���$1�=*�$#~�cb � f �7b>�¡ ��7b>�gdk�9@FX�* -�Y=*7F1C�D�<��T� ��D��7�1"�� ?#<�x�$=$�D�<�c%*�R�Q#<�D���! ��
�*#<�&�Q�<�D�*1-+� ��8�D�<W*#c�x�'�D�4�D��@

�,�Q1�#����,#��$=$�D��7F1]#< ���oQ��1C���~1-7F �#L������7F1�#Y%'�D �+����*�l�R�8=$7F1C�D����T� -����7F1?+��$#L`q�$1��$�����$#�+��c�R�8=$��T����m+��&>l¢B� f
�� "#��)�*='�D�<���':��)%*�<��E	�*1C�(���9@kXl.N�':��)%*�<���*1-=*�m>l¢B� f  ��D������#<�L -1���=$��T����L+i.0KC35+���7�PFW*1��m�����! ���+��Y+�7F1C�j���c`q�$1��$�����
+M.0�$1C�D��%$���x�*1u���� �E	��1��� �E��-�G �1-�6%*������#<#��* -�&+��

50 µm
�'�,�$1goF7F����+-�6#�7��<�D�����{ �1��e`q�*1��'�D�<�6+M.N%*�2�Q��#�#<�* ��

250 µm
@!XZ�8+�%'�D�*='�D��7F1]�Q �:G��1�PF���*#l���<����W*���c -��������#��� �1��~=*��T-���m+M.N%*�2�Q��#�#<�* ��L�*1G���� �EG��1��� -E

110 µm
�x7� ��

�R�[`q�$1��$������+M.0�$1C�D��%$�u�$�
350 µm

�x7� ��]���n`q�$1��$�����h+���#�7F�S�D����@LX�g��%$#� ��4�(�Q�G7FT-���*1! UoQ�^�)�*�<EG�'���D�<�g+��
+�%$���*��E	��1-�*�	�R�n=*7F1C�(�QEG��12�Q�D��7F1�+� U#<�x�$=$�����g�;:��x%$����E	�*1C�D���c+��g>l¢B� f �$1�%$���*='�D�<7F1�#]+-�Z�x �#�%$#G�2�Q�G���*#
`q�*1��'�D���$#O+M.N�*1C�D�<%*�h�'�O+���#�7F�S�D����+��a�R�[=*��T������$�]+��g=$7F���<��PF�$�_�/.0��#<35E	%$�D�<������KC35#����5 -��p9zY�{@ f @ f t"+����R�
=*7F1C�D�<��T� ��D��7�1

Nalu Aalu @

£ Æ/ïHÆ<Ç ¤�¥mÊH¦MÉ�Í�Ð�§x¨xÐñÏ&ÐôÏJÍAö6÷JÕ�Í�Î:§�Õ5÷JÉ\Ñ�Ð©§&ÎZÔlËl÷óÏ6ÓbËlÑ�÷�ª Í�§&Í�÷xª

XZ��������#��n+��n+�7F1-1�%*�$#g#� -�a����=*��T-���u+M.0���� -EG��1��� �E #$.0�$#<��+�%*�<7F ���%$�n=*7FE	EG�u1-7F �#��/.0�VoF7F1�#�+�%$=*�<���
����%$=*%*+-�*E	EG�$1!�gpq�2���D�QPF�D���-K����-@�«-@ f @Zb|t;@jXZ�h`q�* ��������]+M.0���� -EG��1��� �EÚ+i.0%$�2����#<#��$ ��

2.5 mm
��1C���*��=$�*�-�������

`b����#<=*�V�Q g+M.N%*���*=$����7F1-#J��1�=*��+��*1C�D#$@)Xl.N%*1-�*��P����e+�%*�)7F#�%$�6�2�Q�~ -1g%*���*='�D��7�1g+M.N%*1��$��PF���d+��
855 MeV

�D�D�Vo��*���
#D��1C�J�/.N��1C�D%$PF�D��������%&+��$#

2.5 mm
+-�e=$��T����,oQ�� -�~�*1Co5���<7F1

12.6 MeV
@{XY.N��1C�D�$1�#��4�D%8+� a`b����#<=*�V�Q a+-�6>l¢B� f

�*#<�
I = 20 µA

=*�"�! ��B=*7F1-+� �����e] �1��?�� -��#�#���1�=$�"E]�|:-��E]�Q���d+�%*�)7F#<%*�?+2��1-#,�R�]=$��T����6+-�
P = 250 W

@
zl1���T-#��*1-=*��+M.N �1�#<35#<��W*E	�a+-�I���$`q�<7F��+-��#�#<�*E	�*1C�?+��I���g=*��T����Q�B�����$#<�_1�%$=*�*#<#D��������+��O���D�VoQ���������*��eh���� �#
T2��#,=$7F ��D�Q1!�&�x7� ��&1��6�2��#,�QEG�$1��*�J�R�G=$��T����¬eG#D�G���*E	�x%$�D�Q�� �����+��6`q �#<��7F1M@x�J7� �#,�VoF7�1�#8+�7F1�=e`b�����J �1

bgb� 



�WZY[W � Û3j��%i h¦Þ ¨Z� h Ûlj�¢��{£]¤@\�¤�jB�{¥8��j��Z£ h j�¤ é!� £|� h §�¨B�{£

=*7FE	����7�EG��#j�$�L=(K�7F��#��2+��m���D�VoQ���������*�med �1_=*7F �����1C�L+M.0�$1Co�����7F1
I = 10 µA

�� _+�%'�D�<��E	�*1C�l+� _`q7F1�='�D��7�1�1����
EG�$1!��=*7������$=$��+��*#LE	7F1������* ��<#l+��J#S�(��T-������#D�Q����7F16+� G`b����#�=$�V�� 	�*1	�D�*�<EG�c+M.N%*1-�*��P������!�)7F#��4�D��7F1M�F�� �EG��1�7F#<���D%
�$�,=$7F �����1C�V@#a��*�)�*1�+2�Q1!�*�i=$�"=*7FE	���<7FEG��#m�x�$��E	�$�J+��6E	�*#< ����$�&���G#��$=$����7F1���	=V��=$�"+���+��Z�x �#���7F1g#< ��&���
1�7}3C�� �+��,�9.f�Q�� �E	��1��� �Ea@FzY1I���'o��Q1�=(K����2���{1��8�x�$��E	�$���2��#H+��&EG�$#� ��<�*�H�9.f��#S35EG%'�D�����&�;:-�)%*�<��E	�*1C�(�Q���&#< ��
�/.0���� �E	��1-�� �E Aalu @

X�6#<�x�$=$�����Ip¦¬2PF ��<�6+���PC�� �=(K-� f @�®Ftc�-��%*#<�*1C�D�6 �1h����=¬e]K��� -�D��%*1��$��PF����=$7F���<�*#<�x7F1-+2��1C�¯eG���	+-�Z�x ��
#���7�1y�! 2��#��/�A%$�R��#S�D���! ��Q@la��'�����O+��Z�x �#<��7F1^#*.0��=*=$7FEG����PF1��G+M.0 -1��I�! ��* ��]�D��+����Q�D�4oF�	�! ���#<�OEG%$�R��1-PF��e��R�
=*7F1C�D�<��T� ��D��7�1u��1�%$�R��#S�D���! ��?�-��7}oF�$12��1C�e+��_�/.N%*���$=$����7F���<7�+- �=$����7F1h+-�	�-��7F1�#8�! ��Y�-��75+� ����, �1n����=°eIT2��#<#��
%*1��$��PF���H=*7F�<���$#��)7F1�+2��1C�.e,���&��%$#�7F12�Q1�=*�

∆(1232)
@g±� ��Y�R�~EG�$EG��¬2PF ��<�dp	e,+��<7F�����}t;�Q �1?#<�x�$=$�����m7FT-���*1! 

�}o��*=e�R�?=*��T����&+M.0KC35+��<7FPFW*1-�6�����! ���+��&�*#<�~���<%*#<�*1C�D%Q@
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²1³�´Xµk¶@·�¸ £º¹g»�¼�½�¾!¿�¼�ÀÁ¼�Â�»�Ã�¿�¤�Ä�¼�Å�¾�Æ?Ç?ÂÉÈ?Ê$¾�¼�Å�Ç¡ÀÌËÎÍBÏ ÆV¤!Ð�¼ÑÐ�Ï Ç�ÅÌÒ�ÆV¤}À ½�¼BÆ?ÇÓÐ�Ï�Ã�Í}¼�½�¾	¿�È�Å7ÀÔÐ�Ï�Ã�Å#¼�¿	ÕV¤�¼ÑÐ�¼
855 MeV

¼�¾¬Ð�Ï ¤�Å�¾�¼�Å7À:¤�¾�Ã
10 µA Ö*× ¤cÕ?Ç�¿�¼�Ð�¼ØÕ¡Æ?Ç�½�Ù�¼ÛÚÜÍcÆÝÐV¤ Þ6ÇßÀ:¤�È�ÅÑÆUÃ�¾�Ã�Ò�ÆV¤�¾�¼�À�Ç�¿àÇ�Å#¼t½:¤!Ê$Í}¼à¾�¼�À�¾

Ð�Ï Æ?ÍáÇ�ÄT¤�Å}¤�Ç�Ä Ö%× ¤cÕ?Ç�¿�¼HÐ�¼¬Ð?¿�È_¤�¾�¼¬ÚmÍcÆàÐV¤ Þ6Ç¡À:¤�È�ÅâÆ�Ã�¾�Ão¼LÞ�¼�½�¾!Ç�Ã�¼�À�Ç�¿¯Ç�Å#¼o½:¤!Ê$Í}¼HÐ�Ï Ù�ã?Ð?¿�ÈBÕ�ä�Å#¼�Í ¤!å$ÇN¤!Ð�¼ Ö

æxç�èæ�ç�è

çxé¯ê!ë?ìcíïîßð@éHñòë°ó$ìZô@ñ}é¯õö�ë?ñ}ð7÷øìZù@ì}ð@÷ûúBü?ìZíïë?ó$ó�ýBü�ó�þ@ÿ$é��øñ}ëØó�é$ñ}ñZð@ñ}é�õ7éHñ}ëØó�ì}ô@ñZé�õ#ö�þ���õ@ýBü����$ù@é¬ñ}ì}îßð@ìZõ@é��
ó$é$ý�í�ë?ìZù@ú*ó�ýBìZú�í�ë"ð
	�õ7ð�ó>ë?ñZügýBìZ÷���í�ý�éÜú�éxú�ügù¡í��ð@úAÿ$ó�ý�ë?ù¡íBé$ý��ë"ý*ñòë¯ó$é�ñ}ñZð@ñ}éÜõ@éxñ	ö�þ���õ@ý�ü����$ù7é�ñ}ìZî�ð7ì}õ@é · ç�ë?ù@ú
ó$é6ó>ë?ú��¡ó$é�ý�í�ë"ì}ù@é�ú��@ë?ý�íBì}ó$ð7ñ}é$ú,ó�ýBÿ�ÿ$é$ú.ñ}ü?ýBúlõ@é6ñ}ë�õ@ì�� ð@úBìZügùoÿ$ñZé$ó�í�ýBü?ù��%ù7ü��gë?ð�õ#ö�ë?ñZð@÷Øì}ù@ìZð@÷��>íBý�ë��gé�ýBú�é$ýBü?ùßí
ñòëUó$ìZô@ñ}é õö;þ���õ@ýBü����$ù@é ñ}ì}îßð@ìZõ@é ë��"ë?ù¡íÛõ@é õ7ÿ��[ügúBé�ýÛñZé$ð@ý�ÿ�ù@é$ý��gì}éâõ�ë?ù7úÛñZé ó>ë?ñZügýBìZ÷���í�ý�é ·� é í�ë"ð
	 õ@é
ó$üg÷��7í�ë��géÜë?úBú�ü�ó�ì}ÿ���ó�é$ú*ó�ýBìZú�í�ë"ð
	°úBé�ý�ë�õ@éïó�éÜê!ë"ìZí��@ñZð@ú.ê!ë"ì}ô@ñZé ·�� ügð@ý.ú$ö�ë?úBú�ð@ýBé�ý*îßð@éÜñ}é6ó$ý�ì}ú�í�ë?ñ�îßð@éxù7ügð@ú
ë?ñ}ñZügù@ú¬ð�í�ì}ñZì}ú�é$ý � ügð7ýkñ�ö�ë?ù�ë?ñ!��úBé�ù7é�ó$ügý�ýBé�ú"�[ügù@õ#��ë?ú�� ð7ù ó�ýBìZú�í�ë"ñ1ÿ�ó$ý�ë"ùßíBÿ$��ë?ýkñ}ë ó$é�ñ}ñZð@ñ}éøó$ì}ô7ñ}é�ù7ügð@ú
ë?ñ}ñZügù@ú�ÿ�íBð@õ@ìZé$ý�ñòë%�"ë?ýBì}ë"í�ìZügù õ@ð í�ë?ð
	âõ7éøó�üg÷���í�ë��gé

Ntot = N+ + N−
é�ù êLügù@ó�í�ìZügù õ7ð ùßð@÷Øÿ$ý�ü õ@ð

ó$ýBìZú�í�ë?ñ�&(')�?ð@ýBé ¶@·+*�,+·
-�-/.
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²1³�´Xµï¶@·+* £10�Æ?¿�¤!Æ?¾¶¤�È�ÅÉÐ?Ç ¾�Æ?Ç?Â Ð�¼E½�È�Äx»[¾�Æ Õ�¼E¼�ÅÝÒ>È�Å#½�¾<¤�È�ÅÉÐ?Ç Å�Ç�Ä�Ã�¿�ÈÔÐ?Ç ½�¿�¤}À�¾ Æ?Í Ö 2 ¼�ÀE½�¿�¤}À�¾�Æ?Ç?Â
½�È�¿�¿�¼�À�»�È�Å[Ð�¼�Å�¾lË°ÍcÆø½�È�Ç�¿�È�Å�Å#¼43 Ö#× ¤cÕ?Ç�¿�¼�Ð�¼AÕ¡Æ?Ç�½�Ù�¼¯ÚÍ}¼x¾ Æ?Ç"Â�Ð�¼¯½�È�Äx»[¾�Æ Õ�¼¯¼�À�¾lÄ�¼�À�Ç�¿�Ã6À�Ç�¿xÇ�Å#¼H½:¤!Ê$Í}¼
»[Í}¼:¤�Å#¼ Ö× ¤cÕ?Ç�¿�¼�Ð�¼¯Ð?¿�È_¤�¾�¼�Ú%ÍcÆ�ÐV¤ Þ6Ç¡À:¤�È�Åâ¼�À�¾*¼LÞ�¼�½�¾!Ç�Ã�¼ïÀ�Ç�¿�Ç�Å#¼3Ò>¼�Ç�¤�Í�Í}¼xÄT¤�Å#½�¼�Ð�Ï Æ?ÍáÇ�ÄT¤�Å}¤�Ç�Ä Æ�½�½�¿�È ½�Ù�Ã�¼
Ë�ÍcÆÛ½�¼�Í�ÍáÇ�Í}¼k½:¤!Ê$Í}¼�5�½:¤!Ê$Í}¼A»[Í}¼:¤�Å#¼76 Ö

8 � é$ó�íBì��?é$÷Øé$ù¡í���ñ}é�ú*ó$ý�ì}ú�í�ë?ð
	Øó�ügýBý�é$ú�� ügù7õ�ë?ù¡í9�Hõ7é$úAùßð@÷Øÿ$ý�ügú1ó�üg÷��@ýBìZú1é�ùßíBýBé
300

é�í
800

úBügù¡íAó�é$ð
	
î�ð7ìmù@é �gügìZé$ù¡í���ë?úxñ}ëØó�ì}ô@ñZé¯õö�ë"ñ}ð@÷Øì}ù@ìZð@÷ ·:� ü?ð@ýxó�é�íBíBé¬ÿ�í�ð@õ@éHù@ügð@úïë?ñZñ}ügù@úÜë?ñZügýBú6ð7íBì}ñZì}úBé�ýXñ}é�ó$ý�ì}ú�í�ë?ñ

27î�ð7ì�ù#ö�ë;��ë?ú6ú�ð@ô@ì%õö;é�� é�íÜõö;ÿ$ó$ýBë?ù¡í�ë��?é ·

<>=�?@=BA)=CA D�EGFIH�J)KMLBF>JNH/LBEGFPORQTSVUWJ)SBXYKMLBF>LCX>K ORJ)F>Z[S(Q\Z�]^Q`_�H/a�QbO�U!cIdRORa�EGegf`FRQ
� ë ó$ügù¡í�ë?÷øìZù�ë"íBì}ügùUõ@é�ñ	ö�ë?ñZð@÷Øì}ù@ìZð@÷ é$ù í�é$ý�÷øéàõ7éÛí�ë?ð
	 õ@é�ó�üg÷���í�ë��géàé�ú�í�ë?ñ}ü?ýBúoõ@ÿh'�ù@ì}éi��ë"ýØñZé

ý�ë��:�[ügý�í Ralu
& 8 î ·¡¶@·;¶j, õ@ð°ù@üg÷¬ô@ýBéAõ7éXõ@ì�� ð@úBìZügù@úlú�ð@ý,ñ}é�úk��ë?ý�ügì}ú3õ@éXñòëxó�ì}ô@ñZél&!ë?ñ}ð@÷Øì}ù7ì}ð@÷ , ë?ðoù@üg÷kô7ýBé

õö�ÿh�gÿ�ù@é$÷Øé$ù¡í�úxõ@ì�� ð@úBÿ�ú6úBð@ý6ñ�ö;þ���õ@ýBü����$ù@é¯ñ}ìZîßð@ì}õ@é ·

Ralu =
Nalu

NLH2

& ¶@·�¶¡¸�,

� é�ú�ú"�[é$ó�í�ý�é$úàõ@étõ@ì�� ð@úBìZügùÑü?ô7í�é�ù�ð7ú�úBð@ý�ñòë ó�ì}ô@ñZétõ#ö�þ���õ@ýBü����$ù@é ñ}ì}îßð@ìZõ@éÛügðÌñ}éÛù@ü/�¡ë"ðÁõö�ë"ñ}ð@÷Øì}ù@ìZð@÷
ó$ügý�ýBé$ú�� ü?ù@õ@é$ù¡ím�Ýõ7é$ð
	Ñþ@ì}ú�í�ü��?ý�ë?÷Ø÷øé�ú°õ@étí�ë?ð
	Ñõ@é ó�üg÷���í�ë��gétîßð@ìïú�ügù¡í�ë?ú�úBü�ó$ì}ÿ�ú�ë?ð`	Ìõ@é�ð
	Ñÿ�í�ë�í�ú
õö�þ7ÿ$ñ}ìZó$ìcí�ÿ°õ@ðÝê!ë?ìZúBó�é>ë?ð ì}ù@ó�ì}õ@é�ùßí ·Rn ñ.ó�ügù���ì}é$ù¡íkë?ñ}ügý�ú¯õ@é�÷Øü/�gé$ù7ù@é$ýHñ}é$ú¯í�ë"ð
	 õ@éøó�üg÷��7í�ë��?é$ú � ügð7ýHñZé$ú
õ@é$ð
	oÿ�í�ë�í�ú,õ@éo�[ügñòë"ýBì}úBë"í�ìZügù ·�� éXú"�[é$ó�í�ý�éÜý�ÿ$é�ñ

Nalu

�@ý�ü�õ@ð7ìZí^��ë"ýlñ}é�ú3êLé$ù:p�í�ý�é$ú:õ@éXñòëïó$ì}ô7ñ}éAé�ùøë"ñ}ð@÷Øì}ù@ìZð@÷
� é�ð7íqp�í�ý�é¯ügô7í�é�ùßð\��ë?ýlr

Nalu = N ′
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Rexp =
Nalu

NLH2 + Nalu
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Rexp

1−Rexp
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Aalu =
13 σpAp + 14 σnAn

13 σp + 14 σn
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µ:¶R�y�����"�N �� ¦:� ¡»©+��£)��¡!¿
���l���«���:��������£����w¦)��£:�q¡¯�·�¤��:¡���Â f µ�«�Ähµg¶¾���q�"���"�:¡!�¤���"�

�"��£����:�"���"��£��"������£�¢¤ÈN���������"�"��£��9¦:�Z�I������£�������¢����:�:�N�"���q¦)��£N�q¡��l�"�G��¢h���"� �h§
�G������ ���£��¤��¡Cµ
a��£)���
§$¦:�y¢����:�N�:�"��� «��k�Üb?b/� b/���k�Üb>d�� bgb��H�Üb d��
N(Alu) (104) 1.86 5.451 4.57
N(LH2 + Alu) (105) 1.27 7.802 7.27
Rexp 0.146 0.069 0.063
Ralu 0.171 0.075 0.067
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µ

¶>�b�:���
¢¤È:����£:�$�h�¤���G�$¢���£:�"��������eb£:���" ���¡����"���w¡��[�����
§M¦:�i¢��� ��N�¤��¹��%��N�"��£j�Ð�"�:�;¡C©v��¡��: ���£:���: Ñ�G���:�
��N����£:���[¡»©¼��°j�:��²���¡���£��%���:�$¡¯�Ç¢���:¡��\²`��¦:�T�"�N��²���£��$¡¯�ÇÀ(���" ·�N¡��ÒÂ f µ f ×�Ä¬µ¶R�Ò�¤��N¡��ºÂ f µcb/��Ä��N�"������£����¸¡����
�"�����:¡��������w¦:�%¡C©v��£:��¡�¿`�"��µ>¶>��¢���£��¤�� ���£)��������£
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��¡¯��������°j�:��Â

110− 160
Ähµ

N(Alu) (105) 3.165
N(LH2 + Alu) (105) 5.566
Rexp 0.068
Ralu 0.063
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Q2 = 0.23 (GeV/c)2 µ

855 MeV 315 MeV

Ap (10−6) −6.40 −17.54
An (10−6) −26.81 −36.16
σp (µbarn) 0.162 0.067
σn (µbarn) 0.029 0.028
Aalu (10−6) −9.71 −23.33
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Q2 �)��� Q2 = −q2 �
Q2 = 4EEe′ sin2(θe′/2)
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�#" æ ¶ ó�ügýBý�é$ú"�[ügù@õ@ë?ù¡íÜë?ðà÷øü?÷øé�ùßí1í�ýBë?ù@ú�êLÿ�ýBÿ

Q2 = 0.23(GeV/c)2
�[ügð@ýAñZé$úXë?ùN�gñ}é�úAë��"ë?ù¡í

855 MeV&(')�gð7ýBé¯õ@éy�¡ë?ð@ó�þ7é ¶@· -�- , é�í9� ü?ð@ý6ñ}é$ú6ë"ù:�gñ}é�ú6ë?ýBý�ì���ýBé
315 MeV

&(')�gð7ýBé¯õ@é¯õ@ýBü?ìZí�é ¶7· -�- ,�·
-%$&$
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0.195²1³�´Xµ�¶@· -�-+
 ¹¼�½�¾���È�Åt¼��Á½BÆ�½�¼xÐ�¼xÐ�� Þ6Ç¡À���È�ÅtÈ?Ê$¾�¼�Å�Ç�¼xË¬ÍBÏ Æ��!Ð�¼xÐ?ÇØÄ�È$Ð�ä�Í}¼xÐ�¼,� È�Å����xÄ�È$Ð�� �AÃ Ö�× �cÕ?Ç�¿�¼xÐ�¼
Õ¡Æ?Ç�½�Ù�¼xÚ#Í}¼�½BÆ?Í}½�Ç�Í#½�È�¿+¿�¼�À�»�È�Å[ÐHË¬Ç�Å#¼�Ã�Å#¼�¿	Õ���¼xÐ�¼�Ò�Æ��}À ½�¼BÆ?Ç-��Å#½��!Ð�¼�Å�¾

Ee = 855 MeV
Ð�� Þ6ÇßÀ$Æ?Å�¾�À�Ç�¿ÜÇ�Å

Å#È�ãgÆ?Ç Ð�Ï Æ?ÍáÇ�Ä���Å���Ç�Ä Ë�Ç�Å�Æ?Å�Õ?Í}¼
θe′ = 35 � 5�Æ?Å�Õ?Í}¼�ÀHÆ���Æ?Å�¾ 6 Ö%× �cÕ?Ç�¿�¼¬Ð�¼¬Ð?¿�È.��¾�¼¬Ú3Í}¼o½BÆ?Í}½�Ç�Ím½�È�¿+¿�¼�À�»�È�Å[Ð

Ë Ç�Å#¼àÃ�Å#¼�¿	Õ���¼�Ð�¼XÒ�Æ��}À ½�¼BÆ?Ç/��Å#½��!Ð�¼�Å�¾
Ee = 315 MeV

Ð�� Þ6ÇßÀ$Æ?Å�¾AÀ�Ç�¿øÇ�ÅUÅ#È�ãgÆ?ÇÝÐ�Ï Æ?ÍáÇ�Ä���Å���Ç�Ä Ë Ç�Å
Æ?Å�Õ?Í}¼

θe′ = 145 � 5�Æ?Å�Õ?Í}¼�ÀøÆ?¿+¿���ä�¿�¼76 Ö�2 Æ Í��cÕ?Å#¼Ø¾���¿�¼�¾�Ã�¼0��Å[Ð��!å$Ç�¼ØÍcÆØ»�È À���¾���È�Å Ð?Ç�»1��½àÃ�ÍcÆ�À�¾��!å$Ç�¼�Ð¡Æ?Å7À°ÍcÆ
Ð�� Þ6ÇßÀ���È�Å Ã�ÍcÆ�À�¾��!å$Ç�¼

ep→ ep Ö

� é¬ý�ÿ$ú�ð@ñZí�ë"í�õ@é¬ó>ë?ñZó$ð@ñ�õ@ékñ}ëøúBé�ó�íBì}ügù é� Øó>ë?ó�éoõ@é¬õ@ì!�#ð7úBì}ü?ù úBð7ý�ñ}éHù@ü/�¡ë?ð õö�ë?ñZð@÷øìZù@ì}ð7÷
(Z = 13)ó$ügý�ýBé$ú�� ü?ù@õ[��ð@ù°÷Øüg÷Øé$ù¡í,õ@é32�é$ý�÷øì

kf = 240 MeV/c
·54 ð@ý,ñ}ë�')�gð@ý�é��¡ù@ügð7ú:ë/�?ügù@ú��@ý�ÿ$úBé�ù¡í�ÿÜñ�ö;ÿ$ù@é�ý"�gìZé

õ@é�ñ�ö;ÿ$ñZé$ó�í�ýBü?ùEõ@ì�� ð@ú�ÿ�õ�ë?ù7úkñ}éøó>ë?úkõ#ö�ð@ùÒ�@ýBü�ó$é�úBúBð7úØõ7é�õ@ì!�#ð@ú�ì}ügù ÿ$ñZé$ó�íBýBügùÒ���@ý�ü?í�ügù · ç�ë?ù7úkñ}é�ú¬õ@é�ð
	
ó$ügù@õ7ìZí�ìZügù@ú�ó�ì}ù@ÿ�÷�ë�í�ì}îßð@é�ú�õ@é �6" æ ¶ �ñZé·�@ìZókîßð�ë?úBìW��ÿ�ñòë?ú�í�ì}îßð@é¬é$ú�íy�7ñ}ð@ú�ñ}ë?ý"�?é;��ó>ë?ð7úBéoõ@ðâ÷Øüg÷øé�ù¡í�õ@é
2�é�ýB÷Øì ·�n ñ[é$ú�íAõ@ÿ�ó>ë?ñZÿ���ë"ý*ý�ë��:� ü?ý�í*ë?ð[�@ìZóïÿ�ñòë?ú�í�ìZî�ð7éïõ@éïõ@ì�� ð@ú�ì}ügù

ep
�?é$ýBú*ñ}é$ú.ÿ$ù7é$ý"�?ì}é$ú4�@ñ}ð7ú1ô�ë"úBúBé�ú ·N� ë

õ@ì�� ÿ$ý�é$ù@ó�éøõö;ÿ$ù7é$ý"�?ì}éoé$ú�í¬õ7éØñ	ö�ü?ýBõ@ý�ékõ@é
30 MeV

·R� éoõ7ÿ$ó>ë"ñòë��gé°õ@ð¸�@ìZó°î�ð@ë?úBìW��ÿ$ñ}ë?ú�íBì}îßð@éoë$�[ügð@ý¯é�� é�í
õ@éHõ7ÿ$ó>ë"ñ}é$ýÜñòëoó�ügù¡í�ýBìZô@ð7íBì}ügù�õ@é�ú���ë?ý�ügì}úXõ7éHñ}ëØó�ì}ô@ñZé�é$ù ë"ñ}ð@÷Øì}ù@ìZð@÷Ï�gé$ý�úxñZé$ú6ô�ë?ú�úBé$úïÿ$ù@é�ý"�gìZé$úÜé�íïõ@é¯ó$é
ê!ë?ìZí��gó$é�íBí�éÜó$ü?ùßíBýBìZô@ð7í�ìZügù·�"ë�ó�üg÷kô@ñZé$ý,ñZéXó$ýBé�ð
	Øügô7íBé$ùßð�é�ù¡í�ýBéÜñ}éXú�� é�ó�íBýBéÜéh	
� ÿ�ýBìZ÷øé�ùßí�ë?ñ�é�í.ñZéo�@ì}óXú�ì}÷kð@ñZÿ
&(')�gð7ýBé ¶@· . , õ@é¯ñòëoõ@ì!�#ð@ú�ì}ügùàÿ�ñòë?ú�í�ìZî�ð7é

ep→ ep
·

<>=�?@=�?@=�? D�EGKÒ]>J:a�J)LBZ�EGFÍORQ
Z�Z�]^Q`_�H/a�Q`Z�Q87¾]#9ja¥LBKÒQ`FIH/J)S�Q�H%ORQTS(JÇKÒE¾O:9
SBLBZ�JNH�L(EGF
� ügð@ú�ë?ñ}ñZügù@ú�÷øë?ìZùßíBé$ù�ë"ùßí¯ó�üg÷���ë?ýBé�ý�ñ}é�ú¯í�ë?ð
	âõ7éøó�üg÷���í�ë��gé�ú�õ@ð�ú"�[é$ó�íBýBéØéh	
�[ÿ$ýBìZ÷øé�ù¡í�ë?ñ,é�íHó�é$ñZð@ì

ügô7í�é�ùßðº��ë?ý¬ñ}ëÛ÷Øü�õ@ÿ$ñZì}ú�ë�í�ì}ü?ù ·¾� éøí�ë?ð
	 õ@é�ó�üg÷��7í�ë��?éøý�ÿ$é$ñ1ügô7íBé$ùßðEúBð7ýkð@ù@éøó$ì}ô7ñ}éØõö�ë"ñ}ð@÷Øì}ù@ìZð@÷ õ7ÿh�
� é�ù@õUõ@é�ñ}ëtúBé�ó�íBì}ügùEé� Øó>ë?ó�é�õ@ì�� ÿ$ý�é$ù¡í�ìZé$ñZñ}éØî�ð@ë?úBìW��ÿ$ñ}ë?ú�íBì}îßð@é d3σ

dΩe′dEe′

·Y� é�ù@ü?÷kô@ýBéøõ@é�õ@ì!�#ð7úBì}ü?ù@ú��%îßð@ì
ó$ügý�ýBé$ú�� ü?ù@õ ë?ðàí�ë?ð
	�õ@é¯ó�üg÷���í�ë��gé�õ7ðtó$ë?ñ}ügý�ì}÷���íBýBé���ú$ö;ÿ$ó�ýBìcíwr

N =
NA

A|q| T Ie ρ

∫ `

0

dz

∫ ∫

Ω(z)

d3σ

dΩe′ dEe′
dΩe′ dEe′

& ¶@· .�	 ,
ü�s

I
é$ú�í:ñ�ö;ì}ù¡í�é�ù@úBìcí�ÿAõ7ð°ê!ë"ì}úBó�é>ë?ð ·

T
ý�é��@ý�ÿ$ú�é$ù¡í�éÜñòëxõ7ð@ýBÿ�éÜõ7éXñòëx÷Øé$ú�ð@ýBé6é�í

ρ`
é�ú�í.ñòëxõ7é$ù@ú�ìZí�ÿ6ú�ð@ý�ê!ë?ó�ì}îßð@é

õ@éøñ}ëÛó�ì}ô@ñZé ·<; ùÝú�� é�ó�í�ý�éøé¬	
� ÿ�ýBì}÷Øé$ù¡í�ë?ñ:ó$ügý�ýBé$ú�� ü?ù@õEë?ðâí�ë"ð
	�õ@éØó$üg÷��7í�ë��géoõö;ð@ùÝó�ýBì}ú�í�ë?ñ,õ7ügù@ù@ÿ ·Y� ë
ú���÷øÿ�í�ý�ì}étë�=$ìZ÷kð7í�ë"ñ}é�õ@ðÔõ@ÿ�íBé$ó�í�é$ð7ý[�[é$ýB÷Øé�íØõö;é$ú�í�ìZ÷øé�ýøñ}ëb�"ë?ý�ìòë"íBì}ügùUõ7étñ	ö�ë?ùN�gñ}é�ë�=�ì}÷kð�í�ë?ñ

∆φ
�[ügð@ý

ð@ù ó$ýBìZú�í�ë?ñ*õ@ð ó$ë?ñ}ügý�ì}÷���íBýBé ·>� ë?ý°ë?ì}ñZñ}é�ð@ýBú�ñ}é�õ7ÿ�í�é�ó�íBé$ð@ý°é$ú�í°õ@ÿ$ó�ügð:�[ÿ�é$ù
7

ó$ü?ð@ýBügù7ù@é$ú°îßð@ìAó�ügðN��ýBé�ùßí
ð@ùàõ@üg÷øë?ì}ù7éxë?ùN�gð@ñòë"ì}ýBé9�[ügñòë"ì}ýBé6õ@é

10 > · è*é$ó�ìt�[é$ý�÷øé�íAõ@éïó$ügù@ù@ë@?}íBýBéxñ}ëHñ}ë?ý"�gé�ð@ý1ë?ù:�gð@ñ}ë?ì}ý�éA=�ÿ$ù@ìcí�ë?ñZé
∆θõö�ð7ùØó�ýBìZú�í�ë"ñ7õ@ð°ó>ë"ñ}ügý�ì}÷���í�ý�é · ç�ë?ù7ú.ñZé*ó$ë?ú,õö;ð@ù°ó$ýBìZú�í�ë?ñ»��ñ�ö;éh	
�@ý�é$úBú�ì}ügù°õ@ðoí�ë?ð
	¬õ@éXó$üg÷��7í�ë��géy& 8 î ·;¶@· .&	 ,

-%$�B



Ó WZY[WÌÔC)3j>Õ%i h�DtÖ Õ h )ljÐ×®ØgÙ[Ú@\®Ú�jYØgÛlØ�j>ÕRÙ h j>Ú 'jÉ Ù�Õ h�Ü®Ö ØgÙ

�"� �"��¦N�:���Üe$�

N ' NA

A|q| T Ie ρ` sin θe′

(∫
d3σ

dΩe′ dEe′
dEe′

)
∆θe′ ∆φe′

Â f µ�d�b�Ä

���
∆θe′ ' 0.0249 rad

�h�
∆φe′ ' 0.0430 rad

µg¶�©¼��£��"��¹��"��������£����������I��¢��"�:�����)���q�)����¦N�w¡C©+��£:����¹���� ¦:�
¡»©¼��¡���¢��"�"��£·¦N�Z�I�:�"��µ�Å�©+���N�"�"�o�)������ª¥¡���£:�� �:�"�¦N��)���«����¢��:¡����®��¿���£���¦:���G���"�¨¡����N�®��£N���"¹����¨¦:��£:�k�:£;¢��"�����¤��¡
¦:�i¢���¡����"�� �Þh���"�q���«�9�"���:�"���"��£��"�w�)���¡¯������ � [���"����£�¦:���o¢���£)���`§$¦:�$���I��¢������y�h§
�I���"�� ���£j����¡@���"�"�`¢����l���
¢��"��������¡»µj¶^©¼��£�����¹�����¡��9¦:��¡��y����¢h������£%���¢���¢���¦N��¦:�c�t�:������£�°j�)�����c�7��¡¯���«����°`�N��� ���"�qÀB���!���9�G���:���:£%��£N¹�¡��q¦:�
¦:�Z�I�:�"����£

θe′ = 35 7 µ`¶¾���"�� ��:�¨¦:�� ����"�:����¢����"�����"�G��£:¦:��£��6ew�:£[���¤�¥�¨¦:���I��¡¯���������¥������£������¨¦:�
150 s

ª�¢��
°`�N�>¢����"�������I��£N¦ e;�:£i�¤���`§i¦:�y¢��� ��N����¹��l¦:�y¡»©¼����¦:�"�

3 105 µ

Å�©+���N�"�"���)������ªj¡��9£:�� ·N�"�q¦:��¢��"���«�¤���`§����:�)���«����£)��£��Xe ¡¯�y¢����:����£:£:� f �h�°j�:�G£:�q�"��£���:���¨��¢�����£j�"���
�)����¡¯�b¢���:¡��i���«�[¦N�

81
µ�¶R�Á�"�� � ���������£º¦:�i�����N��¡�����¢���£:���
§Ð¦:�é�:��¢i°j�)�����c�7��¡¯���«����°`�N�m¦N��¢����[¢��"�����

�¤���
§é¦:��£:£:�T�:£P£:�� ·:����¦t©+�h²���£N�� ���£����i¦:��¡»©¼���"¦:����¦N�
256.41 105 �G���:���:£Í��������¦:�\�G��¡¯���"���"��������£@µÅ����
§Ò¢���£)���
§Á¡��� ��!������ÂB¢���£)��¡6bgb/�m���øb d���Äl��£����h����¢¤È:��������� �I���:�w¦N��Æ)£:���w¦N����¢����:�:�N�"�����I���N�w¡����:��¢

°`�:���"�/�7��¡������"��°j�:��µY¶¾���¤���
§Á¦:��¢��� ��N����¹��� ��/¿���£M°j�)�����c�Ê��¡¯��������°j�:��¢����"�������I��£N¦)��£��oe\�N£Ò¢������«�¤��¡�¦:��¡¯�
¢����:����£:£:� f ���«�q¦:�

3.165 105 µ:ñ®��£)��¡��� ���£���ªN¡��l�"���:�G�����¦:�m�����
§i¦N�l¢��� ��N�¤��¹��l¦:���"��¢h��� �)���o¡��l¢��"�����¤��¡¦:�¸¢���¡����"�� �Þh���"�w���b£:�� ·:�"��¦@©+�h²���£:�� ���£����y�������� ��������y¦t©+��£j²`���"��£
1.04

µE�q���:�G��¡���£:��°j�:�;£N���:�y��²���£N�
�N����¡��������G���:�¡C©+�������� [�¥������£%�:£:��°`�N�� ���£��9¡¯�·����¢��"����£i���¢���¢�� ¦:�l¦:�c�t�N�"����£$°`�:���"�/�7��¡������"��°j�:���h�q°`�N� £N���:�
�/²���£:�^¢��� ��N¡�Þ��"�� ���£��Y£:��¹�¡���¹���¡¯�q¢���£��"�"��N�N������£�¦:�¨¡¯������¢h������£·���¢���¢��o¦:�4¡¯����������£)��£:¢��

∆(1232)
µ"a¨���"�"�

²���¡����N�w¦:�Ò�����:�G���«�w�G���
�·½��"�"���h§
�:¡���°j�:�����)��� ¡���ÀB����� °j�:��¡���¢¤È:���!§Ç¦N����¢����:�:�N�"����¦:��Æ)£N���"�"��£��·¡����:��¢
°`�:���"�/�7��¡������"��°j�:�l¦)��£:�9¡��l�"�G��¢h�����w�¬§N�G������ ���£��¤��¡@���������9���:�A�������"�� ���µ

Fq���:�w�/²���£:�w¦:���"���" ���£N���¬§
�I���"�� ���£�����¡��� ���£j� ¦)��£:�w¡��m����¢h������£ÍÂ f µ Ë`µZb�Ä�¡����"���:�G����� Ralu µ:GoÈ:�����"�/�°`�N�� ���£���ª`£:���:�¨��¡�¡���£:�^�������� �����¢����"���:�G����� Ralu �I���N��¢��� ��)���"����¡¯�y ��`¦:��¡����"��������£°e ¡C©+�¬§
�I���"����£:¢���µNê^£
���I����ª>¡¯�m¦:�Z�I�:������£Ç��¡������"��°j�:�

ep → ep
���«�·¢��� ��:¡�Þ��"�� ���£�� ¦:��¢��"���"�[�)���w¡��m����¢��"����£Ò���¢���¢��[¦:���¨����£

(dσb/dΩ)
µ5F����:���G���N²���£:�¨��¡������������"�� �����¡�������
§�¦:�q¢��� ��N����¹��o��È:�����"��°j�:�

N(LH2)
�����"�N¡��¤��£j��¦:�q¡»©¼��£��

�����"��¢��"����£;¦N���^��¡���¢h���"��£:�^��£:¢���¦:��£�������²���¢q¡����k�N�"���"��£:�^¦:�¡C©+È�¿`¦:����¹�Þ�£N�o¡���°j�:��¦:��µ�Å�©+���N�"�"�9�)���«��ª�¡����"��¢��"����£
���¢���¢��[¦:��¦:�c�t�:������£¸°j�)�����c�Ê��¡¯��������°j�:���"�:� ¡����yÀ(��£:½��"�"����¦:��¡¯�$¢���:¡���¢����"�����"�G��£:¦Ýem�N£:��¦N�Z�I�:�"����£Á���:�
�:£:��¢���:¡��w¦t©v��¡��: ���£:���:  ¦t©+���)�������"���:�

300 µm
¦:��£:��¡��w¢�����¦t©+�:£N�� ����"�N�"�ke�¡»©+��²���£����h���:£:� ���:�������"���N�

¦:�
460 µm

e�¡C©v�����"��Þ��"��µj¶¾��£:�� �:�"��¦:��¦:�c�t�:������£N�
N(alu)

¦)��£N�¢���¢����4�I���N�½h���"����N����£j�$��£%�N�"��¡�������£j�
¡»©¼�h§
�:�"���"������£ Â f µ�d7b�Ä¬µk¶¾���������"�N¡��¤�¥���;¦:�$¢���¡�¢��:¡��·¦N�é�"���:�G����� Ralu �G���:�·¡�������£N¹�¡������/²���£����h�����"����Þ����¢������"�����I��£:¦)��£��xe

Q2 = 0.23(GeV/c)2 �"��£j�q�����"�N �����¦)��£:�9¡¯���¤��:¡���Â f µZb/Ë�ÄhµN¶�©¼��£��"��£:�������y¦:�$ÀB�����"¢������¦@©+��¡���¢�������£:�q���«���N�"�����l��¹���¡��y���m¢����N����£��q¦@©¼��¡���¢��"�"��£:�9¦:�y¡C©+�¬§N�G��������£:¢��y¦:� ³l¢®´ f Â
Ie = 20µA

Ähµ
b�Ë f



Ô�ò ÉYó h Õ%iRØ Ó WÐôkj É(' õ Ù�Ø¸×®ØgÙ[×*)ljmj>ÚgØgÙon�ô·Ù õ ÛlÚgÕ%i h Ø ó ò õ Ù h�Ü®Ö Ø
ê^£:����¹����

(Ee) 855 MeV 315 MeV´�£N¹�¡��
(θe′) 35 7 145 7

dσb

dΩe′
(µbarn/sr) 0.321 0.0129

∫
d2σ

QE

dΩe′dEe′
dEe′ (µbarn/sr) 4.35 0.17

N(LH2) (104) 311 25.52
N(Alu) (104) 18.1 0.98
Ralu 0.058 0.038
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Aphys =
1

R

APV +Rinelas Ainelas +Rγ Aγ +Ralu Aalu

1 +Rinelas +Rγ +Ralu
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ê�£N���"¹����

(Ee)
´�£N¹�¡��

(θe′)
´���¿` ��h�������

(APV ) (10−6)
�9��ÀVµ

855 MeV 35 7 (−5.44± 0.54stat ± 0.26sys) ì  �g�í
315 MeV 145 7 (−17.1± 1.4stat) ì b f Ë/í
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∂āi

)2

Dai
+

1

4

n∑

i=1

(
∂2ϕ

∂ā2
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∂āi∂āj
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∂āi

)2

Dai
+

1

2

n∑

i=1

(
∂2ϕ

∂ā2
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F,^)��_.��²�^)`�_¦���a!�%b�c¦���`�_.d�$Va¤È�� " b�c#�#$T§Zd'$!_5$h§ " �!�%b'$!`+a!$!_o¹���e�a�$-���
§
°���$�d'd'$�_f^)`[¦�b'_ " ^)_%$�¦�$�¦�^)`�`���$!_a!^)`�a�$!�%`���`8c>d�$!_RÀF��a�c#$!���%_®¦�$�À1^)�#g $��!d�$!a�c#�#^)g���¹)`+��c�b�°���$!_�µ.¦f$!_hg $!_%���#$�_h^)`8ci��c#�ja�^)g�g $!`+a!�!$�_hb�d�¿M� " d���_¦�$jc#�#$!`8c#$E��`�_i$�c>_%$ " ^)���%_#��b!²)$!`8ch$!`�a�^)�#$E���¥è%^)����¦@©+È���bCµ¥¶�©=��g �!d�b'^)�#��c�b�^)`�¦�$�_k¦�b'_ " ^�_#b�c#b�À1_�$h§ " �!�%b'g $!`8c6���`§$�cid'$�¦���²�$!d'^ "�" $�g�$�`8c®¦�$j`�^)�N²�$!d�d'$!_kg ��c�È+^
¦�$�_�$h§ " ���#b�g�$�`�c���d'$�_i^�`�c " $!�#g b'_R¦�$5�#��¦���b��#$5d'$!_�b�`�a!$��%c�blc��:¦+$!_g7��b�_.^)`8cEg ^)`8c��%�;����_#_%b@°���$;a!$��%c6��b'`�_E�%�!_#�+d�c6�Cc�_.^�Rc�$!`���_T��c6��b�$!`8cTb'`�a�^)g " ��c�b��d'$�_�µ`³i^����o°�����`8c�b!Æ�$!�Ed�$!_b'`�a�$!�%c#b�c#�:¦�$!_V_#���Vd'$�_�ÀF��a�c�$!�+�#_�¦�$ À1^)�#g $M�!d'$�a�c#�#^)g���¹)`���c�b�°&�+$!_q¦��Y`���a!d��!^)`tªmb�dk$�_%c�¦@©n��m^)��¦Y`���a!$!_%_���b��#$
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Q2 µ@ê�` " ���oc�b'a���d'b�$!�Td'$�_Z$�� " �!�%b'$�`�a!$�_*g�$�_#���#��`8c*d9� " ^)d'���#b�_���c#b'^)`wv�� " �#^�c#^)`�v�$�#$!a���ds^�`�c.g�^)`8c#�#�,z&�+$-d'$V��� "�" ^)�ocfv��%ÀF��a�c�$����fv+$�À1^)�#g $,�!d'$�a�c#�#b'z���$Z���[ÀF��a�c�$����fv�$�À1^)�#g $Vg���¹)`+��c�b�z���$v��!a��#^)blc.$!`U���:¹)g $!`8c6��`�c
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� ����`8c�blc�� �,�!��a�c#b'^)`

Q2 [(GeV/c)2]
�T��ÀVµ ïx��c"È�^&v�$

G
p

M
p(e, e′) 0.017− 0.15 ì §³©8��í �T^)_%$!`�~�d'�Rc�È

0.16− 31.2 ì §³©&´¥í �,�!��`���d!¿R_%$;$!`W�+c�b�d'b'_#��`8c
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p(e, e′) 0.005− 0.055 ì §&§�í �,^)_%$!`�~�d��+c�È

0.13− 1.75 ì §³©8g�í �T^)_%$!`�~�d'�Rc�È
G

p

E � Gp

M
p(~e, e′, ~p) 0.37− 5.54 ì Ë�2R�GË�Ë&�<§³©)�R�<§�g�í �+c#b'd�b'_���`�c
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M
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H4É D | õR��§;�x�T�xí�BÜð7�¹ÿ�ìOD�ñ-í���D ì6P�î�ïóò.ô/ÿ�ìxí�ÿ�ò.ô�ôs�xìxíTÿ�ìxí��!ñ&P�î ì�B&�xí¹ÿ�ì5�³òC��ðuìQ��D ì6P�î���ïFN!B�ìÔì�î+ð-ñ���ôs��î�ïFN!Biì
ÿ�BÔþ�� ò.î ò.ô��

� ����`�c#b�c#� �T�@��a�c�b�^)`
Q2 [(GeV/c)2]

�T����� ïx��c���^&v�$
G

n

M
d(e, e′, n) 0.11− 0.26 � §�õ�2�� d(γ, pn)
d(e, e′, N) 0.12− 0.61 � §�õÜ§!� p(γ, π+)n
d(e, e′, N) 0.095, 0.126 � §%õ)�C� p(n, p)n
d(e, e′, N) 0.24− 0.78 � §�õ�ü�� p(n, p)n

0.07− 0.89 � §�õ@©�� p(n, p)n
d(e, e′) 1.75− 4.0 � §%õ�õC� � ����_%b'�!d'��_%c#b'z���$
d(e, e′) 2.5− 10.0 � §%õ@´�� � ����_%b'�!d'��_%c#b'z���$

3 ~He(~e, e
′) 0.1, 0.2 � §%õ)��� �Z`���d��&_#$;v�$M����v�$�$�|y~���_#��$O_%��� � §%õ@gR�<§%õ����

G
n

E
d(~e
�
e′~n) 0.26 � ü&ü�� ���½{��

d(~e
�
e′~n) 0.15, 0.34 � ü@©�� �V`���dl�R_%$M� ý { " ��� � ü8�C�

~d(~e
�
e′n) 0.2 � ü8õ�� � ý {jv�$;�Z�#$�`�����|)$�d�$�cV��d � §�´)2��

~d(~e
�
e′n) 0.5 � §�´Í§!� � ý {jv�$;�Z�#$�`�����|)$�d�$�cV��d � §�´)2��

3 ~He(~e
�
e′n) 0.4 � ü)2C� �Z`���dl�&_#$;v�$M����v�$!$�|yv���`+_ � §%õ��C�

3 ~He(~e
�
e′n) 0.67 � üÍ§�� ���½{��

t20
�
T20 0.008− 1.64 � §³´C� �>�&c#����a�c�b'^�` « " ���oc�b��.v��w�F��a�c#$!���Tv�$�1^)�#g $*z�����v��%� " ^)d9��b��#$-v+�xv�$��+c�^�`

< r2
n > e(n, n) 0 � §�´8��� Gk����`�_#g b'_%_#b'^�`wc#��$!�%g�b�z���$*v��W`�$!�+c#�#^)`Wv���`+_

208Pb
d�b'z���b�v�$

Hj  D | õR�n�G�x�T�xí�BÜð7�¹ÿ�ìOD�ñ-í���D ì6P�î�ïóò.ô/ÿ�ìxí�ÿ�ò.ô�ôs�xìxíTÿ�ìxí��!ñ&P�î ì�B&�xí¹ÿ�ì5�³òC��ðuìQ��D ì6P�î���ïFN!B�ìÔì�î+ð-ñ���ôs��î�ïFN!Biì
ÿ�B�ô\ì�B�î�� ò.ô��
¡-��`�_Vd'�Q�#�!¢�b'^)`

0.04 < Q2 < 5.6(GeV/c)2 ��b'd��?$!g " d'^��)�;��`+$ " ������g ��c#�#b'_#��c�b�^)`yd'b�`��@��b'�#$Z_#b'g " d�$£ ��z�� õR�µü�©�¤Uz���bZ�1^����#`�blcy��`¥��¦%��_oc�$!g $!`8cx��a�a!$ " c6��~�d�$�v�$!_wv�^�`�`��!$�_W��|�$!a{g�^�b'`�_Uv+$ " ������g�§�c��#$�_!�E¨��a!^)`8c��#��b'`8c#$G_#� "+" d'��g�$�`�c���b'�%$/b�`�c#�#^&v���blc�$M_#���-d�$O�#� "�" ^)�%c r
a�^)`�v��+b�c�«�d©�<�!d'b�g�b�`���c#b'^)`Uv+$Ga!$��%c6��b'`�$�_-g�$�ú_#���%$!_Tv�$*�F��a�c#$!���%_Ev�$-�1^)�%g�$-a�^)g g�$-d�$-g ^)`8c��#$�`8cEd'$�_.ª�¢)���%$!_ £ õ&�¨§�¤�� £ õ&�«�)¤�� £ õR�¶ü)¤jv�$*¢8���+a6��$ £ ÿ�ò.ô�ôs�xìxí

òC��ïl��ï�ô1ñ�D ìxí�¤f$�c,v�$;v��%^)b�c#$ £ ÿ�ò.ô�ôs�xìxíGPxòC����ïl�&�xìxíC¤��
r = 1.0− (0.130± 0.005)[Q2 − (0.04± 0.09)]

£ õR�¶ü@©�¤
¨��;_#�!d�$!a�c�b'^�` v+$!_5v�^)`�`���$!_j_#���5d'$ " �%^�c�^�` £ c6��~�d�$kõR��§�¤>$�c5_#���5d'$T`�$��+c��%^)` £ c6��~�d'$AõR�n�)¤h$!_ocf_%b'g b'd'��b'�%$+«a!$!d�d'$Vv�$*d9�M�#$��1���#$�`�a!$ � §�´&ü����R¨�$�_Ev�^)`�`+�!$!_Ev+$ G

p

E

�+c�b�d'b�_���`8cjd9�O_%� " ������c#b'^)`Uv+$*¬,^�_#$!`�~�d��+c��y_%^)`8cT^)g b'_#$�_" ^)�+� Q2 > 1(GeV/c)2 �
§�ü8�
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¨��Eª�¢)���%$ £ õR��§�¤uv�$j¢)����a6��$ " �#��_#$�`�c#$f��`+$j_%�!d'$�a�c#b'^)` " ���%g�b8d��=$�`�_#$�gG~�d�$5v+$!_kv�^)`�`���$!_k$�� " �!�#b�g�$�`8c6��d�$!_v�$ " �+b'_ 1966 " ^)�+�7d'$w�F��a�c�$!�+�7v�$X�1^��#g $xg���¢)`���c�b�z&�+$xv�� " �#^�c#^)`³$�cUd9�Óª�¢)���%$Yv�$xv��#^)blc�$ " �#��_#$�`�c#$d'$!_O�#��_#��dlc6��c#_Gv�$!_/g�Ô�g�$�_O$�� " �!�%b'$�`�a!$�_Qa!^)�%�#b'¢��!_ " ���¹ûf�#��_#�s�h¨�� " �%�!a�b'_#b�^)`4$�� " ���#b'g $!`8c���d'$�_#���Oa!$�c%c�$^)~�_#$��%|���~�d�$G$!_oc;v�$
1% − 2%

�E¦f$!_-|���d'$����#_,ª�`���d�$!_*�@|�$!aQd'$����-$��#�#$����-^)`8c*��c��Q�+c#b'd�_#�!$�_ " ���;Õ+�«Õ+�sÖ*$!d'dl���b'`�_%bAz���$ " ���Eg ^)b�ú�g�Ô�g�$��
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 û ��¶����!ý¨ý/�6
 û ��� � ����
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û ��
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�w������9���N�9����
���e ú'û2ü �Y�	 7�
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FFinf(Q
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�� �  �
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 � ���1ý�� �M%�ü �C���!ý=�������� ��!ý=�!ý/
Rþ��	����
�þmÿ��	�}�#�� ü �1þ?�	
�þ ü þmý� L� ú ��ý ü ��ý ù�ú'û�ú�´'û�ú'ù w	��ý ù�û  �#� �������
�ý �  ú ¯ ´ � û �®ab ���$	 ° � �"��
 û � ü ��ý-
 û ��þmý-#���� û�% ��ý@
�w� �� û þ-ÿ����!ý,#�� û2û ��ý ù ����� ú ��
V�
FFcent(Q

2 )
®g��������þ û °����

FFinf(Q
2 )®g��� � � û 
x°.��
`�

FFsup(Q
2 )

®g��� û �"� ´ �K° �

2(GeV/c)2Q
-110 1 10

p µ
 / D

/ G p
MG

0.9
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0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1

Experience
 Fit: Toutes les donnees 
  Fit: Sup. Seules
  Fit: Inf. Seules

Experience
 Fit: Toutes les donnees 
  Fit: Sup. Seules
  Fit: Inf. Seules

Experience
 Fit: Toutes les donnees 
  Fit: Sup. Seules
  Fit: Inf. Seules

Experience
 Fit: Toutes les donnees 
  Fit: Sup. Seules
  Fit: Inf. Seules
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M � GD � µp
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Q2 ��*'Ã7=>*'<+6c,7<+6>Ã�,

0
,76

33 (GeV/c)2 �

S � ù ���	
 ú'ü � û ý@�	 �¯D��þ ûVü ��ý�ÿ�� ú ��
Qþ&
� �ý

FFmax(Q
2 ) = FFsup(Q

2 ) + δFsup(Q
2 )

®#b �	 µ�°
FFmin(Q2 ) = FFinf(Q

2 )− δFinf(Q
2 )

®#b �	 \�°
� ú þ���
���� ú ��
Kÿ��	�L���"��ý úQ� �"��ý-
 û ��þmý4#��"� û/% �!ý@��� û  y  û ����#��!ý

FFmin

�
FFcent

��

FFmax

��������ý ú'ümü �"�1ý;# ú �
û�ú #�
� û þ-ý/� û�ü �.��� �Ôú þ��	�,� � þ&��#�� û 
Qþ&
��	����� ù �"� û #xw ú ÿ���� �$ú'ü ��� û ��� Q2 � ù+ú'û ���	� ´?ú �1ýQýQþ&�����	�=���:�� � þ ú 
�þ&�"�
ý/
 ú ��� ú'û � σ

���"��
 ü �# ú'ü #�� ü ��ýH
��� �# û þ+
�#!þO���	��ýQý/�"��ý �A² ú ��ý������ ù�û � � þ ±�û �G �
 ú'ù ���!�"�O�� �¯D��þ+

δF (Q2 )ù+ú'û X

δF (Q2 ) =

√(
FFmax(Q

2 )− FFcent(Q
2 )
)2

+
(
FFcent(Q

2 )− FFinf(Q
2 )
)2

√
2

®#b � b���°

ù ��þ-ý ü ��ý�ÿ�� ú ��
�þ+
� !ý
Xmin(Q2 )

��

Xmax(Q

2 ) X
Xmin(Q2 ) = FFcent(Q

2 )− δF (Q2 )
®#b � b h °

Xmax(Q
2 ) = FFcent(Q

2 ) + δF (Q2 )
®#b � b � °

e-��ýC��������ÿ�� ú ��
�þ+
� �ý}ý/�"��
C������� ´�û�ú �	����� û ý0��� %+ú ý/��ÿ��1þB���"��ý ù � û/� ��
�
�����
C���7�� �¯���þ ûgü-úJüGú'û/´ ��� û ���
üGúV´�ú ��ýQý2þ��������(#xw	� û #xw	 �� �@� ú'û #��"�1ý/
 û ��#�
Qþ��"�2�;� ü-ü �!ý7
�þ�����������
1#�� �Iù 
��9��� üGú ��þ-ý ù � û ý2þ��"�¸����ý �'ú$ü ��� û ý
��� ù  û þ � ����
 ú'ü �!ý>���!ý y>ú #�
���� û ý=��� y � û/� � � P�R#�����
 û ��¶������	� üGú ��þmý/
 û þ % ��
�þ�����ý/� ûQú ���"���	 ù+ú'û9üGú7�$ú'ü ��� û���
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2 ) �
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� �"� û Xmin
��


Xmax
¯	�� �ý�� üGúsù1û � %+ú�% þ ü þ&
� I

ÿ���� ü � y>ú #�
���� û ��� y � û�� � x ú þ&
@����� �$ú'ü ��� û #�� �Ôù1û þ-ý/�
����
 û � Xmin

��

Xmax

��ý/
: ´?ú'ü �}� ü�� þ&��
� ´�ûQú'ü � X
I =

1

σ
√

2π

∫ Xmax

Xmin

e−
(x−x0)2

2σ2 dx
®#b � b'¼�°

úQ� ��# x0 = FFcent �ËÊ � y>ú þ-ý ú ��
 ü �0#xw ú � ´ � � ����
>�	� �$ú'û þ ú�%1ü � y = x−x0

σ

�D�"� � ��þ+
Vÿ��	�E#���
�
�� ù1û � %+ú�% þ ü þ&
� �� ù �����9����þmÿ��	� � ����
:��� ù�ú'û�ú��± 
 û � ρ

I = I(ρ) =
1√
2π

∫ +ρ

−ρ

e−
y2

2 dy avec ρ =
Xmax − x0

σ

®#b � b 	 °
P�!ý �$ú'ü ��� û ýL�	�

ρ
#�� ûQû ��ý ù �"�	� ú ��
 ú ��� ù�û � %+ú�% þ ü þ&
� �ý

I(ρ)
#�� �Ôù1û þ-ý/��ýL����
 û �5� � b1��
 h ý��"��
 ù�û  �ý/����
� ���ý
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��ý/
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Qþ��"�
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ρ
=

Xmax −Xmin

2ρ
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 ú 
 ú�%�ü �5®#b � h Ò"° ù�û  �ý�����
�� ü ��ý �$ú'ü ��� û ý,���

ρ ù �"� û #�� û 
 ú þ����!ý �'ú$ü ��� û ý,��� ù�û � %+ú�% þ ü þ+
� �
� û � %+ú�% þ ü þ&
� ρ� � b�� � � �?Ò

� � b�b � � Ò�b
� � �"� � � µ 	� � ��µ � � \"\� � Ò�� h � ��¼
� � Ò'� h � h Ò
� � µ"� h ��� µ� � \"� h � � 	� � \"\ ��� b�Ò

¡ ¼ ¢AÌEb � h Ò ] (+*�`-,�b/Ã�.sÄ/,
ρ
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)ρProbabilite   I(
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Þ Ý Ù<Ùx×xÚ ÜDÝ á�Û�Õ�áDß�û7Ø�á2×>âcÕ�Ö�×�Ø�ÙLÛ�× Ü Ù Ý úxÕ*ú�à}Ö�à}ß�ã I(ρ) =
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ä

çQè�é



ºL»P¼I½ ÿ¿¾ �PÀ þ Ì Á � ¼AÂ�ÃBÄ À i ¾ ¼ ¾vÿ Ä ¾vÿ}ÅAÆ ÀWÀ ¾ º=¼AÂ�Ç Æ Â�Ä5È kml �n�!À Æ � Ä

ê�#!þU�?������ý ù�û  !ý�����
��"��ýR����� û � ü-ú 
�þ&�"�(
 û�± ý ù�ûQú 
�þmÿ���� ù ��� û ��ý/
Qþ � � ûgü ��ýC� û2û ��� û ý}ý�� ûµü ��ý y>ú #�
���� û ýR���
y � û�� � ù �"� û � � þ �Ôù � û 
��9ÿ���� ü-ü � �$ú'ü ��� û ��� ù�û � %�ú�% þ ü þ&
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 û � ü �!ý@� û2û ��� û ý
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�������� �� �

∆y
68%

∆y
X%

=
ρ
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ρ
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=�	 �#��!ýQý ú þ û � ù �"� û �� �
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�þ ü þ-ý/� û � ú ��ý
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 ûQú þ û � üGú #��"��
 û þ % ��
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�
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 ü ��ý6�������� ��!ý;# ú'ü #�� ü  ���ý ��² ú ��ý
#���ý����1ý�� ü �!ý� ûQû ��� û ý�!ý/
Qþ �  ���ý ù �"� û�ü �!ý y>ú #�
���� û ýG�	� y � û�� ��#�� û2û ��ý ù ����� ú ��
Ô�e�	���'#�� û 
 ú þ&��� �$ú'ü ��� û��� ù1û � %+ú�% þ ü þ&
� `ý�� û �"��
>#��"��ý2þ��� û  ��!ý>#�� �G� �0 �
 ú ��
:#�� �Iù+ú 
Qþ %�ü ��ý�ý � þ ü?�dúIû ��#���� �/û � � ����
 úQ� ��# ü �!ý=�������
�� ��!ý7��� ù  û þ � ����
 ú'ü �!ý � 8�1#xw���þï�V��� ü-ú$�$ú'ü ��� û �	� üGú�ù�û � %+ú�% þ ü þ&
� 7��ýH
7#��"�	��þ&
Qþ��"���	 ù+ú$û ���O�	� ´�û  F���#�� �Iù+ú 
Qþ % þ ü þ&
� 9ý/� ù  û þ&��� û �"�' ´?ú'ü �

76% �
prob

ê ê/ê ê�ê�ê êH{Lê�ê
G

p

M
0.50 0.72 0.96 1.0 0.89

0.76 0.72 0.96 1.0 0.89
0.81 0.72 0.92 1.0 0.86
0.87 0.72 0.88 1.0 0.84
0.93 0.72 0.85 0.97 0.81
0.94 0.72 0.81 0.97 0.78

0.96∗∗ 0.72 0.78 0.97 0.76
0.98 0.64 0.78 0.97 0.73

G
p

E
0.50 1.0 1.0 1.0 1.00

0.65 0.94 1.0 1.0 0.97
0.71 0.94 0.94 1.0 0.94
0.76 0.94 0.94 1.0 0.94
0.82 0.94 0.89 1.0 0.91
0.94 0.88 0.89 1.0 0.89
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0.97∗∗ 0.0 0.92 1.0 0.85
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������� � �(¡K�&���(���M¡��'¢ � �
�' ��f���N�$�#�!� ÿ����¡S£[��� ��� �!�# ����q�� ����&�
�'�
���b�' �� ´ �T� � ¡����K�&� � � � � �G� � �8���# &�! &�Q¤ Q2 ¯+¥ �.��  � �q� � �q�&� ´ � � �q�/¦&�$�2� � �3�&�
�#� ± � �&§� �¡��'¢���� � � ���,� � �!� � �Z£h�$�#�����4�!�#� � � � � � �
� � APV � �a�¨£[�&�j�+�����
�
� � �� ��L�4�!�
�&� ´ � A′
0
� �&� ��� �'� � ¡K�$���G� � �� �¡ ± � ��#�U�$��¡K�&�#¡C� � �#� � �B¡S£[�'�
 �� � �I��� �  �� �!�#��© � �!�� &�ª¡ �Ìÿ�� �$�
«ª���
�!�&� ´ � � �+¥ª¬ � � � ��� �
�B¡ �L¬  ��#� � ¡ � � ��� ���� &� §

ö.  � �I� � ��� � �� &��� � � �  �� �7� � �-¬  ������Z£ �l¥ ��� � �
�
�' ��¡ � �N� �  ��-©����K�&�'�
 ��k¡ � � ¬ � � � ��� �
�I¡ �-¬  &�
� � ���
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 £i� ÿ�� �O�!�� &� ®Z°�§T²�° ¡���� � ��¡L¡ � �N� � ���������$�!� ÿ��	� ¡ � �N�.¡��'¢ � �
�' �� � � � �� �� ÿ�� £i ��-� � � � �@¡K�$���@� � � �  ���¡��T�!�� &���¡ � ���&� ´ � � ���o¦$�&� � (av)   � �&�
�#� ± � � (ar)
§ Ê@¢ ��� �!�T¦ � � � �2� � �N�f� � � � � � ¡ � APV ¡K�&����� � �B¡ ���+¥C� �&��¡ �¡��'¢ � �
�' ��P� � �#� � ��¡S£[�/¦� ��'� � �P�j���#� ± � � ¡ � ¡ ����¥ � ÿ�� �$�!�' ������'�������&��� � ��¤A¡ ���+¥ �'� �  ���� �	� � G

s

E

� � G
s
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� �¡ � �
���#  � ¡�� � � � �j�+�j� ± � �M® �#���K�&�
�$�!�' ��L¡ � ¹( �� � �2©�� � � �Ë°4§ ´=� �!� � � � � �a¡��T� � ¡��4� � �
����� � �@� � � �  �� �!�#��© � �!�� &�������¡��T¦���¡ ��� ��� � �3¡ � � ÿ�� �&�
«2�����!�
�&� ´ � ��� �+¥J¬ � � � ��� �
�(¡ �B¬  ��
� � ��� ��� �!�#� ÿ����C� ����� ´ ���4�!� ÿ���� ¡ � ���
 &�
 �� § �Q���#� � �'�
�' ��ª� � �I��� �  &�2�
�
�'© � �!�' ��P�4�!�!�$� ´ � ¡���� � ��¡¡ � �I�'� ��� �#�!�T� � ¡ � �I� � �I� � �.� � �#� � � ® APV � A′
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° ¡ � �¨£i� ÿ�� �$�
�� �� ®Z°�§T²�°4§�8� �.���4� �  �¡ � � � �&©��T� ��� ��� � ����  � �.�Z£ �l¥ �
�!� � �!�' �� � �
���'��� � � �.�������# ��K� ´ �$�!�' ��¡ � � � �
� ��� �
�M�]  � � � �#�
��� � �-� � � � �
� ��� �#�L� � �L� � � ¬ � � � ��� �
�-¡ �Q¬  ��
� � �4�!�!�$� ´ � � §aµ  ���� � ��  � �L�Z£h�/¦& ����¦ � ¡K�&���(� �I�U� �&���T�!� � ���
� � ��¡ � � � ®������ �����4� �  �¡ � �¶�
 �� � ��·�� � ��� �.� � ��� � ��� � �¶ ��#¡�� ��� �A�$���3���#��� � � � � �2�¡ � �����'���T� � �1� �+¥  ��#¡�� � �B� � �]���#� ��� �
� § ö�  � ���&���' ����I�$�� ��#� � �!�'����� � �����J���4� �  �¡ � ¡ �Gø  �� � �Aµ �&�#�� J�]  � ��¨£ �4¥ �!�
� � �
�� �� ÿ�� �@� � �#� � �B¤J�N� ¬  &����¡ � � � ���'� �  &����� � ¡ � �
  � � � �I� � � �  ��#�
�����$�!�' ���� � � �!� � � � �I¡��'¢���� � � �!�� � �#� � ��¡ � �Z£h�$�#�����4�!�#� �7� ��¡ � ¦& ���� �  &��� � � �B�
 &�2��¡��'�#�
�
��© � ���B� � � ¬ � � � ��� �#��¡ �L¬  ��#� � �4�!�
�&� ´ � ����� ���l¸�!�
� ÿ���� G
s

E

� �(�A� ´ �����
� ÿ���� G
s

M

§�´¹��� �
� �L¯ � � �'� �  �� ¦+� � � �(¡ � ¡��4� � �
����� � �3� � �3¡����j�!�#��© � �
�� ����8¡ � �
  � �3� � �� � �#� � �a��� � � �#¦ � �K�&� �b¡K�&���a� �3� �&� ��� ��¡ � �¨£[�&�#�������!�#� � ¡ � ¦��' ��N�$�
�� ���¡ � �K�&�#�'�
� APV ¡K�$���a� � �G¡ ���+¥M� �&�a¡ ��N� � �'�������$�!� ÿ���� �/¦$�&� � ® av
°A� �q�&�
�#� ± � �C® ar

°l§� �I¡��'�#�
�
��© � �!�' ��-¡ � �¨£[�&�j�+�����
�
� � APV � �j� �l¥ �����
��� � � �!�&� �$§ ��¡����j�!�
�'© � �
�� ���¡ � �¨£[�&�j�+�����
�
� � �
�&���3�4�!�!�$� ´ � �
� A′
0 � ��� � ³ �!� �  �©�� � � �����  ����K�$���
�
�&� �¶� � �8�'� ��� �#�!�T� � ¡ � �� � �¶� � � ¬ � � � ��� �
�¶¡ �I�  ��
� ��� �
�� ��J�'� �!�
 �¡ � �T� � �3�K�&�(º ���'� �¶�&�G» ®�¼¾½ �]  � �8� � ��¡�� �I�  ����+� � ¡ � � �  ��#� ��� �!�' �����!�&¡����$�!�T¦ � ����� ��� �!�#  ¬ �&��©�� � � Rj

i

� �Q� � ��¡����#�
�
�'© � �!�' ����M¡ � � ¬ � � � ��� �
�A¡ �p¬  ��#� � ��� ��� �!�
 &�A� ´ �����
� ÿ���� ��¡ �
²o°�¿
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� ��� ���� �� Gp
E,M

� � Gn
E,M

®Å�U� �&���T�!� �1®�°4§� �B¡����j�!�
�'© � �
�� ��-¡ � � �   ��·�� � � � �!� � �'�������$�!� ÿ���� � Xs
E

� � Xs
M ¡�� ¸� � ��¡A� ´ �&� � � � � �a¡ � �b¡����j�!�#��© � �
�� ����@¡ � � ¬ � � � ��� �
�b¡ �¶¬  ��
� � ¡ � � ��� ���� �� � �b¡ � �b¡��'�#�!�#��© � �!�� &���@� � �N�$�
�'¦ � �¤p�¨£[�&� ´ � � ¡ � ¡��T¢ � �#�� �� θe′

� ��� � �� �� � � �I�!�
�&��� ¬ ���
� Q2 §�Æ   � � ��� �N� � ��  � ���&���' ���� � �
���'��� � �I� � �
���!� ´ �ø  �� � �Mµ �$�
�� ���  � � �  ����j�!� � ��� � � � �1¡��'�#�!�#��© � �!�� &���(¡ � � ´ �!�&��¡ ��� �#��� � ���
� ÿ���� � ® �� �� � � �(�!�!�$��� ¬ ���
� Q2� �L�$� ´ � � ¡ � ¡��'¢ � �
�' �� θe′
° ¡� �� �-¡���� � ��¡ � � �-�!  � ��� � ��� � �
� � ��¡ � �Z£ �l¥ ��� � �
�
�' �� ®Z°+§'²�°0� ��� � � ¬ � � � ��� �
�¡ �L�  ��#� ��� �!�' ���� Rj

i ��������� ÿ�� � � �1¡K�&����� �-� �&� ��� �Ç¡ � �¨£[�&�#�������
�
� �$§�´ �Z£h�$��¡ � ¡ �L��� �I¡����j�!�#��© � �
�� ����1�
��� � � ¸�U�&� � � � � ��  � �I�&�'�� ����.�]  � ¦& ���� �4¥ �!�
�&��� � � � ��¡��'�#�!�#��© � �!�� &���.¡ � � ¬ � � � ��� �
�I¡ ��¬  ��
� � �4�!�
�&� ´ � � � �P� � �K�&� ��  ������ � ¡ � �!  � � � ��� � �¶¦$�&� ��� �
�¶���
 �©K�$©�� � ��¡ ����� ��¡��'¢���� � � �!�¶� � �
� � � � �.�
�'� � �T�U�&����� � � �3� � ����� �  ����+� �¡ � � �  ��#�
���N�$�
�� ���� � � �!� ����� �(¡��'¢���� � � �!�(�K�$�!�&� ± �
� � �(� � ���
� ÿ���� � §
²��$��� �����U� �&���T�!� ��� �Z£[�'���] ��j�U�&� ���7� �j�M� ���  ��
¡�� � ¤k�Z£ �l¥ �!�!� � �!�' ���¡ � �N� �  �� �!�#��© � �!�� &�C�4�!�!�$� ´ � � ��¥¬ � � � ��� �#�1¡ ��¬  ��
� � ¦ ��� � ��� �1¡ � ���
 &�
 �� � � � �
���'���!�$�2�(� � �!���
� ´ �Eø  �� � �Lµ �&�#��  § ÊG�k  � �!� ��� � � �.�#��� � �'�U�O�!�� � �# �� � �  ����K�&�#����¤ �����+¥ ¡S£[� � �
� � � �4¥ �]���
� � � ��� � ÿ�� � �  �� ��� �#� � � �M�N�f¦��� ����$�!�' ��C¡ � �N�5�K�&�
�T�!��¡K�&�����N�¡��'¢ � �
�' ��-���N�&�j�!� ÿ����$§�8�3�U� �&���'�
� � ��� � ��¡ ¯ �L�/¦ ���,� � � ¦ ��� ´ �' �©K�&� � � � �@� � ���#  ´ �
�&��� �a¬3� � � �Ç¡ � � � � � � �¡ � �N� �  ��'�N�&©] ��
�$�!�' �� Æ@ÈÉ´1��§
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²��$��� ��� �
� � �K�&�j�!� ��� ��  � �Q�&���' ����M���
  � ��¡ � �A¤��N�H¡���� � �#���'�K�$�!�' ���¡ � ���H¡��'�#�
�
��© � �!�' ��n¡ �P�U� � ÿ����
� � �#� � ��� � � �#¦ � �K�$�2��¡K�&������� � �&� ��� �¶¡ � �¨£[�&�#�������
�
� �$§ ²�£ � � �5¬ �&é� ��ê�#���j�!�����$�
� ÿ������ ��  � �A�$���� &���-���#� ¸� � � � � � ��� ��¡����j�!�#��© � �
�� ����I¡K�&����� � ��¡ ���+¥H�  ���¡��T�!�� &���I¡ � �N�J¡���� ��� �!�� &� ® �&� ´ � � ���/¦&�$�2� � ���&�#�
� ± � �K°4§8 �� � � � � �M�4¥ �]���#��� � � �U�&� � ¡ �-Æ@ÈÇ´.� �S£[�A�K�$�1� ��� ± �I� �+¥ ¡��'�#�!�#��© � �!�� &���¶¡ � � ´ �!�&��¡ ��� �#�1� � ���
� ÿ���� � θe′

� �
Q2 ÿ�� �S¡���� � ��¡ � � �.¡ � �N� ´ �� ������!�#� � ¡ � ¡����
�] ��#�'�!� ¬P�4¥ �]���
�'� � � �U�&� §� £h�$�#�����4�!�#� � � � � � �
� �0� �#�� �©�� � � ���� �J�� ¾� � �����&� �¶� � �q�U� �+¥ ¡ �1�  &�����!� ´ � �8� � � � �Q¡� &�A�&�'� � �&� ´ � ���&��� � ¡�� ¯ ���¯�K�&�q�N� ´ �� ������
�
� � ¡ �J� �&��  ¸�
��� ± �
� �C� �������' �� ´ ����� �(¡ � �N� � �'©�� �$§D8� ��¡����j�!�
�'© � �
�� ����¶¡ � �Z£h�&� ´ � � ¡ � ¡��T¢ � �#�� �� � �1¡ �¸ÿ�� �&¡��#�'¦ ��� � ��� ��!�!�$��� ¬ ���
�����
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Q2

� £[�&�#�������!�#� � ¡ � ¦��� &�N�$�
�� ��C¡ � �K�&�
�T�!�Q� � � � �
� � APV �  &�
� � �
�] ���¡n¤ª�¨£i��� �!�����!�&� � ¡ � ���4¦���� � � � � �!����N�$�#�!� ÿ���� �f���# +¡ � �'�!�f¡K�$���f�N� � �'©�� �W� �p¡���� ��� �
���k���&�f� �ª� �$�� ��#�������!� �&§ Êa�'� �[� �#�p� � � � �#� � ��  � � � � ���� �j�U�&�'� � ¦$�&� ��� �¶�� ¾� � ��� � ¡ ��ÿ�� �$¡��
�T¦ ��� � ��� �.¡ � �� �� � � �3�
�!�&��� ¬ ���#� §,µ-� �
� � ¦$�&� ��� �¶�� o� � ��� � ¡���� � ��¡¡ � �¨£i��� � ����� � ¡ �P¬ �&�'� ��� � � �'� � �'¡ � � � Ee

� ��¡ � �¨£[�&�	��� � ¡ � ¡��'¢ � �
�' �� θe′
§ Êa�'� � ¡� ��'�.� � ����� �  ������ � ¡ � �N�¦&�$�
�N�O�!�� &�H¡¯£[��� � �
��� � ¡K�&�����N� � �'©�� � ¡ ��� � �+¥ � � �#� � ���K�&���!�/�� ���� � � � � � � �-�K�$���' ������
�$�!�' �� § Êa�'� � ¡� ��T���� � � � � � � � �#�
�3�Z£ � ¢ � �L¡ � �#�
�!�����&�������P�&�	� � �N�&�'� � � � �L���p�!�
�� ��� �! ��'� � ¡ � �Z£[��� ��� �!�# �� §��>� ��� � � �A� ��� � ¡� ��T�� � �����¶¡ � ������ ���� ����� �¶¡ � �N� � ��©�� ��� �$�	��� � �o¦$�&� ��� 10 cm

� ���$�	��� � �&�
�#����� � � 23.39 cm � � �(�Z£h� ����� ���U�&� ����! &�!�&� � ¡ � ¡���� ��� � ��� � § ùÇ�'�K�&� � � � � � �Ë� �'� �E� �#�� �©�� � � ���7� �ª�] ���¡����!�&� �I� � �� �� � � �1�
�!�&��� ¬ ���#� Q2 �K�&�.�N�¦&�$� ��� �¶¡ � �N�-� ��� �
�� �� �4·�� � ��� ¡��T¢¯��� � �2�
� � ��� � ¡K�&���¶���-¡��'¢ � �#�� ��J���N�&�j�!� ÿ���� ��� ��� �
�
 �� ¸ ���# &�! �� §	� �&��� ��� ��  ���¡��'�!�' ���� � �N� ¬  ��#� � � � �&�����#  ¥ �'�A�$�
�'¦ � ¡ � �� �� � � �3�
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@BADCFE è�G+çIHKJ�L�M4N7OPLRQ=STN7LVUXW�M�YTZ\[�] ^�W ú [�Z_YTZ`Y�L aIS>M4LVUXW
θe′ bdc ú STO�Z`YTZ ú ^�S1e ÿ Zgf�Z4N�[�Z�hKUXhKZ4W;N/N7O
^�W�M æji O i Q2

bdc ú SkOlZmYTZmY�OlUXLDNgZgf�n�o/Z�MmY�L�M4NRO4LRQ=STNRLVUXW�MpMqUXW;NrYTUXW;W i Z�MsYt^�W�Mp[�Zue�^XMsYTZv[w^xY i NyZ�e4NRLVUXWz^�S þ ^�W ú [�Z�Ms^�{X^�W;N|nop] i W}Z4O ú LVZvYTZ9~�^�L�Mqe�Z�^�SxLDW}e4LRYTZ4W;NrZ�M4N(YTZ
854.3 MeV
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e’θ
Entries  166148
Mean    144.8
RMS      2.97
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@BADCFE�� Gd��HKJ�L�M4N7OPLRQ=STN7LVUXW�M�YTZ\[�] ^�W ú [�Z_YTZ`Y�L aIS>M4LVUXW
θe′ bdc ú STO�Z`YTZ ú ^�S1e ÿ Zgf�Z4N�[�Z�hKUXhKZ4W;N/N7O
^�W�M�~ i O i Q2

bdc ú SkOlZpYTZ�Y�OlUXLDNyZgf�n}o�Z�MpY�L�M4NRO4LRQ=STNRLVUXW�M\MqUXW;N�YTUXW;W i Z�M�Yt^�W�M`[�Zpe�^XMpYTZ_[w^KY i NgZ�e4NRLVUXW�^�S þ ^�W ú [�Z�M`^�OPO4LV�4OlZ=n
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@BADCFE�� G�½mH¦J�L�M4N7OPLRQ=STN7LVUXW�MsYTZ�M�~�^Te4NgZ4SkOlMsYTZ(~jUXOPhKZ6Y�Suå¡OlUXNgUXW·å;UXSkOpSkW
Q2 = 0.23(GeV/c)2 n.æ9Lwç�SkOlZYTZBçt^�S1e�è;ZFéª[�Z}~�^Te4NyZ4STOIYTZ�~jUXOPhKZrh�^qç�W i N7LRê=S;Z
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@BADCFE;� G�Ý�H«J�L�M4NRO4LRQ=STNRLVUXW�M�YTZ�M.~�^Te4NyZ4STOlMpYTZ�~jUXO4hKZ`Y�S«W}Z4STN7OlUXW�å;UXSTO�STW
Q2 = 0.23(GeV/c)2 n�æ9Lwç�SkOlZYTZBçt^�S1e�è;ZFéª[�Z}~�^Te4NyZ4STOIYTZ�~jUXOPhKZrh�^qç�W i N7LRê=S;Z
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Æ   � �I�]  � ¦� &��� �  ����j�!� � ��� � ���A¡��'�#�!�#��© � �!�� &�k¡ � A′
0

� ��� � �#�B��� ��� �
�
�&��� � ¡ � ¡���3K�������'��¡��'¦��'¡ ��� �'� � � � �2�� � ��¡����j�!�#��© � �
�� ����I¡ � �-���&�!�&�����
� � � Xi

§�� �5�!�&©�� �M� � ¸ �$������� �±°�§'² � � ¡� ���� � � � ��¦$�&� ��� �#��� � �����#� ÿ���� ��¡ ���� �j�U�&�'���(�K�&�
�&�u�4�!� � � Xi � �p�   � �#��¡ � ���&����� � � §
´ ����� � ²o¿�¿�ø ³������ ³?��� ³ ³?���&� ³?����°
�#��� 2θ

W
0.231240 0.231170 0.231130 0.231200 0.2312200

∆( �#��� 2θ
W

) 0.000150 0.000150 0.000150 0.000150 0.0001500

R
n

V
−0.011989 −0.012089 −0.012089 −0.011789 −0.0122920

R
p

V
−0.047413 −0.043730 −0.044868 −0.044709 −0.0440143

R
(0)

V
−0.011989 −0.012089 −0.012089 −0.011789 −0.0122920

R
T=1

A
−0.178259 −0.172628 −0.172260 −0.172763 −0.1720638

R
T=0

A
−0.253198 −0.252257 −0.251722 −0.252660 −0.2529286

R
0

A
−0.558056 −0.551014 −0.549843 −0.551753 −0.551457

g
A

1.267000 1.267000 1.267000 1.269500 1.269500

∆g
A

0.003500 0.003500 0.003000 0.002900 0.002900

ù ��ú â�°�§T²9û$ü;ý�þ�ÿ��������Tÿ��
	�ý��
ý��������ÿ�������������4þ�ÿ����Vý����tý����6ÿ����Tÿ�����������ÿ���������� �!��ý"���Rý����$#�ÿ��&%4þ�ÿ����'���)(�ý���*=þ�ÿ��
+/ÿ��,#Xý�þ�ÿ������-�.���/�0�����/�1%�ÿ��2�Tÿ3	����4�,5"6"687:9

µ  ���� � �Z£[�4¦� �� � �!�' ���¡ �q��� �G�K�&�!�$�u�4�!� � �@� ���   � �#�@¡ � �G�&����� � � � �#� ¬ �&�'©�� ��� ��  � �Ç�&���' ���� � �!�'����� � ���]  � ��¨£ �4¥ �!�
� � �
�� ��M¡ � � ¬ � � � ��� �
�a¡ �(¬  ��
� � ���
�!�&��� � �a� � �a�K�&�!�$�u�4�!� � �G¡ � �¨£[�&����� ��³�����°�§��P� �b¦$�&� ��� �#� ��� � �
�!�&� � ��&�����#� ÿ���� � ��� �
� � �
� ��� �#�b�&�
�#  � ��� � � � � � �#� � �
� � � �a¡ �¶�  &���#�
� � �'� � � ��� �
�Ç¡����j�!�
�'© � �
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����� �:� �J�4¦&�$� � �&� �8�N��¦$�&�#�N�&� ��� σ2 ¡ ���� ���K�&�
�&�����!� � ��� �f�   � �
�(¡ � � � ����� � �U�&©�� �B°�§h³ � §
Æ �&�!�&�����
� � È �&� ��� �
� ��� � �!�
�&� � � ;G�
� ��� �#�.� � �N�O�!�'¦ � � �'< �
R

n

V
−0.0122920 1.6

R
p

V
−0.0440143 3.4

R
(0)

V
−0.0122920 1.6

R
T=1

A
−0.1720638 1.6

R
T=0

A
−0.2529286 0.2

R
0

A
−0.5514568 0.6

ù ��ú â�°�§ ³�ûïü;ý�þ�ÿ���������ÿ��/����ý�þ�ÿ��=�Tÿ��>	�ý��
ý��������ÿ��uÿ��Iþ�ÿ������·ÿ����lÿ������?�������lÿ��3	/�����tý��/�gÿ��������Dþ@�4�.%�ÿ��?�tý�� �sþ�ÿ
��ý�þ4���kþ1AB���/�yÿ?C9ý��Pþ4��9
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�� ���¡ � �Z£h�$�#�����4�!�#� � �&�K�$�� ����&��� � Aanap

PV
¡���� � ��¡n¡ � �M¡��'�#�!�#��© � �!�� &���-¡ � � ¬ � � � ��� �
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�B��� � � �#¦ � �K�&� ��¡K�&���I�¨£ �4¥ ��� � �
�#�� ��H¡ � �¨£[�&�j�+�����
�
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� ���� ��� �
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�� ��J¡ � �� �� � � �¶�!�
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�'© � �
�� ���� � � �#�
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� � ��� ��� �
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�
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����  � � � �&� ��� � � � G
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§LD �����&� � � � �2� � � �B¬ � � � ��� �¡ �I¬  ��
� � � ¥ �N�&� � �#��¡��4� � �
�������I�K�$�(�
���
��� � ¡ � ∆s ¡K�$���(�!�M¡����j�!�
�'© � �
�� ��A¡��y
� � �T�!� �$§

;G��� � ���&� � �  ����+� � ¡ � � �  &�
�
���N�$�
�� ���� ÿ�� � �4¥ ���j� � � � � � �!� � � � �M¡��T¢¯��� � � �
��� � �
� � �M¡ � �Z£h�&�j�����4�!�
� ��� ��P�4�!�!�$�	� ��� � � �.¦$�&� ��� �#�1¡ � �I�&�#�������
�
� � �.¡ ��� �I� �+¥ ���
  ��� �#� � ��¤ � � ÿ�� �&�#«k¤��N� ¬  �������  � �.�����K�$�#�!� �¦ ��� �! ��#� � ��� �C� ��� ¥ ���&� �C� �.�¨£[�&�j�+�����
�
� � �$�K�&�] ��N�&�'� �L� � � ��3K�P�Z£h�$�#�����4�!�#� � ¡ � � �p¬ � � � ��� �.¡ �B¬  ��#� � � ¥ �N�$����!�
�&�	� � �# �� �.���
��� � � �!� � ��¡��&���(�N���!�&©�� ���±°�§�� � §

A′
0 A

1−quark

V 0
A

1−quark

A 0
Aanap

PV
Xs

A
G

s

A�/¦$�&� � � 10−6 � −6.24± 2.64 −5.6± 0.08 −0.67± 0.01 0.05± 0.25 −0.02± 0.01

�$�
�
����� ��� 10−6 � −16.61± 1.05 −13.98± 0.14 −2.76± 0.04 0.22± 1.04 −0.09± 0.04

ù ��ú â�°+§d�pû ü;ý�þ�ÿ������,�Tÿ��M�yÿ����Kÿ��
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ý���������lÿ3Y-	/�����pþwýZ#Xý�þ�ÿ����2�Tÿ

Q2 = 0.23 (GeV/c)2 9
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0 �
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−iM̂ana = − 4πα
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�] ���¡K�&� � �E� �#�p�
−iM̂ana = −4πα

Λ2
X

(ū`γ
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)ĴNC

µ5

�Å´�§�ø �
E �`� ��� ��5��!� � � � �#�'�

iM ∼ K1Ĵ
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