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�E
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�Ω
I II

�Ω = �ΩI + �ΩII, �Ω| = �ΩI.

�Ω

x, y, s νsp = γG



dSx

dθ
= κSs − rSy,

dSy
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= rSx − tSs,

dSs

dθ
= tSy − κSx,

θ = 2πs
C κ r t

κ = −γG + (1 + γG)ρx′′,

r = (1 + γG)y′ − ρ(1 + G)(
y

ρ
)′,

t = −(1 + γG)ρy′′,

r = −ΩII
x t = ΩII

s
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�Ω

ξ = ξR + iξI = t − ir.

d�S

dθ
= �S × �Ω, �Ω(x, y, s) =

⎛
⎝ ξR

−γG

−ξI

⎞
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⎠ mit σx =

(
0 1
1 0
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dΨ
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dΨ
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2

(
γG −ξ(θ)

−ξ∗(θ) −γG

)
Ψ.

ξ

ξ
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εr e−iνrθ,
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∮
ξ eiνrθ dθ.

r νr
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νr = k′ ± kP ± mνx ± nνy ± lνs,

νx νy νs

k′, k, n,m, l
P

•

γG = k′.

•

γG = kP ± νy.

•

γG = k ± νy.

•

γG = k ± νx.



•

γG = k ± mνx ± nνy.

|m|+ |n| = 2

•

γG = νr ± lνs.

T

Ψ(θ2) = T (θ2, θ1) Ψ(θ1).

T = IT0 + iσxTx + iσyTy + iσsTs, I =
(

1 0
0 1
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.
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y

⎞
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⎛
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⎞
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dΦ
dθ
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⎞
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3|εr|
95% εr

εr
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εr αr

Δγ
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(Δγ · G ± Δνy)

2π
.
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= 2 · e−
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2αr − 1.

Pf Pi

•
ε2
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r 
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Δp
p
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(

Δp

p
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s
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.
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∞∑
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dΨ′

dθ
=

i

2

(
0 εr(θ)e−iβ(θ)
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2
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= −iαrg − iε∗r

2
f,
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g
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=
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[
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f
g
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.
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χ
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⎛
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�n0
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⎛
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θ θγG
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χ
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χ

2
) · cos(πγG).

χ
2π
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ξ
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eikθ0|)2 − 1.
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 2π|εr| +
√
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νsp = 1/2 = k ± lνx ± mνy.

P f
V(θ) = P i

V cos θ,

P f
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T
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P i
V P f

V
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T P f

T

θ θ
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P f
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V, P f
T(π) = P i
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T
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T

=
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y
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(1 + γG)Θ1νy

√
βHF

y

4π2n
(
ν2
y − ν̃2

m

) 2nπ∫
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√
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Λ̄

γ

σtot = σ0 + σ⊥
(

�P · �Q
)

+ σ‖
(

�P · �k
)(

�Q · �k
)

.

σ0 σ⊥ σ‖
�P

�Q �k

�P · �Q = ±Q �Q · �k = 0

σtot± = σ0 ± σ⊥ · Q.(
�P · �Q

)
= ±Q

(
�P · �k

)(
�Q · �k

)
= ±Q

σtot± = σ0 ±
(
σ⊥ + σ‖

) · Q.



dP/dt = (0.0124 ± 0.0006/h)

Δv/c ≈ 0.001
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Ṅp̄ = 2 · 107 s−1

180◦



εx,y =
1

βγ

(
N

N0

)4/5 σp

p
=

1.33 · 10−3

βγ

(
N

N0

)2/5

,

N N0 = 3.5 ·1010

4 · 1015 2



1 3.5 · 1010

1.33 · 10−3 3.5 · 1010

200
3.8

2 · 107 s−1

1.5 15 0.83 14.1
1010 1011

4 · 1015 2

2 · 1031 −2 −1 1010 p̄

σp ≥ 4 · 10−5

1.5 9

2 · 1032 −2 −1 1011 p̄

σp ∼ 10−4

1.5 15
3.8

2 · 1032 −2 −1

1011 σp/p ∼ 10−4

σp ≥ 4 · 10−5

1010

Br
B < 10−5 Br

W =



γtr

◦ ◦ ◦

2 2 2

νx,y

βmax.
x,y −

Dmax.
x −
βmax.

x,y − − −
βx,y − − −

βx,y − − −
ξx,y − − −

γtr −



 0

 100

 200

 300

 400

 500

 600

 0  100  200  300  400  500
-10

-5

 0

 5

 10

β x
,β

y 
/ m

D
x 

/ m

Position / m

Bogen Bogen
βx
βy
Dx

 0

 50

 100

 150

 200

 250

 300

 350

 400

 450

 0  100  200  300  400  500
-1

 0

 1

 2

 3

 4

 5

 6

β x
,β

y 
/ m

D
x 

/ m

Position / m

Bogen Bogen
βx
βy
Dx

βx βy

Dx

βx,y =

π

π

◦



◦

◦

γtr = 6.2 − 30
βx,y =

γtr = 7.1

h

h



-0.4

-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 0  100  200  300  400  500

St
ra

hl
ab

la
ge

 in
 x

 / 
m

Position / m

-0.004

-0.003

-0.002

-0.001

 0

 0.001

 0.002

 0.003

 0  100  200  300  400  500

St
ra

hl
ab

la
ge

 in
 x

 / 
m

Position / m

s



In φn n
f0

n
f0

Zn/n n
Zn/n ξn

Zn =
√

(Zn)2 + (Zn)2 , ξn = arctan
(Zn)
(Zn)

i



ΔEi = qInZn cos(φi + φn + ξn),

φi

1011

10-6

10-5

10-4

10-3

10-2

0 5000 10000 15000 20000

104 Makroteilchen,  Teilchenladung von 1011, 3GeV, Z
n
*10

ΔΔ ΔΔ 
E

rm
s (

G
eV

) 

Anzahl der Umläufe

0 100

2 10-4

4 10-4

6 10-4

8 10-4

1 10-3

200 400 600 800 1 103

E = 1 GeV
E = 3 GeV
E = 7.25 GeV
E = 14.5 GeV

Δp
s/ p

Skalierungsfaktor von Z
n

0

ΔErms

ΔEi E =

ΔpS/p
E

∣∣∣∣Zn

n

∣∣∣∣ =
2πEβ2γη

eImax

[
ΔpS

p

]2

,



Imax
ΔpS

p

1011

Δp
p ≈ 2 · 10−5

Δz′(z) =
qeNe

2πε0mc2β2γ3

z

R2

R∫
0

r n0(r) dr,

z ∈ {x, y} Ne =
∣∣∣ IeLe

eβc

∣∣∣
n0(r) R =

√
x2 + y2

νx,y = 0.03



Fraktionaler Arbeitspunkt     

Ie Le

νfrak
x m,n, p

p = mνfrak
x + nνfrak

y

2 · 10−4

1010

10−3

·10−5



Kinetische Energie / GeV

x,
y

/ m
m

 m
ra

d

p/
p

μ
3 5 ·10−5 1010

1011

10−4

·10−5

10−4



Hohe Luminosität

Hohe Auflösung   

Strahlimpuls / GeV/c

p/
p

tzyk

tprep texp

texp



L(t) t tzyk

tprep

texp

Δpmax

p =
±10−3

(
τ−1
loss

) −1

1.8 · 10−4 1.2 · 10−4 1.1 · 10−4

εx,y 2.9 · 10−4 6.8 · 10−6 2.4 · 10−6

Δpmax/p = ±10−3 1.3 · 10−4 4.1 · 10−5 2.8 · 10−5

εx,y 4.9 · 10−5 2.3 · 10−7 4.9 · 10−8

6.5 · 10−4 1.7 · 10−4 1.4 · 10−4



1011

0

2 1031

4 1031

6 1031

8 1031

1 1032

0 5000 10000 15000 20000

M
it

tl
er

e 
L

u
m

in
o

si
tä

t 
/ c

m
-2

s-1

Zykluslänge / s

t
prep

 = 120 s

ττττ = 1540 s

n
t
 = 4*1015 cm-2

f
0
 = 0.443 MHz

2*107 pbar / s

1*107 pbar / s

0

5 1031

1 1032

1.5 1032

2 1032

2.5 1032

3 1032

0 5000 10000 15000 20000

M
it

tl
er

e 
L

u
m

in
o

si
tä

t 
/ c

m
-2

s-1

Zykluslänge / s

2*107 pbar / s

1*107 pbar / s

n
t
 = 4*1015 cm-2

f
0
 = 0.521MHz

t
prep

 = 290 s

ττττ = 7100 s

1 · 107 s−1 2 · 107 s−1

1011

1011

1.6 · 1032 −2 −1 2 · 107 s−1

3 ·1032 −2 −1

1011

0.67 ·1032 −2 −1

1011



1011

1·107 s−1

1.5 · 1032 −2 −1

1032 −2 −1

Z A

σp̄A
H /b

Δpmax/p =
±10−3

5 · 1031 4 · 1028 −2 −1

1 · 1015 9 · 1012

2

1.9 · 1032

2.4 · 1031 −2 −1

3.6 · 1015 4.1 · 1013 2



0.001

0.01

0.1

1

10

100

1000

0 10 20 30 40 50 60 70 80

1.5 GeV/c

W
ir

ku
n

g
sq

u
er

sc
h

n
it

t 
/ b

Z

Hadronisch
Coulomb
Energieverlust
Gesamt

0.001

0.01

0.1

1

10

100

1000

0 10 20 30 40 50 60 70 80

9 GeV/c

W
ir

ku
n

g
sq

u
er

sc
h

n
it

t 
/ b

Z

Hadronisch
Coulomb
Energieverlust
Gesamt

0.001

0.01

0.1

1

10

100

1000

0 10 20 30 40 50 60 70 80

15 GeV/c

W
ir

ku
n

g
sq

u
er

sc
h

n
it

t 
/ b

Z

Hadronisch
Coulomb
Energieverlust
Gesamt

0.01

0.1

1

10

100

1000

0 10 20 30 40 50 60 70 80

                     

1.5 GeV/c
9 GeV/c
15 GeV/c

M
ax

im
al

e 
L

u
m

in
o

si
tä

t 
/ 1

030
cm

-2
s-1

Z

Z



1/e2
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Ṅp̄

(2.71828)2
= 2.7 · 106/s.



1012

1011

1012

1011

γtr

1.5 · 1017



P
γG =

6 − νy,−1 + νy, ..., 10 − νy, 3 + νy γG = 3, ..., 7)

10−3

P
γG = νy γG = 12 − νy

νy

5·1012

3·10−3

10−3

2 · 10−3

γG = 2, ..., 7
3%



10−5 10−2

νy

νy

Ekin P γG

13 − νy

−5 + νy

14 − νy

−4 + νy

15 − νy

−3 + νy

16 − νy

18 + νy

37 − νy

19 + νy



0

50

100

150

200

250

300

0 5 10 15

Maximale Strahlablage

x
y

x m
ax

 , 
y m

ax
  /

 m
m

Strahlimpuls / GeV/c

Helixdipol

Helixdipol und Solenoid

-3

-2

-1

0

1

2

3

-5 0 5 10 15

Bx
By
Bs

B
 / 

T

Position / m

15 GeV/c

0

0,5

1

1,5

2

2,5

0 5 10 15

Magnetfeldänderung

s
d1
d2

B
 / 

T

Strahlimpuls / GeV/c

-1

-0,5

0

0,5

1

-5 0 5 10 15

15 GeV/c

Sx
Sy
Ss

S
p

in
ve

kt
o

r

Position / m

s d1, d2



180◦ Sx,y

Sz



Δψz = 0.75 · 2π 1.25 · 2π
βz =

◦

1031 −2 −1

nt = 7 · 1014 2

fc

Δpmax/p = ±10−3

(
τ−1
loss

) −1

3.1 · 10−5 2.1 · 10−5 1.8 · 10−5

εx,y 5.1 · 10−5 1.2 · 10−6 4.2 · 10−7

Δpmax/p = ±10−3 2.3 · 10−5 7.2 · 10−6 4.9 · 10−6

εx,y 4.9 · 10−5 2.3 · 10−7 4.9 · 10−8

1.5 · 10−4 3.0 · 10−5 2.3 · 10−5

1031 −2 −1

·1031 −2 −1



p p̄ p̄ p p̄ p

1 · 1012 3 · 1011 5 · 1011 2.4 · 1012 5 · 1011 1 · 1012

·1030 −2 −1 ·1030 −2 −1 ·1031 −2 −1

5 · 1030 −2 −1

1012 5 · 1011

1.2 ·1031 −2 −1

β∗
x,y

√
s ≈ 15 GeV

√
s ≈ 28 GeV

1012



1031 −2 −1

5 ·1031 −2 −1









1031 −2 −1



















�d + �p → {pp} + n

An Ann P 2
⊥



−

∼











−



−



−

−





η

p̄p















Schriften des Forschungszentrums Jülich 
Reihe Schlüsseltechnologien / Key Technologies 

1. Soft Matter 
From Synthetic to Biological Materials 
Lecture manuscripts of the 39th IFF Spring School March 3 – 14, 2008 
Jülich, Germany 
edited by J.K.G. Dhont, G. Gompper, G. Nägele, D. Richter, R.G. Winkler (2008), 
c. 1000 pages 
ISBN: 978-3-89336-517-3 

2. Structural analysis of diblock copolymer nanotemplates using grazing 
incidence scattering 
by D. Korolkov (2008), III, 167 pages 
ISBN: 978-3-89336-522-7 

3. Thermal Nonequilibrium 
Thermal forces in fluid mixtures 
Lecture Notes of the 8th International Meeting on Thermodiffusion, 
9 – 13 June 2008, Bonn, Germany 
edited by S. Wiegand, W. Köhler (2008), 300 pages 
ISBN: 978-3-89336-523-4 

4. Synthesis of CMR manganites and ordering phenomena in complex 
transition metal oxides 
by H. Li (2008), IV, 176 pages 
ISBN: 978-3-89336-527-2 

5. Neutron Scattering 
Lectures of the JCNS Laboratory Course held at the Forschungszentrum Jülich 
and the research reactor FRM II of TU Munich 
edited by R. Zorn, Th. Brückel, D. Richter (2008), c. 500 pages 
ISBN: 978-3-89336-532-6 

6. Ultrafast Magnetization Dynamics 
by S. Woodford (2008), 130 pages 
ISBN: 978-3-89336-536-4 

7. Role of Surface Roughness in Tribology: from Atomic to Macroscopic 
Scale 
by C. Yang (2008), VII, 166 pages 
ISBN: 978-3-89336-537-1 

8. Strahl- und Spindynamik von Hadronenstrahlen in Mittelenergie-
Ringbeschleunigern 
von A. Lehrach (2008), II, 171 Seiten 
ISBN: 978-3-89336-548-7 

 



Band | Volume 8
ISBN 978-3-89336-548-7

Sc
hl

üs
se

lt
ec

hn
ol

og
ie

n
K

ey
 T

ec
hn

ol
og

ie
s

An
dr

ea
s 

Le
hr

ac
h

St
ra

hl
- u

nd
 S

pi
nd

yn
am

ik
 v

on
 H

ad
ro

ne
ns

tr
ah

le
n 

 
in

 M
it

te
le

ne
rg

ie
-R

in
gb

es
ch

le
un

ig
er

n

Strahl- und Spindynamik von Hadronenstrahlen  
in Mittelenergie-Ringbeschleunigern

Andreas Lehrach

8 M
itg

lie
d 

de
r 

H
el

m
ho

ltz
-G

em
ei

ns
ch

af
t




