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RF Wien Filter Method for EDM Search
with CW/CCW Beams
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Matter-antimatter asymmetry #) )0LICH
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Big Bang
Equal amount of matter and antimatter

Matter

nB—1Mg

~ (6.05 4 0.07) - 10710
(Planck 2013)

v NBAU =

Today
Only matter left in explored part of the Universe
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Matter-antimatter asymmetry #) )0LICH
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Big Bang
Equal amount of matter and antimatter

}

Early Universe
Sakharov conditions:
1. Baryon number violation Anti-
2. Cand C2 violation matter
3. Out of thermal equilibrium

Annihilation
i NBAU = "Bn_ynﬁ ~ (6.05 + 0.07) - 10710
§ (Planck 2013)
E Today >
: Only matter left in explored part of the Universe
g
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Electric Dipole Moments (EDMs) A JULICH
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> Electric Dipole Moments:

Source: http://www.apswater.com

» Classical: d = Zi q; '7_”}

> Example:
> Water molecule (H,0):

d~4-10"°ecm
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Electric Dipole Moments (EDMs) A JULICH
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Source: A. Knecht, 2008, Wikimedia 7 . .
(adapted) ‘ > Electric Dipole Moments:

» Classical: d = Zi q; '7_‘}

> For elementary particles defined
along spin direction:

i=g 55 d=n-5=3
=9 om 1 ome
> Examples: > Permanent EDMs of elementary
> Neutron: 2 particles violate P and ' symmetries
d<3-107""ecm > ¥ o P (CPT theorem)

» Muon:
d<2-1001%ecm
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EDM measurements in storage rings A JULICH
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> All EDM experiments:

ds . L.
— X dXE x SXE
dt

» Charged particles
— Lorentz force

> Use storage ring as
particle trap

> Basic principle:
> Inject polarized particles with spin parallel to momentum vector

> d # 0: EDM couples to electric bending fields = slow signal buildup
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The Cooler Synchrotron COSY #) )0LICH
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T —— v
Radiofrequency Solenoid v
Cooled beams
(e-cooling, stochastic cooling)
3 Currently running test experiments:
v Polarized deuterons, p = 970 MeV/c

Polarimetry

v

Polarized protons & deuterons
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The Cooler Synchrotron COSY #) )0LICH

v
Radiofrequency Solenoid v
Cooled beams
(e-cooling, stochastic cooling)
3 Currently running test experiments:
v Polarized deuterons, p = 970 MeV/c
Polarimetry

g
E v » Insert Radiofrequency Wien filter
fIB’ Polarized protons & deuterons « Generate EDM related signal
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The Radiofrequency Wien filter !) JULICH
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Superposition of
> Radial electric field E, ~cos(wt + ¢)
> Vertical magnetic field B, ~ cos(wt + ¢)

Ratio adjusted to minimize Lorentz force
contribution

Source: Nucl. Instrum. Methods Phys. Res. A 828, 116 (2016)

6
ds
dt

= {vpm X 5 + L2gpm X 5 Wien filter rotates spin

about vertical axis

-

E+_> 3
— X
s

=0

- R -
Ovipm I €y Ogpy X

System of two rotations/oscillations:
» Permanent rotation of spin about spin closed orbit 711, with spin tune v,

> Oscillating fields of RF Wien filter, which act locally
> Frequency locked to spin rotation frequency in storage ring (resonance condition)
> Phase dependency between spin rotation and WF oscillating fields is free parameter
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Polarization buildup induced by EDM #) )0LICH
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> Spin precessing perpendicular to spin closed orbit 71,

x107°

y
b
w

d=0 = n,=e¢,

Vertical spin component S

‘°'2§ WF on or off

) 1 ) SR R R R R R |
D'30 5 10 15 20 25 30

Turn
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Polarization buildup induced by EDM #) )0LICH
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> Spin precessing perpendicular to spin closed orbit 71,

. 03X10° - 0.3x10°
o - - w C -
= . d=0 = n..=¢& = : d+0 = n.,+ée
S 0.2} . y EDM+0 ¢ o2 co y
2 - g F
§ 0.1F E
£ X £
a G: a C
© «© C
% 0.1 % 1
> > C
0.2 WF on or off —0.2r WF off
] Cooovow v by e by by b by 1 _—l\|||\\||||||\‘||||||\\|||\|\‘
0.3 5 10 15 20 25 30 03y 5 10 15 20 25 30
Turn Turn

Vs = Gy = —0.16
— 6 turns per spin oscillation

Amplitude proportional to EDM
— used for muon EDM limit in
g-2 experiment
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Polarization buildup induced by EDM #) )0LICH
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> Spin precessing perpendicular to spin closed orbit 71,

. 03x10° _ 0gx10°
78} T C—i 0 N N w C C—l> ¢ 0 N 5 ¢ 5
£ = = = i n e
5 o2 = Mco=€ | EDM=0 & o2 co 7 €y
0.1
£ ot 8
£ X £
g O &
© ©
% ~0.1 % :
> L > C
—02r WF on or off —0.2r WF off
] Cooovow v by e by by b by 1 __|\1I|\\IIIIII\‘IIIIII\IIII\I\I
0.3 5 10 15 20 25 30 03 5 10 15 20 25 30
Turn Turn
‘ Extend turn scale
%107
z d+0 = A, +8
S 02 Neo # €y
(o]
- Q.
: :
3 o
g= =
(] o
IS %)
& E
g =)
2 2
£ 0.2
° WF off
= _ v b by e by e by
§ 0.3, 10000 20000 30000 40000 50000
2 Turn
O
£

2016-09-27 RF Wien Filter | CW/CCW m.rosenthal@fz-juelich.de 12



Mitglied der Helmholtz-Gemeinschaft

Polarization buildup induced by EDM
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> Spin precessing perpendicular to spin closed orbit 71,

x10°
o’ 0.3: C_i) — -
S o02f =0 = ne,=¢)
8
5 0.1?
S of
7] L
© C
S -0
® -
~ _02F
“E WF on or off
. R B R R RS B |
0-3 5 10 15 20 25 30
Turn
x10
o~ 03 -
§02 d¢0:>ncoiey
g
E 0.1
(&)
=
Q.
w
3 ,
= -0.1
> WF on, operated on
spin resonance condition
> NI B BRI SR SR
050 10000 20000 30000 40000 50000
Turn
2016-09-27 RF Wien Filter | CW/CCW

EDM + 0

Activate WF

m

Vertical spin component Sy

Vertical spin component Sy

0.3><10$
02f d+=0 = Neo # €y
0.1
0t
0.1
0.2k WF off
B S T B TS, R T )
Turn
‘ Extend turn scale
03><1o3
45 d+0 = n, #é,
0.2
WEF off
0.3~ ~"70000 20000 30000 40000 50000
Turn
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S

The Radiofrequency Wien filter (recap)

> Superposition of
> Radial electric field E, ~ cos(wt + ¢)
> Vertical magnetic field B, ~ cos(wt + ¢)

> Ratio adjusted to minimize Lorentz force
contribution

Source: Nucl. Instrum. Methods Phys. Res. A 828, 116 (2016)

S L 9

dat fmpm % 5 + gy X 5 Wien filter rotates spin
. ) R E . about vertical axis
‘QMDM " ey ‘QEDM (06 ; + ﬁ XB|l=0

> System of two rotations/oscillations:
» Permanent rotation of spin about spin closed orbit 711, with spin tune v,
> Oscillating fields of RF Wien filter

> Frequency locked to spin rotation frequency in storage ring (resonance condition)
[ > Phase dependency between spin rotation and WF oscillating fields is free parameter ]
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Phase dependence of signal #) )ULICH
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> Phase relation between initial spin orientation and RF Wien filter field
affects slope of vertical polarization accumulation

> EDM magnitude determines amplitude

AS, per turn

e by v b v by by oy |
150 200 250 300 350
RF Wien filter phase ¢ in degree

|
<»
ol
o—
—h
o
o
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Phase dependence of signal #) JULICH
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£ oF

= =3 B .

c 45 Up to now: ideal machine

= 3

0 -

S 2F

g 1=

& 0

> .

g -1

) -

& -2k

-] -

E  -3F

0p) _42_
_5:}llIII]l|]lIIllllllllll]lllllllllllll

0 20 40 60 80 100 120 140 160 180

Position sin m

RF Wien filter phase ¢ in degree
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Phase dependence of signal #) JULICH

FORSCHUNGSZENTRUM

£ OF
E 4E- Up to now: ideal machine
= 3E
0 -
S 2F
s 1=
& Of
§e; —1E
Q -
8 -2F
E —3F Now: Introduce random misalignments
) =
—4F
_:I'llllllllllllllll | | |
5O

1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 I
20 40 60 80 100 120 140 160 180
Position sin m

RF Wien filter phase ¢ in degree
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Randomly distributed misalignments

> Randomly misaligned magnets introduce radial fields
> Possible source of fake signal
> Phase dependence of signal is changed

> Example:
x107°

AS, per turn

No EDM: d =0

4N Neeomid=o.” /N
NN A A
I S AR
I B L R R (R TR

RF Wien filter phase ¢ in degree
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Comparison to EDM signal #) JOLICH
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Z
—_— * =10
&, TlEDM 5
1 i =10
£ 10° Neow ) s 90% C.L.
= $42 ” #
E nEDM . {t"’: - \ O.qw
> L \ b 0’" e TR ’.e:. '
- Vi RIS T ) SN LR T FY
—_ -9 L o 4 “"’t‘-"' k7 2 A" .
Q 10 S 1 2Tyt ‘.'}#:3‘."‘“‘ T !
. -_.a!: .-‘_1' ‘ I‘ d“.ﬂl-w
- ERriwre i, > oo D L T
—>'\ {' - - g sl w.. :.q.. ..‘,i:tﬂ;‘o. o
) -10 i ,f{-:'.:iﬂ.‘l:if'_':-' A T
< 10 SR VIR I .
. (7] r .-- . [, . .I I‘ .
s, ool Se * ' *
.... " .

similarton = 107*(d = 5-107%°e - cm)

» 1.6 mm

| IIIIIJ :I I N I |

1 , 10
Ay, IN MM

> Orbit: 04ys orbit = 107%" e - cm requires RMS of ~4 pm
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Idea of using CCW beam #) 0LICH
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> Perform experiment with CW and CCW beam (consecutive cycles)
> Flip sign of magnetic fields
> Inject beam in opposite direction
> Misalignments , preserved”

s L B}

E:QMDM XS+'QEDM XS

- q - N )4 E X E ﬁ%—ﬁ, B—>-B —
Ovpm = “ym (1+GV)B+<GV+1+V> p — Ovpm
- q n —E - — E%—E, §—>—§ -
QEDM:_EE ;"‘,BXB NEpM
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Idea of using CCW beam #) 0LICH
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> Perform experiment with CW and CCW beam (consecutive cycles)
> Flip sign of magnetic fields
> Inject beam in opposite direction
> Misalignments , preserved”

Clockwise Counterclockwise
c 3x10” c 3107
= E 2 - EDM:d # 0
8 2‘ . 8_ 2:_ .............................................................................................................................................
W g f
2 2t i

01_ VI 0.
E -1 :_ ................................................................................................................................... -1 :_ .....................................................................................................................................
£ -2 -2
2 - -
% _3 C Il L1 1 I 11 1 1 | 1 1 1 1 I 1 L1 1 I | L1 1 | 11 1 1 I 1 1 1 1 I _3 C 1 1 I 1 1 L1 I Il L1 1 I 11 1 1 | 11 1 1 I 1 1 1 1 I 1 L1 1 |
E 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
P RF Wien filter phase ¢ in degree RF Wien filter phase ¢ in degree
g
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Idea of using CCW beam #) JOLICH
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> Perform experiment with CW and CCW beam (consecutive cycles)
> Flip sign of magnetic fields
> Inject beam in opposite direction

>
Average
x107°
c 3
=
o) 2
5x1 0° Q; )
: 7
B < 1

AS, per turn

: —1
% _2__ ............................ B
g : | _3_ 1 | 1 | 1 1 1 | 1 1 1 | | 1 1 1 | | 1 1 1 1 | 1 1 | 1 | I I |
: S — 0 50 100 150 | 209 250 3.00 350 550 300 850
f RF Wien filter phase ¢ in degree rhase ® in degree

2016-09-27 RF Wien Filter | CW/CCW m.rosenthal@fz-juelich.de 22



Mitglied der Helmholtz-Gemeinschaft

Non-perfect flip of magnetic fields !) JULICH
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> Flip of magnetic fields might be incomplete

> Orbits in CW and CCW scenario might be different
> Different systematic contributions

> Big advantage: now relative orbit measurements: Ayrms Vew — Yeew )
> Simulation:

—~107"%¢
g | :
< b No EDM: d = 0 .:}},
S -« R
= o2k et
810 12% ! ?‘ﬁ:?‘?‘ .
a}-lo—'ls;_ O&.’.ﬁ‘ ‘:. *
=l : t{" XN *
: ...0'.
-14 @ Pooceg s o °
e S
10-15:."°“:°."‘ S
E.roo L :
1 _16 . ||||| I.I. III IIIII 1 IIlIIIl 1 L1 1 1111
10°° 107 107 1073 102 10"
y_ _inmm
RMS
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Comparison #) 0LICH
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—~107"° a nEDM—1O::
10_11 NO EDM: d == 0 e ' ° 10-8 — T]EDM=10
e adh ¢ s
10 12 ° ..?"‘ E
’f'&v‘?-'-' ) - :
10—13 .w. ® . °* - ’..'
'*.'. e gt * . ¢ )
o 0® o "
S @ e % o °
LR - v
15E . 8% sl .:‘ e ¥
1007 e'g ¢ , o -
g 000 ° .. 10_12 " i 1.6 mm
10—16 ® 4 vyl ool Lol ] vl Lt M L R R | 1 Lo 1l Y L1 1
10°  10°  10*  10° 107 10" 10* 10" T v im0
AyRMS In mm Yays N MM
based on deviations between CW and CCW orbits based on deviations of CW beam to reference axis

> Same proportionality between fake signal and orbit RMS
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> Search for CP violating sources to explain matter-antimatter-asymmetry
> Extend the scope of EDM measurements to charged hadrons
> COSY, Julich as test facility

> First calculation of orbit related systematics

> Aypys = 1.6 mm mimics EDM signaluptod ~ 5-1071% e - cm
> Very challenging experiment

> Study of CW/CCW beams
> Suppresses fake signals from misalignments
> Non-perfect suppression in case of incomplete flip of magnetic fields

> Vertical orbit measurements to estimate systematic effects are independent
of BPM alignment
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COSY Lattice

[0 Dipale
[ Cuadrupaole

MX 10 %;
M4 o
MOTT o Cooler Synchrotron COSY =
Cooler Synchrotron COSY 3 == Hor. Correctors: 29 g
Circumference: 183.47m g7 g MR 24 Vi t.- Correcto i 10 H
. y ' | P ert. Correctors: ;
omentum: (.3 to 3.8 GeV /e Hor. BPMs: 30 8
Vert. BPMs: 20 s2s
[21aft
MY _'_'1;
X112 e
e
RE:
MX13

BFMY2
BFEMX2

BF MY

—
BEPFMXIE

BPMIXZ8
BPMY2E
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Magnets

MXL

MQUA4
MQUS3

MQU1
MQU?2

MXS

MQT1
MQT2
MQT2

MX4 MQT1

MXG

MQUA4

MQU3

MXL

MXS

MQUS
MQUS

-

]

MQU?2

MQU1
MQT3 Q
MQT4
MQT4

b

Dipole

g Quadrupole
b Sextupole

MQU6

MQU5

MX3 MQT3

MQT3
MQT4
MQTA4
MQT3

MX2

MQU2
MQU1

MQU3
MQUA4

MQT1
MQT2
MQT2
MQT1

MXS

MXL
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MQT5
MQT6
MQT6
MQTS

MQTT
MQTS
MQTS
MQTT

MQTT
MQTS
MQTS
MQTT

MQTS5
MQT6
MQT6
MQT5
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> Magnet misalignments introduce additional fields

> Can mimic EDM signal

> Also orbit is distorted:

> ldea: investigate connection between orbit distortions and polarization

> Consider i.e. guadrupole displacements

2016-09-27

e 10g —— Horizontal orbit
E 8
= 6L —— Vertical orbit
Q2 -
S 4
B 2
» 2F
-4
65
-8
_10:...|...|..‘|...|...|...|...|.|.1.J.|
0 20 40 60 80 100 120 140 160 180

Position sin m
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Magnet misalighments #) JOLICH
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> Magnet misalignments introduce additional fields
> Can mimic EDM signal

> Also orbit is distorted:
> ldea: investigate connection between orbit distortions and polarization
> Consider i.e. quadrupole displacements

10

& = o nad
E .oz, . ;
s i > Radial fields B, are used for
2t R beam focusing
T IF ., *,g”’?“ > Simulate vertically shifted
; LR quadrupoles
B _. 3;;‘.“‘ > Gaussian distributed: (4, ) = (0,0,
10°F g
- .’3-.;:;";.3};":‘
IEIRETE Lol : :
f:§ » Vertical orbit RMS related to o,
10-2;:.::{.\3‘(‘; 1:.1. 1 1111| 1 1 11 1|11| 1 1 N T N '}
10° 102 10" 1
Gy In mm
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> Equation of spin motion for relativistic particles in electromagnetic
fields (Thomas-BMT equation) (,8§ = ,BE = 0):

s - N
Ez'QMDMXS-l_‘QEDM XS
- qT]_E - -
QEDM:_EE ;‘l‘ﬁXB

e N
ﬁ:Z(G+1)°—mS -
Proton 1.793 |G| > |n]
d=n-—3§ Deuteron -0.143
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Spin motion #) 0LICH
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> Equation of spin motion for relativistic particles in electromagnetic
fields (Thomas-BMT equation) (,8§ = ,BE = 0):

- . q E — ‘
{epu = m?2 m’h Simplifies ford = 0 and E = 0
e S
Y T

Proton 1.793 |G| > |n]
d = n-——=S Deuteron -0.143
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Magnetic storage ring #) 0LICH
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> Spin precession at COSY (d = 0): Pd 970 MeV/c
s R q q . o 750.6 kHz
_ = X —_ e —
1 {vpm X S Mpm m |(1+ Gy)B,] " 016
ar e X P o= Zym

AN

st~ _ Spin closed orbit: 7icq

= N .
S |l nco is preserved

¢ Spintune: vy
n

= —
S 1 nco precesses

> Parametrization by axis and angle:

-

> Spin precession axis (stable spin axis): 7., = ey

-QMDM_Qcyc

> Spin precession angle per turn: spin tune: v = = Gy

Qcyc
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