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Motivation

JEDI Collaboration: First direct measurement of charged light
hadrons’ permanent Electric Dipole Moment in storage rings

= MDM ;i and EDM d allgned with spin S:

H=-pS B-—dS E
P(H) = B- dg'(—E)Z—u%éergE'

mu

S
Hs
~u(-5) (-B)-d(-§) E=-n§ B+as-
= EDMs violate both parity P and time reversal 7 symmetry

= assuming CP7T symmetry A T violation = permanent EDMs also
violate CP symmetry
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Spin Motion in a Magnetic Storage ng

= assume stationary ring with vertical guiding field B, , é\l =E=0
= relativistic particles’ spin in EM-fields: Thomas-BMT Equation

= S x (Svom + Qeom)
Qmom = 775 (( +~G)B. )
Qe = 41 ( 3 x §L> , couples to motional electric field

= MDM:i=2(G+ 1)%5‘ , G anomalous magnetic moment
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EDM: d = 1,28 ~ 103" ecm < 7 ~ 10~ for SM light hadrons
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Generating an EDM Signal

stationary ring with vertical guiding field B B” E=0

9 _Sxq= me((1+7G)B )
= spin precession around y-axis with spin tune fyGB
2 ~GB
G =2 = % =G
ym

(1)
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Generating an EDM Signal

stationary ring with vertical guiding field B, B) = E = 0
= ((1 +7G)B + 175 x é)

= spin precession around y-axis with spin tune
Q "
% =g = =1G

2|&,
Il
w0t
X
QL
Il

= EDM introduces tiny tilt of precession axis
_ Bn
tané = 52

= prepare beam with spins oriented in
accelerator plane (pure Sy, polarization)

= vertical spin component S, appears

= oscillation of S, but for 77 ~ 10~'° one needs
accumulation of vertical component to
generate measurable result
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Generating an EDM Signal, cont.

cancel the yGB contribution to the spin
precession with a localized Radio-Frequency
field oscillating in phase with the spin
precession

beam perturbation has to be minimized by
adjusting net Lorentz Force to zero:

EWF/C = —f x Bur (Wien-Filter condition)

spin motion in Wien-Filter: additional
precession around vertical axis, no EDM
interaction'

= (1 =
s = S x Qwr vom = ims (% BWF)

QWF, EDM — %g (EWF/C—'—J{;X éwp) = 6
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= non-vanishing EDMs introduce vertical spin components in a
beforehand horizontally polarized beam

= introduce cancellation of the free MDM precession with a localized
RF field, cancel beam perturbation by utilizing Wien-Filter
configuration

= spin tune is modulated so that (Sy;) 7 is aligned with the particles’
velocity 5

= EDM interaction with the motional electric field in the rest of the ring
will yield a continuous buildup of S,*

2
£
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k-]
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s
=

[* W. M. Morse, Y. F. Orlov and Y. K. Semertzidis, Phys. Rev. ST Accel. Beams 16, 114001 (2013)]
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(Jebr) buck

Generating an EDM Signal, Summary:

= non-vanishing EDMs introduce vertical spin components in a
beforehand horizontally polarized beam

= introduce cancellation of the free MDM precession with a localized
RF field, cancel beam perturbation by utilizing Wien-Filter
configuration

= spin tune is modulated so that (Sy;) 7 is aligned with the particles’
velocity 5

= EDM interaction with the motional electric field in the rest of the ring
will yield a continuous buildup of S,*

= many challenges involved, today: Generating RF fields in
Wien-Filter configuration for spin manipulation

[* W. M. Morse, Y. F. Orlov and Y. K. Semertzidis, Phys. Rev. ST Accel. Beams 16, 114001 (2013)]
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Prototype RF Wien-Filter with Radﬁ Magnetlc Field

Goal: characterize RF Wien-Filter fields by direct observation
of spin manipulation

= use radial magnetic field with vertically
prepared spins = S, = const.

= Lorentz force compensation:
E/c=—-(xB

= spln precessmn:
98 _ S« Gue — 4.8 x (£G5B
8 x G = %8 x (1£B)

= fields oscillate in phase with spin precession

iation

= spin kicks accumulate turn by turn

= continuous rotation of spin vector around &
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Resonance Strength of an RF Wien-Filter

= particles sample localized RF field once each turn at orbit angle 6
b(d) = [Bds cos(%@ + ¢) Yoo 6(0—2mn)
= resonance strength given by spin rotation per turn:

_ fpn _ 1+G [Bds +ig e
€k = fev — 2:2my Bp Zne 6(” - K:F frev)

= spin tune =~ 7G = resonance at every sideband with
K=1G=n+ & for = fou|n—1Gl; n€Z

= dat970MeV/c: fe = 750.603kHz; vG = —0.16098

n 0 1 =1 2 -2
fre/ kHz | 120 629 871 1380 1621

[*S. Y. Lee, 10.1103/PhysRevSTAB.9.074001 (2006)]
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The Prototype RF ExB Dipole
RF B dipole RF E dipole

foil electrodes
50 um stainless steel
ur < 1.005

ferrite blocks

distance 54 mm
coil: 8 windings length 580 mm
length 560 mm ceramic beam chamber
wo separate LC circuits
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The Prototype RF ExB Dipole
RF B dipole RF E dipole

foil electrodes
50 um stainless steel
ur < 1.005

ferrite blocks

distance 54 mm

coil: 8 windings length 580 mm
length 560 mm ceramic beam chamber
two separate LC circuits
Parameters RF B dipole Parameters RF E dipole
Paws / W 90 Pams / W 90
1/A 5 AUV 2
[Bcdl/ Tmm 0.175 JE dI/kv 24.1
3 far range /kHz 629 - 1170 far range /kHz 629 - 1060
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Magnetic Field Distribution

By aty = 0.0m normalized to 1 = 1A

By /T

0.06
0.04
o 0.02

024+
~0.04
1.0-0.06

0.0
2/m 05

= ([B,dl)=—-0.035Tmmat]=1A

x107°
-
]

o

an

= (JBd)/(fBaly ~ (JB:d)/(fBaly < 1072
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Electric Field Distribution  Eyaty=00m
E,aty = 0.0m normalized to U = 146V

([Exdl) =13.6V 6

g ©
X 1eg
6 6
3 4
43
< 2
u
2 0
o -2
-4
_2 _6
0.06
0.04 -8
. - 0.02
-L 0.00
—05 <&

-0.024)
-0.04
1.0-0.06

« ([E,dl)=4796Vat U= 146V
= (JEAD/(fEdny ~ (JE2AD/(fEay < 1073
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Particle Traces
X — y trajectory along reference orbit s

x — x' phasespace

x1078

y/m

Sim 15 -4
20 -5

y — y' phasespace

1001 deuterons
p = 970MeV/c,dp/p = 10— 4
X =y =0m, x/ =y/ =0rad

° kN ow s
x1077

¥ Irad

1.0
S/m 15

20 5

v Ay

= optimization for (y;) ~ 0m, (y;) ~ Orad

= small spread in vertical plane o, < 4nm ”

Sim 1

= small shift in horizontal plane, (x;) ~ 40nm, (x{) ~ —0.1 prad
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RF ExB dipole “: .

%
£xy and 22 controlﬁ’@
electron cooling

fast, continuous
polarimetry

T e

J polarized source
Aachen, November13 2015
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fast, continuous
polarimetry

polarized source
Aachen, November13 2015

.l'/n
——— o

RF ExB dipole g

\J?

position along ring / m

continlﬂous RF Qperatio
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Measurements
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Polarization Measurements

beam polarization < average over all particles’ spins

massive carbon target with slow extraction = long observation time

Nleft _ Nright

— ; iacin 120(d .
polarization signal = rate asymmetries in '°C(d,d) : P, N F N

P _ B — _ 4B 14G B
P — B x Qe = 5P x (1£€B)

fields oscillating in phase with spin = accumulation of spin kicks

= continuous rotation of P = oscillation of P,

 E/c

LEFT DOWN RIGHT
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Measurement of Resonance Strength

RF-Wien =3.877: =(0 +
0e Run 3453: Vertical Plarizaon ~N @ QV t’y min = ( X2 I'ndf 3.483/2
=50 B T 03fF Factor 1,668 +0.167
52 = [ Minimum  8.714e+D5 £ 0.01306
- Offset 0.2104 £ 0,001396
o & 0.28
0.2 £ i it C
i 0.26
045 100 105 110 r
451 Vo Pz 0.24r
0.4
g /
02 /mf
A N
of #M Al . E
p ! x10°

f W A Y LA S C / 1 /
02 b i 871.4276 871.4278 871.428
o fel(1-y G) / Hz
45 100 105 110 5

Run 3449: Vertical Polarizat

508 = total spin flip only on resonance
© 0.2 /
0 N i T P . .
od W < minimum of oscillation frequency fp,
04, . P
e find resonance by scan of driving
£ !
8o frequency fag = fev (1 — YG)
o 4N P N T T
0z = directly yields resonance strength:
045 100 105 110 115 — "Pymin

ffeV
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= modify vertical beam oscillation frequency by changing the overall
focusing of the accelerator lattice

= scan betatron tune across coinciding beam and spin resonance:
fa, = Qy - frev = (1 —=~vG) - fiev = frF with g, betatron tune

qyf,ev/ kHz
x10® 450 500 550 600 650
= ‘
o
S | RFSolenoid: e = 9 LG [Bd/ f
I e — 914G B
41— RFWienFilter: e = 1722 [Bd/
" RFB-Dipole: & = g 1:7;16 [Bd 1 + interference due to beam motion ‘
| RFEDipolere = %5 UAHIEG [EG) + interference due to beam motig
- |
[1]=
05? T 3 et
0 : X
0.6 0.65 0.7 0.75 0.8 0.85
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Verification of Field Compensation

Q,fes/ KHZ
x10® 450 500 550 600 650 ‘
:\:; | RFSolenoid: ¢ = 1€ fBd/ %
I 1— RF Wien-Filter: ¢ = 4 "‘G [Bd1 |

" RFB-Dipole: € = q H'VG JBd I + interference due to beam motion |

RF E-Dipole: € = m’z? 1/7:77:“3 JEd I + interference due to beam motio

g = ¢
fay = Qy - frev < (- ’YG)'DL‘
006 065 07 Aq:o?g 0.8 08

= RF Wien-Filter doesn’t excite any beam oscillations!
= spin resonance strength comparable to the proven RF Solenoid

= extreme cases of RF B-Dipole and and RF E-Dipole both show
clear influnce of beam motion in the resonane strength
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Summary

= versatile prototype RF ExB dipole has been successfully
commissioned

» Prus = 90W = [B,d/=0.175Tmm; [E,d/ = 23.98kV
Frequency Range 630 kHz - 1060 kHz

=  Wien-Filter capability has been verified, even when operating the
RF Wien-Filter excactly on resonance no beam excitation has been
observed

Aachen, November 13, 2015 s.mey@fz-juelich.de Summary and Conclusion 21
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RF-B Circuit *

signal gen.| dir. coupler
+50 dB

:k_v\G){ ﬂ{ \30 dB/

RF-B dipole
30 pH

max. 500W
PIN Pkii

oszi

s

5000 pF

current trafo
0.1V/A

amplitude limited by losses = Jnax ~ 5A @ P ~ 90W
matching to 50 2 with bidirectional coupler

frequency range 630 kHz - 1170 kHz

current in coil directly available via current transformer

[* A. Schnase, “RF-Dipole System at COSY for spin-flipping experiments”, IKP Annual Report 2002]
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RF-E Circuit

[signal gen| dir. coupler
N +50d8 3048 RF-E dipole
(kYG)f, \ / 220 pF
max. S00W ]

N

i

IS

" Unax ®2kV@ P, =~ 90W
= frequency range 630 kHz - 1060 kHz
= electrode voltage directly available via capacitive voltage divider
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Field Integrals ~ Bydi

x107"

1=5/F 42 2 Im

A~ - BydiT'm
B, dl along x — y trajectory ‘ — Ui B = 4145200 T
0.0x107 — —
== Bxdl/T'm .
05 = (e Bl = -3.481x10° Tom || 5
-1.0
€ =15
[ “be 05 10 15 20
S‘ -2.0 1R/ A2 Im
B, d/
-25 - B.dI/T'm
7 — (Ugom Bzdl) = 7.1
-3.0 6
5
-35 £
0.0 0.5 1.0 15 20 54
1=3Vx? +y? 422 Im %
£ = ([Bcdl)=-0.035Tmmat/=1A .
= ([B,dl) =4 x10~*Tmm, ([B,dl) = 7:x
2 y - ) z = TO—es T mmsa i3 30
E
2
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Field Integrals

E, dl along x — y trajectory

5 x10°
-- EdiV/mm/
2.0m 3
A — (Fgom Eydl) = 4.796 x10° V/m'm
3
3
S
°
2
1
o— e
-1
0.0 05 1.0 15 2.

1=2/x7 4y} 427 Im

~

= ([E,dl)=4796V at U =146V

» ([Ecdl)=13.28V, ([E,dl) = -8 x 1054V
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-- EdIV/mm T
12 — (om Exdl)/= 1328 V/m-m
T0.0 05 1.0 15 20

1=3/X HE 42 Im
E,dl

- EdiV/mm
— (22" £ = -7.495 x10* V/m'm
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Lorentz Force Compensation

Fydi/ev/m -m

150

- - Fydi/eVfm-m
2.0m
100 — oom !‘ dl) = 1.91 eV/m'm

-100

=150

F, dl along x — y trajectory

50

{
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Fudifev/m -m
|
3

-30

-~ F.di/eV/m-m
20m

— Ugem Fdh) = -43.80 eV/m m

0.0 0.5 1.0

1=2/x7 4y} 427 Im

15

2
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o

/eVim m

3

= (JEdl) = (e [(E +cB.B)dI) = 1.91%
s ([F.dl) = —43.8eV, ([F,dl) = 8 x 10m4eV—=
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RF ExB Setup for Field Compensatldn
Amplitude Scan RF-E at Tres =2A

=  move betatron sideband onto 800
RF freq. for max. sensitivity 700 :
60.0
Qy * frev - (14+7G)fev = 629kHz ; e00 i !
8 400
= polarimeter target directly above § %o i*ig“ L e
beam limits acceptance L : *?
= exited part of beam is removed 0500 1700 2200 2700 3200 3700 4200 4700 5200
0O RF-E/V
= diagnosis with COSY beam Phase Scan
current transformer over %00
At =30s S +++++
© 200
g = determination of amplitudes and 3 } f
: phase for Lorentz force § oo i w J
compensation down to per mille! 3 W
; " mlnlmal beam dISturbance at O“;2.0 84.0 86.0 88.0 90.0 92.0 94.0 96.0
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Beam Response

Analogue signal from one vertical BPM pickup electrode during
RF operation exactly on resonance
Center fq, = fev(1 4+ gy) = 1380kHz, Span Af = 10kHz

RF Wien-Filter: RF Sol.:
IRF-B ~ 740 mA; URF-E ~ 108V ISoI. ~ 780 mApp
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