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> Part 1. Introduction
> What are Electric Dipole Moments?
> General idea for EDM measurements in storage rings
> The Cooler Synchrotron COSY, Jiilich
> Thomas-BMT-equation

> Part 2: Simulations
> Simulation framework
> Measurement principle at COSY, Jilich
> False signal due to magnet imperfections
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CP-Violating permanent EDMs #) JULICH
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> Electric Dipole Moments:
> Charge separation
> Fundamental property

- > Permanent EDMs are P- and T-violating

S
3 > CPT-Theorem: CP-Violation
dﬂ!l P ¢
d
+ > Known CP-Violation not sufficient to
~—% d ] ) )
2 T explain Matter-Antimatter-Asymmetry in
T g universe
*“ > Search for new sources of CP-Violation

(0-term, BSM) by measuring Electric
Dipole Moments of charged hadrons in
storage rings
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EDM measurements in storage rings 44 JULICH
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xd-SxE

= &

> General idea:

> Inject polarised particles with spin pointing towards momentum direction
> ,Frozen Spin“Technique: without EDM spin stays aligned to momentum
> EDM couples to electric bending fields

> Slow buildup of EDM related vertical polarisation
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The Cooler Synchrotron COSY A) )0LICH
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RF Solenoid | v

V| o e Cooled beams
o (e-cooling, stochastic cooling)

v ldeal starting point to investigate EDM
measurements in storage rings.

Polarized protons & deuterons
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Thomas-BMT-Equation #) )0LICH
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> Equation of spin motion for relativistic particles in electromagnetic

fields: .
ds—§ Q +Sx0
T MDM EDM o
y \EXB
Q ——|GyB-(Gy— B
MDM ym Y (Y y—1> c y+1B(B )]
enl - ~ ﬁ<q E)
Q = ———|- XB——— .
EDM =5 C"‘B y+1BB

e -
=2(G+1)-— S Proton 1.792847357
Deuteron -0.142561769

e 4|0

" 2mc 10~%* e cm ~107°

107%° e cm ~10714
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Thomas-BMT-Equation (pure magnetic) % JULICH
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> Equation of spin motion for relativistic particles in electromagnetic

fields: .
dS - o
_=S X'Q'MDM-l_SX'Q‘EDM
dt
Ovov = — |Gy B
MDM ym Y ]

< [Qmpml

» Cooler Synchrotron Jilich is conventional pure magnetic ring:
> Spin precesses around vertical guiding field.
> Invariant Spin Axis (Spin Closed Orbit) is vertical
> Number of spin precessions per revolution (with respect to the
momentum vector) is given by the spin tune v, = Gy
> ,Frozen Spin“Technigue requires ﬁMDM =0
> Not applicable in pure magnetic ring
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Measurement Principle @ COSY #) JULICH
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> ldea:
> Radiofrequent field oscillating with spin precession frequency
> Pure electric field: coherent betatron oscillations

> Minimization using Wien filter configuration
> RF-ExB-Dipole

B = | oy B (Gy - Y EXB B
MDM—ym Y Y vZ—1 c B ,6_;
- enl| S E<—I’
{gpm = —5 =0

> Device is EDM transparent = no tilt (¢ = 0)
> Polarization signal:

tan ¢ = 0 in RF-EXB-Dipole |

sin(0 -n) = 6 -n B o Q
. WE tanf——zthmng
T2
1: max. spin rotation in RF field
&: EDM tilt
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» Part 1. Introduction
» What are Electric Dipole Moments?
» General idea for EDM measurements in storage rings
» The Cooler Synchrotron COSY, Julich
» Thomas-BMT-equation

> Part 2. Simulations
> Simulation framework
> Measurement principle at COSY, Jilich
> False signal due to magnet imperfections
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Simulation framework
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> Tracking by COSY Infinity (DA-based transfer map calculation)
> New package on top of COSY Infinity

User

Input

2015-02-23

COSY Toolbox
(C++ framework)

Generate Process
input files output files

Beam Physics Package (cosy.fox)

Fortran Base

EDM Measurements @ COSY

>» Results
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COSY Toolbox COSY
Lattice

COSY

INFINITY \

* (Calculator:

Armadillo

cosy Pat

* linear algebra

* Optical functions Toolbox operations
* Closed orbit e SVD, pseudo-inverse
* Spin tune ... ‘
hd TraCker: ° plot‘“ng
* Static maps * storage (ROOT files/trees)
* RF maps / ROOT \
o;— P B B LS E 25:
= A}
o~ '(} C
Es _15_0 D 15—
é -20—0 g 10—
3 ’ :
g “t 4 COSYringstructure St~
E 30:— Q %) B
3 S oum om mEn Em |D‘o o—

ition in m

Optlcal functlons i
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Measurement Principle @ COSY

> Excite EDM related spin resonance
> ldeal ring and RF-ExB-Dipole — no buildup without EDM

> Simulated:

#) )OLICH
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Polarized deuteron, p = 970 MeV /c
RF-ExB-Dipole: B = 0.1 mT,l = 0.6 m

0.0014

-=0.0012

0.001

Plane Polarization

r 0.0008

In

0.0006

0.0004

0.0002

-0.0002

o

2015-02-23

200

400

600 800 1000

EDM Measurements @ COSY

turn

sin(0-n) =0 -n
29
B

tan ¢ = 0 in RF-ExB-Dipole
tan¢ = 0 in Ring

x10°
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Measurement Principle @ COSY #) JULICH
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> Excite EDM related spin resonance
> ldeal ring and RF-EXxB-Dipole — slow buildup with EDM

> Simulated: Polarized deuteron, p =970 MeV /c
RF-ExB-Dipole: B = 0.1 mT,l = 0.6 m

%O'OOM sin(0-n) =0 -n
§0.0012 9 ~ 1/)_{

& 0.001 2

5 . .

8 0.0008 tan ¢ = 0 in RF-ExB-Dipole

In

tan¢ = 0 in Ring

0.0006

0.0004

0.0002

— extract slope and
compare for different n

IIII\IIIIIIIIIII[III'IIIIIII

1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 X1 03
-0.0002
oo 0 200 400 600 800 1000

turn
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Measurement Principle @ COSY #) JULICH
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> Buildup-rate proportional to
> EDM magnitude

n~10"* o d~5-10"%ecm

> Field strengths of RF-ExB-Dipole np
tané = ——
2G
E 107k sin(0-n) =0 -n
R g~
o T
é 10—85_ 2
Z L tan & = 0 in RF-ExB-Dipole
ot tan& = 0 in Ring
10‘“’;—
E 107" B =0.01mT
§ 10712_ 1 1 Lol 1 1 Lol 1 1 Lol
o 10°® 10° 104 107
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Misalignments #) JULICH
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> Up to now only the ideal machine was demonstrated
> Misalignments and field errors can introduce fake EDM like signals

> Tilt of Invariant Spin Axis at location ¢
of RF-ExB-Dipole

> Rotation of RF-ExB-Dipole itself

s horizontal
2

> Phasespace-Motion 0
3

vertical

III\IIHlll\ll‘\llllll\[ll\lll\II\‘IIIIIIHI'\III

> COSY main magnets: No correction
> 24 dipoles e
> 56 quadrupoles

Randomized simulated error set

> Orbit diagnosis & correction:
> ~60 beam position monitors
> ~40 correctors

HIIVII\IIIHlIHIlIHI‘HII[IHI||III|\III\IIH|

L I N T T - S N N < |

Applied orbit correction
0 | | | | SIO | | | | 10'0 | | | | 15'0 | IDOS;“OH‘\HI’ZT(IJO
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Misalignments #) JULICH
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> In this talk, focus on misalignments in the ring:

> Introduction of radial fields by
vertical offsets of focusing quadrupoles

> Method:

> Random Gaussian distribution of misalignment errors with
o = 107°..1073 meter (or radian respectively)

> Study of correction possibilities with existing orbit correction system.

> Correction algorithm in this study:

> ,Best corrector‘-method:
> Select corrector with largest influence
> Correct orbit
> Select next corrector ...

2015-02-23 EDM Measurements @ COSY 16
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Pol. Buildup per Turn

Fake-EDM-signal
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> EDM turned off in simulations g omet
» Random vertical quadrupole offsets =°™¢
create fake EDM signal F
00 ‘2001 * 14001 ’ A600I l ‘800‘ ’ ‘1000;um
107 g
107 T > Systematic limit:
oy il n=10" > 107 e cm for
- LN o = 0.1 mm
1070 T n=107
10—11;‘_"-;‘;;!:! ‘t »* - T’ _ 10_6
10“2;5 How to minimize?
10-13:| 1o tal | Lo o vl
10° 10° 10 . 10°
Imperfection ¢
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Polarization buildup and orbit offsets 44 JULICH
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> Investigate correlation of vertical orbit offsets at quadrupole
centers and polarization buildup

E 10-75
S5 —
ot —
i :
& 10-8 = * X x * *
% = * - * *
g E * ¥ t“‘ ‘,& *
o} i ‘aq .
o o0E . P
O E X e "
o — *,’9“5,‘ 3 x
10-10=_ gT ’H’K!N!‘ lﬂ& *
- * * *
10-11 :F—‘“" * r*!!! x
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g 1072 ==
0 —
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g
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Orbit Correction #) JULICH

FORSCHUNGSZENTRUM

> Two orbit correction aims:
1. Minimize orbit offsets at existing beam position monitors
2. Minimize orbit offsets with respect to quadrupole centers

10 10
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Fake-EDM-signal for quadrupole shifts 44 JULICH
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> EXxisting correctors allow for reduction of about one order of
maghnitude

c 107E
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Summary and Outlook A J0LICH
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> Simulation framework successfully extended:
> EDM contribution and radiofrequency fields.

> Tough requirements for EDM measurements in pure magnetic rings:

> Quadrupole shifts of 0.1 mm:
estimated systematic limitn ~ 10™* > d = 5-107°e cm

> Plans: Optimization of correction algorithm to take also spin motion
into account

> ldea: Correction of invariant spin axis tilt caused by imperfections
> Preserve tilt caused by EDM

> Investigation of alignment options for the RF-ExB-Dipole itself
> Investigation of phase space motion

2015-02-23 EDM Measurements @ COSY 21
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SPARES

Mitglied der Helmholtz-Gemeinschaft

2015-02-23 EDM Measurements @ COSY 22



Fake-EDM-signal for dipole rolls #) JULICH
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> Two orbit correction aims:
1. Minimize orbit offsets at existing beam position monitors
2. Minimize orbit offsets with respect to quadrupole centers
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> Spin precession in ideal magnetic ring around vertical axis:
> Spintune: v, = Gy
> Energy deviations lead to different precession speed

‘ Horizontal polarization
vanishes!

compensation
no compensation

0.0035

0.003

> Buildup limited by
Spin Coherence Time

0.0025

Horizontal Polarization

0.002

..

> Decoherence needs to
be minimized

0.0015

0.001

0.0005

] Illllllll|IIII|IIII|III||IIIIIII

1 l 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 l 1 x1 03
200 400 600 800 1000

(=¥

turn
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Spin Coherence Time #) JULICH
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> Spin precession in ideal magnetic ring around vertical axis:
> Spintune: v, = Gy
> Energy deviations lead to different precession speed

‘ Horizontal polarization
% % vanishes!

» Consider relative change of revolution time of single particle:

AT _ AL _AB _ALAB | (AR - _ Lo
> = + (,30) with T, = Boc

> No coupling:

AL _ (ALY | (ALY | (AL ALY _ . Ap .(&)2
g LO_(LO)x+(L0) +(L0)A_P g (LO)A_P_% p G

Y p p
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Spin Coherence Time |l A J0LICH
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- B (o2 ) ) )

|
I
> Canceling energy deviations (v; = GYy): <%> =0 bunched
0
ap 1Ay 1 (Ay)?
© 3 T B zzsgyg(y)
" Ay urznax
> Three conditions for <—> =0: €, =
Yo l[)’u
AL T
g <(Z)u>=_[’_o.€u.€u: 0) UE{x,y} :AQu/Qu
u
Ap/p

— 3 [ p2 _ _ 1) -
>A—[“1+zyg(° (“O y§>>]‘°

> Magnetic sextupoles are an effective tool to maintain these conditions.
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Sextupoles at COSY #) j0LICH

0 ;— O'::- mEE m [ u] (I 1 [ -QQD
TE 57\ MXS A %
TE MXL —
I = g
“E S MXG N J
_255— ’Q/ \X
-30 E_ ’ %- Onmm |1 1 DOEEs 11 m |- ] m -] u) -E:'f3
—20_ —1II]I — lf; — 1I0 — 2I0 — IBID — 4II] — I5I0 — ISI]
E 25— B
= X
o ﬁy > Straights:
E x > Minimized dispersion
15—
_ b > Arcs:.
: - > Large dispersion
: i > 3 sextupole families
f o~ 0 [0 0 [0 00w w
lg, (1) — 510 — 1(1)0 — 150 — tl l 200
= position in m
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Sextupoles at COSY #))0LICH

% £ % i ~MXS
5 : 5_ 20— ~MXL
z °F z f ~MXG
5 1 5 |
oi— o
-13— B
2— 10
o i
i 2 MXL has largest impact on's,,
= l-l - l-3|(.‘lI - I-2J0L - I-1|0I - I(I)I - I1|0I - I210 llllll
Current change in % Current change in %
2 st —MXS _ _
S F XL > Linear equation system to
o 10— - . . .
2 e minimize &,, ¢, and A at the
£ same time
o
°F MXL dominates ¢, change
10— .
£ MXG has largest impact on MXG dominates A change

P
-30

1 1 1 l 11 1 1 | 111 1 l | - | 11 1 1 | 1111 I 1 1
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Polarization in horizontal plane

SCT Simulations #) JULICH
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> Deuterons, p = 970 MeV /c, initially radial polarized

1 (— precession around vertical axis )

0.9 Chromaticity &, = 0 %‘ %
0.8
0.7~ > Beam parameters:
0.6 > Horizontal emittance: €, = 5 mm mrad
. 55 > Vertical emittance: €, = 0 mm mrad
- »> Momentum spread: (A—p) =0
0.4 /).
0.3
0.2F-
= MXS: +5%: &, =
0.1 MXS: -5%: &, = —0.66
0: | | | | I | | | | | | | 1 | | | 1 | | I | | | | I | | X1 06
0 10 20 30 40 50

turn
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Polarization in horizontal plane
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SCT Simulations #) JULICH
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> Deuterons, p = 970 MeV /c, initially radial polarized

1 (— precession around vertical axis )

0.9 Chromaticity §,, ~ 0
0.8F
0-7; > Beam parameters:
0.6 > Horizontal emittance: ¢, = 0 mm mrad
. 55 > Vertical emittance: €, = 5 mm mrad
04l > Momentum spread: (A—p) =0
TE rms
0.3
s MXL: +5%: £, = —3.68
02 MXL: -5%: &, = 3.68
0.1—
0: | | | | I | | 1 1 | | | 1 | | | | I 1 | | | | X1 06
0 10 20 30 40 50

turn
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Polarization in horizontal plane

SCT Simulations
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> Deuterons, p = 970 MeV /c, initially radial polarized
(— precession around vertical axis )

’
: Parameter A =~ 0
0.8—
- > Beam parameters:
0.6 > Horizontal emittance: e, = 0 mm mrad
- > Vertical emittance; €, = 0 mm mrad
A
- > Momentum spread: (—p) =5.10"*
0.4 rms
0.2—
- MXG: +5%: A = —2.36
: MXG:-5%: A = 2.36
0 1 | | I I | | I 1 | | I 1 | | | 1 | | I 1 | | | I | | X1 06
0 10 20 30 40 50
turn
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Polarization in horizontal plane

SCT Simulations
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> Deuterons, p = 970 MeV /c, initially radial polarized
(— precession around vertical axis )

’
i Chromaticity §,, = 0
i Chromaticity §,, =~ 0
0.8 Parameter A = 0
- > Beam parameters:
0.6 > Horizontal emittance: €, = 5 mm mrad
- > Vertical emittance: €, = 5 mm mrad
- > Momentum spread: (A—p) =5-10"*
0.4— rms
- MXS: +5%:
02§, = +0.66
:Ey = +0.54
LA=+0.11
0 R B B Lox 06
0 10 30 40 50
turn
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