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Introduction #) )OLICH
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Existence of an EDM violates CP-theorem, which is necessary to
explain the matter over antimatter dominance in the Universe

- H=-ps-B—diE
3 S 3 S =
+ 7—[=—,u§-§+d§-f

u: MDM T - Standard Model EDM prediction:
d: EDM ¢ 10732 to 1073 ecm
v

Aim of Jilich Electric Dipole moment Investigations collaboration:

Measure the EDM of charged hadrons for protons p and deuterons d
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JULICH
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EDM measurements In storage rings

S

-
-
-

—

General idea:
* Inject polarised particles with spin pointing towards the
momentum direction
* “Frozen Spin”-Technique: without EDM spin stays aligned to
momentum
« EDM couples to electric bending fields
« EDM leads to a polarization build-up in vertical direction

4

Challenge:
Control of the Orbit with a very high accuracy to prevent systematic effects
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Cooler Synchrotron COSY in Julich

RF Devices for
Spin Manipulations | " \

P By Electron Cooler

=y g

= 'H?i'”\l\

|5 T, -

: g Installation of the
EDDA Polarimeter Ry S
.,\ Rogowski Coil in
. a Chamber
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Sextupole magnets

Polarized Protons / Deuterons
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Momentum up to 3.5 GeV/c

Circumference 184 m




Beam Position Monitor (BPM) #) 0LICH
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BPM measures transverse beam positon (xg, Vo)

Electrostatic BPM (Standard at COSY): Magnetostatic BPM (New Development):

Y Electrode 3

Electrode 1

Electrode 4
X
Beam
Electrode 2
Length =~ 20 cm Length = 1 cm
Easy to manufacture Excellent response to an RF signal

2 Accuracy of the existing COSY BPM More precise position measurement with
E system = 0.1 mm Rogowski BPM System and a first step to
g Not enough for an EDM measurement a SQUID-based BPM development
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Rogowski Coill

Pickup-Coil to measure the magnetic flux:
Standard application to measure AC currents

Torus with:

* Major radius R = 40 mm

* Minorradiusa =5 mm

Winding with copper wire N = 1400

Divided into
* One segment (BCT)

* Two segments
(BPM in one dimension)

* Four segments
(BPM in two dimensions)
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Magnetic Field of Particle Beam A J0LICH
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Y
Model: reRul x
Pencil-current with constant velocity at position (xg, Vo) DN
0
o
Lo, Yo
T T
Particle Beam Pickup-Coil
. "4 — e
Current: [ =1, e,
. X0 X
oL e L,
Position: 72 = | y, Position: F=1y
0 Z
% — - = =
E . . . =ﬂ X r—ro
Magnetic Field: B = 52/ T

22. September 2015 8



haft

Mitglied der Helmholtz-Gemeinsc

Induced Voltage #) JULICH
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Uiy = —%fﬁ-dﬁz difﬂB drdzRdo

Taylor of B, to O(r2/R”) leads to:

di,

Uind,l/l — 7 N,Uo [ — R? — a2] Beam Current Transformator t

Una1/2 = %5 [R R? — a2] [1 — m/Rii—azxo

dIO 1% sin(2¥ — 2¢) a?
Una1/a = [R \/Rz aZJ 2_ Xo —
R2—qa? 7-[(RZ_aZ)B/Z,(12_1/132_612)

22. September 2015 t “Mutual inductances comparison in Rogowski coil with circular and rectangular cross-sections 9
and its improvement” http://dx.doi.org/10.1109/1CIEA.2008.4582770
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Position Dependency Prediction of a halved -
Rogowski Coil 0 JULICH
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Rogowski coil measures the flux density change
A voltage is induced and the beam position can be determined by:

Ulnd,left — Ulnd,right

UInd,left + UInd,right

Theoretical prediction for position dependency of a halved coil as a horizontal BPM should
be independent of the vertical beam position and the other way round

Y

Theoretical prediction signal response for a halved coil:
a

2 2 N

AU, , 2 nVR? — a? AUy s,
= X > X =
2Ui2  mVR2 —q? 2 2U1)2 _
It

(linear for the x direction) (R radius of the coil, a radius of the toroid) %
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Technical Approach #) 0LICH
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1. Step: Development of a coil with Development of a testbench and measurements
two segments (BPM in one dimension)  with this coil as an horizontal BPM at COSY

2. Step: Development of a coil with Installation of two Rogowski coils as horizontal
four segments (BPM in horizontal and and vertical BPMs at COSY
vertical direction)

Mitglied der Helmholtz-Gemeinschaft
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Technical Approach #) 0LICH
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3. Step: Characterise the horizontal Rogowski BPM and
the horizontal and vertical Rogowski BPM in the laboratory

horizontal Rogowski horizontal & vertical
BPM Rogowski BPM

4. Step: Development of a nitrogen or liquid helium cooled coil
with four segments (BPM in vertical and horizontal dimension)

Mitglied der Helmholtz-Gemeinschaft

5. Step: Development of a SQUID-BPM test bench
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Rogowski BPM for RF Wien Filter #) )0LICH
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Installation between quadrupoles
* No COSY BPM next to it

Installation of Rogowski Coil
BPMs at both ends

* Position beam in center
and parallel to Wien Filter

haft

Mitglied der Helmholtz-Gemeinsc

22. September 2015 13



Measurement Setup #) )ULICH
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Amplifier
Left (13.5 dB) l
! I |
:—_->F i i e (W o ;::?. et | ]
_ Amplifier | 1 4
I,
Right | (13.5dB) [
i
1
i 4
1
COSYRF | : Ac ?J?;c?cion
(Reference Signal) q(pc)

« Unpolarised, bunched deuteron beam (N~10°9),
* Momentum 970 MeV/c, revolution frequency 750 kHz

e Horizontal or vertical orbit bump after 33 seconds

Mitglied der Helmholtz-Gemeinschaft
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Measurement horizontal Displacement  #) j0LICH
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 Measurement of the induced voltages every 4.45 ms for each part of the Rogowski coil
* Create different horizontal orbit bumps with two correctors

* Calculate the displacement as difference of the reference orbit and the orbit bump

22 September 2015
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Analyse Procedure #) )ULICH

displacment [mm]

FORSCHUNGSZENTRUM

2. Interval
02 Position determination:
04—
06: anZ—azAUl/z
0.6 X =
-0.8— 2 z:U1/2
_1; Y
1.2 A displacement AN
H4 Coil Parameters: N\
A _si 1. Interval Fs
- oy R=40mm
18— Preliminary
- a=5mm <
P I(t)
| ‘ | | ‘ | | | | | ‘ |
110 120 130 140 150 160
time [s] @

* Define an interval of 1000 data points (4.45s) for the reference orbit (1.
Interval) and the orbit bump (2. Interval)
* Calculate the Adisplacement for each measurement
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Analyse Procedure #) )ULICH
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Fit function: a + A - sin(2nft + @)

Looking for a

\

o N = \/4U 262 + 4U,%0y? ~ 3um oy ~ 0.1 uV
x,Voltage 2 (UZ + U1)2 1 YU 2 YU
E e E a1
E -1.97; 1. Interval g 3_17; 2. Interval
; -1.98; £ o
- E ‘ \ ‘l 3.15% p ] i (i
1.99 }'\ "| '\‘ [\ ” |‘ \‘ 1 ll ‘k { ‘ ‘\ ” ’ll 1| | 'I ) | |‘ I el M ll‘ 1 ( 'H " l | l I’ JH |‘ "| f 1 ,n ‘M A '“ ,}l' ‘l | ,I| ‘\
z \W il oy H‘ lk “ L il “' ‘ 1 w“ il |" i 3.13 N' q‘f \l/ \( .h u fh J') Y | f‘( A (‘
AL LAREALALIALIL AT A AL Al
_2_02; 3.11;
z ok
-2.03— E
E \ \ l L] \ \ \ 309, | | ! ! 1 ! ! I
0 05 1 15 2 25 3 35 el 0 05 1 15 2 25 3 35 R

Fit: 0, = 0.1 um (statistical error)

Mitglied der Helmholtz-Gemein: = ~
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eam oscillation or mechanical vibrations?#) JULICH
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Beam position oscillation with 6 Hz

 The source of this oscillation
is unknown until now
e With the standard COSY BPM

system it is not possible to

disentangle the oscillation

Fourier transformation

L)

hFT_hPos
Entries 890
Mean 5.992
RMS 0.2013
x2 / ndf 0.0005735/ 25
Constant 0.008092 + 0.051938
Mean 5.996 + 0.255
Sigma 0.03571 + 0.37854

.
E C
=-1.94 —
11}
g C
g—1.96_—
%—1.98:—
-2‘:""":31?:-‘.1' :'!o*’.'g.."f-"i.'! 3
5“’.“ ‘ca\"g!*l #%’ ‘alF 3 o.‘.g“ & !
ST T Fo S I YOI B Pl oy oR T NGy S,
-2.02:—"51‘-)?"';*"3.4?%{ '3'2:?:% : ‘-’-’""‘E-”)‘?
-2.04—
-2.06
-2.08 —
: 1 1 1 ‘ Il L 1 Il ‘ 1 L L ‘ 1 1 1 1 ‘ Il 1 | Il 1 1 L ‘ 1 L 1 L ‘ 1
105 105.5 106 106.5 107 107.5 11108[ ,
Ime (S
Fourier transformation
hFT_hP
# Entries - 890
M 0.2134 | ¥ E
; RG?SH 0.9689 0.008 —
%2/ ndf 0.0005735 / 25 E
Constant  0.008092 + 0.051938 0.007 —
M 5.996 + 0.255 E
107 Sigﬁwna 0.03571+ 0.37854 0.006 E
10_2 Vr | 0.00Si—
: ‘"WWWW“\' |
§ 103 N‘ ” ’mm 1’ b L [J‘ \““ T -
T | f Ik i gt 0.003 -
WW Ll T
N 10 - C
E o.om;
[} 5 U
E 10 | | \‘\ Il\ \‘I \‘\ I‘\ \‘I Il\\\l %5‘
i 0 1 2 3 4 5 6 7 8 9
% frequency [Hz]
§
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Displacement variation from cycle to cycley j0LicH
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Determine the variation of the displacement from cycle to cycle with
constant magnet settings

A
C
i)
5
S f T
% Displacement 1 Dlsplaciment 1
- y Ad
[ [
Fill Bump 1 Fill Bump 1
J \ )
5 T 1 ->
Cycle 1 Cycle 2 Time

Opar = 10 um
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Varying Horizontal Corrector Strength #) JULICH
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2/ df / O-VStat — \/0304-114- + 0-17nv ~ 10 um /
= — | x2/n 9.103/ 11 7 o
E 10—/ n[mm] 0.0007898 + 0.00279
= —  m[mm/%] 0.5117 +0.0003563
T 8
o —
E 66—
[(b] [
& 4FF
o Slope —512.0 + 0.4 um/%
R 21—
() —
< 0=
_2:—
4
sE Preliminary
. | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | |
E. 0_022 | | + | | ‘L | |
= o y RIS SN 1
e - 1 I I r T } % I
&J _002; | | | | | | ‘ | ‘ | ‘ | | | | | | | | | | | | |
- 5 0

5 10 15 20
horizontal corrector strength [in % of maximum current]

—
(82}
—
o

haft

Theoretical expectation is consistent with the horizontal orbit
measurmenet at the accelerator

Mitglied der Helmholtz-Gemeinsc
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Measurement horizontal beam dis- A J0LICH
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placement in denpendency of a vertical orbit bump

A

Changing the vertical S 0 I 0
' iti i Z i Displacement 1
orbit position with two 3 Displacement 1 p
vertical correctors = v
AN I I I
3
E Fill Bump 1 Fill Bump 1 S
Time
c A
Measurement of 2
the horizontal beam o
position % T T T T
()
5 <
: 2 |Fill Bump 1 Fill Bump 1
3 o
g = >
s
E Time
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Horizontal orbit measurement with A J0LICH
vertical corrector bump

120

100

jee]
o

displacement / mm

[e2]
o

2. Interval

1. Interval

B
o

\ 4

N
o

o
I\\M\I‘H\‘IH‘\\W\IWI\\M\I‘H\‘\H‘\\W\

\4

©® ® A N
S © O o

| ‘ | | ‘ | | | | | ‘ | 1 ‘ | | | |
35 40 45 50 55 60

time/s

Determine the horizontal Adisplacement between the intervals
for the different verical orbit bumps

The measured horizontal beam position should be
independent of the vertical beam poisition
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Horizontal orbit measurement with #) )OLICH
vertical corrector bump | =J 5

2
Oy stat T Opar = 6 ym

= %2/ ndf 1.062/3
= 0.025 — n [mm] 0.001884 £ 0.002684
£ = m [mm/%] -0.00134 + 0.0003796
+— 0.02 —

- —
) —
E 0.015 —
3 —
® 001= Preliminary
o —
.9 0.005 —
(] —
< 0
0005 —
001 . |
m=—13+04um/%is 30 larger than 0 ~—_
-0.015 —
= oo ]
E -
E o
° L
g ¢ C | |
T T 0 5 0 5 10

vertical corrector strength [in % of maximum current]

Expectation: no horizontal dependency — small slope, but can

be driven from tilts in the magnets or tilt of the coil itself
22. September 2015 23
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Installation of a Rogowski Coil as Measurement of the horizontal and
horizontal BPM in COSY vertical beam position dependency

x2/ ndf 9.103/11
n [mm] 0.0007898 + 0.00279
m [mm/%] 0.5117 +0.0003563

\‘H H\‘H\MH

A Displacement [mm]

Preliminary

m =512 um/%

H\HM\HH\MH\MHHH
ot %
- L L P BT R L \* - \* TR 1 P ! P
-15 -10 -5 0 5 10 15 20
horizontal corrector strength [in % of maximum current]

°
5 ® A M O M A O ® O
I

Residual [mm]

o
H‘H \H‘\

X2/ ndf 1.062/3
n [mm] 0.001884 + 0.002684
m [mm/%] -0.00134 + 0.0003796

* An uncooled Rogowski coil worked as an £
horizontal BPM in an accelerator enviroment | £

* The theoretical predictions for an horizontal 2

<

BPM have been proven

* The measured sensitivity to the o | | ‘
perpendicular axis is at least 400 times : ‘ ‘ ‘
smaller and can be regarded as negligible T T T ST

vertical corrector strength [in % of maximum current]

within the confidence intverval
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Outlook #) )OLICH
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Characterisation of the

Installation of a moveable
Rogowski coil in COSY

horizontal and vertical Rogowski
BPMs in the Iaboratory
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Rogowski Coil Testbench #) 0LICH
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Installation of the Rogowski coil Movement of the Rogowski coil

haft
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Null detector #) )OLICH
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1. = Changing the postion of the coil in horizontal and
o certical directon until the beam passes central the coil:

AUyp,an 0  and AUiegt right _

0
) Uup,dn X Ule ftright

ix ] \ : Calibration of Referenz Orbit
Highest Sensetivity at Coil Centre

Mitglied der Helmholtz-Gemeinschaft
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Null detector #) )OLICH
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1. — Changing the position of the coil in horizontal and
vertical direction until the beam passes central the coil:

AUyp,an 0  and AUiegt right _

0
) Uup,dn X Ule ftright

in \ Calibration of referenz orbit
Highest sensitivity at coil centre

Mitglied der Helmholtz-Gemeinschaft
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Null detector #) )OLICH
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1. = Changing the position of the coil in horizontal and
o vertical direction until the beam passes central the coil:
1 AUyp,an —0  and AUt right —0
ix ] \ : Calibration of referenz orbit
Highest sensitivity at coil centre
Changing the coil position until:
AUup,dn —0 and AUleft,right -0
z:Uup,dn 2:Uleft,right

—3 Measurement of a relative orbit change

Mitglied der Helmholtz-Gemeinschaft
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>
>

c| _ Cycle 1 - =1 Cycle 1 -
.9 < I .9 < rd
e £ 3 ; £ A
§ Displacement 1 © Displacement 1
o]
st T {1 I .
o ju
N )
= >
2 [Fill Horizontal End Horizontal Fill Vertical End Vertical
Bump 1 Bump 1 Bump 1 Bump 1
> >
Time Time
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Preamplifier [€

r Preamplifier [< Left
Vv VY

l S o Down |

: COSY RF :

Right > Preamplifier

> Preamplifier

(Reference Signal)

Data
Acquisition
(PC)

\
N
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