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Theoretical Background: Cooler Synchrotron - COSY

Cooler Synchrotron

. g@‘*ﬁ@ﬂ@gl@%
@Jﬁ‘ Bending magnet \\\

» Circumference 184 m

Electron cooler

» Magnetic Ring .

> Polarised and Polaizaton measuring deie \%\ cosy “‘@%
unpolarised Deuterons R Wien fiter oo B
and Protons

» p=0.3-3.7GeV/c

» Used for EDM Precursor
Experiments

COSY Facility.
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Theoretical Background: Electric Dipole Moment - EDM

Motivation - Electric Dipole Moment

» EDM fundamental property of particles:
d=d-s
> Magnetic Dipole Moment ji = - §

HA=-d5E—p-5-B
PH)=+d-5-E—p-5-B
TH)=+d-5-E—p-5-B

» According to CPT theorem:
T violation = CP violation

» EDM violates both P and CP symmetry
» Neutron EDM:

d, { <1.8-107% e - cm Measured Breach of symmetries.

—

=-d-E

~10"%e-cm SM Prediction
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Theoretical Background: Measurement Principle

Spin Tune & Polarisation

s = 1 >
Polarisation P = NZS;

pv = Pz

PHI\/D)%TIO,%

) Spin Precession
Spln Tune Vs = T = ’)’Gd

Vscosy = —0.16 (=120 kHz = |vs] - feosy)

~: Lorentz Factor
Gg4: Anomalous Magnetic Moment (deuteron)
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Theoretical Background: Measurement Principle

Measurement Principle - EDM

» Uniform polarisation
rotation

» Tilt of the polarisation
due to the EDM: 50%
up and 50% down

» No net signal
measurable

» EDM x Amplitude

u

Vertical Polarisation py [a.

y

Spin
Particle Trajectory
Tilt of the Spin

x

5/27



Cosy

Theoretical Background: Measurement Principle

WASA Detector

Electron Cooler

Siberian Snake

RF Wien Filter

Injection

COSY.
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Theoretical Background:

Wien Filter

Lochblende

Wien Filter.

Measurement Principle

-

» E L B 1 Beam

> F. = q(E+V x B)

» Matched Point: F, = 0
E

| 2 VO = E
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Theoretical Background: Measurement Principle

Radio frequency Wien Filter

» Horizontal polarised beam

v

Ideal case: no influence on the beam

» Works on the same frequency as the
RF Wien Filter. spin tune fwr = fspins
» Polarisation rotation around z-axis

. — » Phase Feedback: Fixed Phase relation
Polarisation RF Wien Filter X
Rotation between fWF — fspins
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Theoretical Background: Measurement Principle

Measurement Principle - EDM - Wien Filter

» RF WF rotates
polarisation around the
vertical axis

» Right (or left) scenario is
preferential

i
&

1.00

» \ertical Polarisation
accumulates

e
S

=
&
g

Spin
Particle Trajectory

Ediiiiikese

rtical Polarisation py [a.u]
-
s
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Theoretical Background: Measurement Principle

Measurement Pinciple - A Typical Cycle

0.842) b) WF OFF ) WF ON

Vertical Polarisation py [a.u]

0 10 20 30 40 50 60 70 80
Time [a.u]

a) Beam preparation (bunching & cooling)
b) Feedback preparation: fwr = fspins, Prel = const

¢) WF on: Vertical polarisation accumulates due to EDM + systematics o/



Cosy

Analysis: Polarimetry

WASA Detector

Electron Cooler

Siberian Snake

RF Wien Filter

Injection

COSY.
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Analysis: Polarimetry

Polarimetry

Nx = ao(¢;pu,pv)L
X :  Up, Down, Left, Right

. 3
Ny o< 1F EPHA cos(2mvsn + )

. 3
N o« 1:F§pVA

A: Analysing Power

pv, py: Vertical and Horizontal Polarisation
Vs : Spin Tune

€y = %Apv &ey = %APH
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Analysis: Polarimetry

Polarimetrv - \lertical Polarisation

0.12

01 . _H_H_ﬁ
4
008 +++ f
s 0406 WF OFF +H FON
004 s pHt
s
002
|.+-LI ||I++ ||+l++
Ot LS LI
-0.02 10°
20 30 40 50 60 70 8
Turn
Ns o<1 + szA 1 F ev lmﬂﬂﬁrﬂﬂ i 16000 ‘HJH‘_‘L‘T
g i . W
Ni—Nr __ 2 14000 ++ﬁ 51550 *H
NeFNe — €V " 1m0 ity s T
st ! ity
13000 H o 150 10f
> Signal ~ EDM + Systematics 040 5Toum 60 70 80 040 ?um %0 70 80
Left Detector Right Detector
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Analysis: Polarimetry

Polarimetry - Horizontal Polarisation

NN o 17 ey cos(2mvsh + )

» Problem: vs ~ —0.16 = 120 kHz and Detector
Rate 5000 Hz

» One data point every 24 rotations
» No direct fit possible with vs as a parameter

» Other methods are needed!
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Combined Detectors - Mapping Method

Oscillation [a.u]

Oscillation [a.u]

Analysis:

Combined Detectors

[

AR

True Spintune Oscillation

®  Data Sampling

60

80 100

=3

t [a.]

0.5

1.0 1.5 2.0
t [a.]
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Analysis: Combined Detectors

Mapping Method

3801 =

360 é

=g mi: E
% 3202 :‘: + ~\~
300~ T T

280[] = Up Detector + ;

—— Down Detector B

0 ir[
spin phase advance spin phase advance
vs = 0.1609706675 vs = 0.1609702

» Spin Phase Advance: @5 = 2wvn
» Map into a single oscillation period
> Ny =al- (1 F ey cos(ws + go))
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Analysis:

Horizontal Polarisation & Phase
NN =al- (1 F ey cos(2mvsn + gp))

_ NNy
N Ny 4+ Ny
= esin (s + )

€ (ips)

» Fit asymmetry with
€ (ips) = Aqsin (ips) + Az cos (is)

= \/A? + AZ = 0.15 + 0.01

atan(Az/A1) = (—1.05 £+ 0.06) rad

€H
gp:

» Result is independent from
luminosity, acceptances,..

Combined Detectors

&0,

0.25

o
N

0.15

o
[

0.05

-0.05
-0.1
-0.15

_|_

AT

—I_ T

X2/ ndf 27.1/18

Ay -0.1261+ 0.0085

A, 0.07268 + 0.00821
I

g

gmw‘

O

m
spin phase advance
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Analysis: Combined Detectors

Horizontal Polarisation & Phase
» Fit asymmetry with

€ (ps) = Axsin (s) + Az cos (is) of ++:
L WFOT | wron, it
2. A2 > o0osh i ]
en = /A7 +A5; =0.154+:0.01 < 0.05[ N ++ ¥
[+ Hy
» Polarisation: 0+J"'+++++++++++J-“++ ! 1108
3030 50 60 70 80
= 1 N 5 Turn
P=—> §
N 4 r
i=1 r 1
— 0.16 F FOn ]
pbv = p: ) 014++1|Jrﬁ#ﬂ Jr+ Jfl hﬁH J.[J[ |
P = /P8 + P} 7ol {4
L WFOff L]
» Result is independent from 0-1f 1x10°

luminosity, acceptances,.. Turn
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Analysis: Combined Detectors

Spin Tune

» Fit asymmetry with
€ (ps) = Aqsin (ps) + Az cos (ps)

¢ = atan(Az/A1) = (—1.05 + 0.06) rad

» Change of phase leads to the spin 0.160970672
tU ne Vs 0.16097067

0.160970668

0.160970666

Spin Tune
T

' iy
- |J.fHJ‘ h o h"'+.

0.160970664

k ) r J
! 0.160970662 i gt

0.16097066 |-

0.160970658 k- x10°
20 40 60 80 100 120
Turn
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Fourier Method

Oscillation [a.u]

Oscillation [a.u]

1.0

Analysis:

Single Detectors

t [a.]

L True Spintune Oscillation
®  Data Sampling
20 40 60 80 100
t [a.u]
1.0
.08
206
Z04
“ 0.2
0.0
0.46 0.47 0.48 0.49 0.50

f [a.u]
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Analysis: Single Detectors

Fourier Spectra

Ny o< £+ (1 ey cos(2musn + )

016
: il
0.14~
8 5 8
2 020 E
=3 1l =3
£ It 1S
< H <
008
006[-
L L L L L L L L
0.1609704 0.1609796 0.1609708 0.160971 0.1609704 0.1609796 0.1609708 0.160971
Spin Tune Spin Tune
v 10t Bin 62t Bin

» Fourier Amplitudes = ey
» For both detectors up and down
» (Oscillating) Luminosity effects don’t cancel out
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Analysis: Single Detectors

Comparison: Mapping - Fourier

025 i gzanega:::; . 0.160971755 ‘m‘} '
| Combined I | 0.16097175 **h:a
02 F-rrir ] ' ' iy
i f} A ']l }H Uil | ! {E 01600717451
AP AR L LA apu R TR g b, "
- O,ISﬁ:J%]ﬂ_I},uF_,% Tk +|{ T e R e T
T o ] -t tgg:m” it
Olrl t 1” 1+||1|H.T. H Itl i .{l.il{}qu ﬂl} Hl“' 0.160971735 o W*}*
: i IT“T 'H F HT]II H Ti “ n q + {I 0 16097173i —}— Fourier Up Detector h
0.05 - WE OFF WE.ON H ] . T !
05 {x106 0.160971725 ‘ Hx10°
20 40 60 8 100 120 204 0 8010 10
Turn

» Nonmatching Results when turning on the RF Wien Filter
» Luminosity Independent - Rest: Luminosity Dependent
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Analysis: Mismatch of the RF Wien Filter

Mismatch of the RF Wien Filter

Beam

» Everytime the WF rotates the polarisation, it
excites beam oscillations, when F, # O at the
beam position

» Osc. L: Losc = ACCOSY : (1 + GCOS(Uan))

» Change of count rates: N = a.Lo

Nup o ( +a cos(wsn)) (1 — ey cos(wsh + gos)) Carbon Target
. Beam Shape
Noown o (14 acos(wsn)) - (14 en cos(wsn + ¢s)) .

Niert o< (1-+ acos(wsn)) - (1+ ev) /\I“a /\ /\
Nrignt o (1+ a cos(wsn)) - (1— \/ \/ \/ \/

Bcam Direction Down

22/27



Unpolarised Cycle

» Change of count rates: N = aLo 008 2 008 Sl | ~
. H I Ll
Nyp o 1+ a cos(wsn) ;Z? | H‘ | }Ml% zzz: ; \n M Hh “
Nosun o 1+ a cos(can) 3 MM “ Hme } Md QMMW i M @
Nieft <1+ a COS(WSH) MM h m 10 ! 10
NRight 1+ a cos(wan) % 20 40 '(ngrtnso 100120 % 20 40 i?:;rio 100120
» Unpolarised cycle: ey, = ey =0 MO'O Il ' 00 ' } |
> ais the same in all four detectors, éo' 1 H‘ M’ ’Wﬂ EO'G‘ oy ‘J W M'
because the luminosity changes on EO'O" 1 '\ \‘ 1 u\‘ I‘ go‘)" MM ‘M‘ | Hﬁ“
fhe tarect OIO;MMWW “‘ x10° OOZHW} /“ M ’ 10°

X
%20 40 60 80 100120
Turn T



Analysis: Mismatch of the RF Wien Filter

Polarised Data with Phase Feedback

» Phase between RF Wien Filter and
Polarisation Precession remains constant:

©s + Yo

Ny o (1 + acos(wsn + s + tpo))-
(1F encos(wsh + )

> Mapping

N+ —N .
6(@5) = ﬁ = EH'SIn(<P5+§0)

» Fourier Amplitudes in Single Detectors:

App(w=ws) = \/a2 + € F 2aey cos(po)
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Analysis: Mismatch of the RF Wien Filter

Polarised Data with Phase Feedback

» Phase between RF Wien Filter and
Polarisation Precession remains constant:

Ps + o
Ny o (1 + acos(wsn + s + tpo))' 025 ::_— ggu?:s:t‘:;tor
(1F encos(wsh + ) ——orne i Hood
) 021 i (LA b |
> Mapping -+ 0.1 fih! W ]llH]l]l w t i HT{H][HW iH]lH]lhl HH{#H
€(ps) = Ny — Ny = ey - sin( s © 1]""','.‘. .I.:|"'T ll”. I it
(02) = NN, (0 0) 0.1r fli 1"T' }}HPH.T. fi M |I%..h..+|#{uﬂ| Hﬂl H}H
» Fourier Amplitudes in Single Detectors: U iH FH I HIﬁT i I| H{ H
0.05 : WE . OFF WE.ON :x106

App(w=ws) = \/c:l2 + € F 2aey cos(po)
» For ¢o = 7 rad

Ay = |la=E
™ | EHl 24/27



Analysis: Mismatch of the RF Wien Filter

Polarised Data with Phase Feedback

P> Phase between RF Wien Filter and

Polarisation Precession remains constant: 02 T —— T Do
s + Yo ff | ll | 1 H Dn Detector
015 l%ltl Ml H II. {. | .M{l“l “: T|T'1|' " —4— Difference

N o (1 s+ + ) L

(15 encos(wsn + 1)) 3 *'EWE oFF wroN i 'imnﬁ mhl;

» Fourier Amplitudes in Single Detectors: :E‘ 0.05 X i | [ |l A lT it ".;

Ay ( ) \/ 24 € F2 (o) 0} I| 171} mH %TITWHI%H I%ﬁ? % %ﬂHﬁ ﬁﬁ H |%ﬁft #H

(W = ws) = 1/ a? + €} F 2aey cos(po i L e i Wt Ig

-005 ﬁ # % % l % % # ﬂl { d

» For o = /2 rad EI | % | txloé

40 60 80 100 120
Arp =1/a? + € Turn
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New Online Monitoring Tool

New Online Monitoring System

P> Sum of counting rates

B;eam /_\TT!
E=0
Nsum = Nup + Naown + Niess + Nright
o 4 + 4a cos(wsh)
Nup o (14 acos(wsn)) - (1= en cos(wsh + ¢s)) Z(‘; I I
Noown o< (14 acos(wsh)) - (1+ en cos(wsn + ¢5)) ) on,, .||| H |“H|NI|H||H|||“ |“I{ 4
Niert o (1+ acos(wsn)) - (1+ ev) g 00 ||1| l||'| ll i .@
Nrignt o< (1-+ a cos(wsn)) - (1— £ ooy | :
» Monitor a while adjusting the OO:E“”"{'H" hH" |l1|||
Wien Filter field

100 120 140 160 1

80 200 2

0 240 260
Turn
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Summary

Summary

> F, # 0 = Wien Filter excites beam

oscillations
» Oscillating Count Rates in the 006} ‘ H ]
i cF Lol A=
P0|ar|mete'r . ' O.GJE l I I Il |“_| u II ]
» A New Online Monitoring tool allows to o 004F |,| [ W RET |
tool i it 1
observe the change of luminosity S o0df Rl i i
» Adjust the electromagnetic field inside g 002k
the RF Wien Filter so that F, = 0 oot L |HH n% ]
» Never look at only one detector for ok i T”T IT
spintune, phase and polarisation, as SO AN R VAR AN PR APRPO VOO R =
. . 100 120 140 160 180 200 220 240 260
luminosity effects do not cancel out Turn
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Fourier Method

3
Ny o< 1F pryA cos(2mwvsn) + s)

Scan vk € {Vmin, Vmax} around 0.16 for both detectors

Nnev
1
ay,, = — Z COS(ZWan(nev))
Nev Ney=1
1 Nnev
by, = o Z —sin(2mn(ney))
ev Ney=1

_ / A2 2
6Vk - al/k + bl/k



Amplitudes - Unpolarized Cycle - Mapping Method

0.160971

0.1609709

0.1609708

il II‘ 1

0.1609707

spintune v

0.1609706

0.1609705

0.1609704

0.1 60970§0 80
Turn Nb.



BPM Method

WF ON

35 f—Preparation

40 -

40 60 80 100 120 140 160 180
time (8]

20



Spin Tune

» Phase: Frequency
Difference of assumed
and true Spin Tune

Spin Tune

1 A1 //
0.75 )
0.5 /
0. / \ i
. / \| — f(x) = sin(L0x)

1 T — fx) = sin(12x)
—0.25 f / (\ f
B N~/
—0.7: 7/

\

-1 ) 3 10 12

Turn

w

Phase / rad




Spin Tune

» Phase: Frequency
Difference of assumed
and true Spin Tune

» Spin Tune

1 0y
ys(n) + ﬂ on

» Fit Phase:

8
©Ys = Za;ni.
8% Za n—j

0.1609708

0.16097075

0.1609707

0.16097065

0.1609706

0.16097055

™ w
Phase / rad

./ rad
s
O = N W b g O

20 40 60 80 100 120
Turn



Spin Tune

» Phase: Frequency o 3
Difference of assumed o e ]
and true Spin Tune N s
. I S
» Spin Tune b e
20 40 60 80 100 120
Turn
1 0p
() = 27 On
. 0.160970672 |-
> Fit Phase: B
016097067 |
8 , 0160970668 B
i 5 F ;
= E an'. 0.160970666 |- " .
7s " ’ % 0.160970664 ity o )
i=0 - H T++ ‘#4' 7++ H
&p 0.160970662 h‘qﬂw*ﬁ#‘ h ’r#' ;
S . * 3
E ai n ‘I 0.16097066 |- g
0.160970658 = Jx10°
20 20 50 30 100 120

Turn



Systematic Errors

» Simulation: Beam
offsets generated with
randomized gaussian
vertical quadropole
shifts

> d =50

» For a certain Beam
offset, the signal
becomes
indistinguishable from

EDM

» A precise orbit is crucial
for an EDM
measurement

IAS,| per turn (¢=0°)

] - -4

38 nEDM_1O_5
108 '“EDM:W

F | Meom—

L oy
10_92_ —en S8 A .
o R
107112
10-12 §1.6mm

102 107 1 A ,

Yeus N MM

EDM simulations [?].



Mapping Method

b H H b |
L me M W

spin phase advance spin phase advance

vs = 0.1609706675 vs = 0.1609702

» Spin Phase Advance: @5 = 2wvn

» Map into a 47 oscillation period s = 27rvn mod 4n
> N o< 1F ey cos(ws + ¢)



Horizontal Polarisation & Phase

Ni(tp): NX(@S)Z‘:NX(‘PS'FSW) 0L ps<m
X A\¥S Nx (ps) £ Nx (@s + ) T < s <21

Ny (ips) — Np (i0s)

N (s) + N (0s)

3 GouAyy, — TopAyp .

= 7px270U£ :D "D sin (s + )
2 oou + Top

= ensin (ps + )

€(ps) =

P Fit asymmetry with
¢ (1ps) = Avsin (ips) + Az cos (p:)

en = \/A? + A3 = 0.15 4 0.01
= atan2(Az,A1) = (—1.05 £ 0.06) rad

» Result is independent from luminosity,
acceptances,..

_|_

_|_

X2 T ndf

A -0.1261+ 0.0085
A, 0.07268 + 0.00821
I

271718

m

spin phase advance




Horizontal Polarisation & Phase

NX(‘Ps)iNX(LPs+37T) 0< ps <7
T < s <21

Ny (#5) = { Nx (¢s) £ Nx (s + )

6(90 ) o NG (‘PS) - N]S (GOS)

G) = U8l DS
Nﬁ} (‘PS) + NB (‘PS)
3 GouAyy, — TopAyp .

= Spe—2 LD (s + )
2 oou + Top

= eusin (s +¢)

P Fit asymmetry with
¢ (1ps) = Avsin (ips) + Az cos (p:)

en = \/A? + AZ = 0.15 £ 0.01
= atan2(Az,Ar) = (—1.05 £ 0.06) rad

P Result is independent from luminosity,
acceptances,..

Hits/ Turn

X T ndf

271718

" -0.1261+ 0.0085

A, 0.07268 + 0.00821
I

0.1609707
0.1609706
0.1609705

m

spin phase advance

9
i

dx10°

Tum
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