Development of a Rogowski coil Beam
Position Monitor for Electric Dipole Moment
measurements at storage rings

PHD defense talk
Physics Institute Il B | Nuclear Physics Institute (IKP-I1)

Fabian Trinkel
15t December 2017

#) jOLICH

FORSCHUNGSZENTRUM




Content

* Motivation for Electric Dipole Moment (EDM) measurements
* Spin dynamics in storage rings
« EDM measurement at the accelerator facility COSY

« Beam position measurements

1. Common Beam Position Monitors (BPMs) at COSY
2. Development of a Rogowski coil BPM

3. Estimation of a deuteron EDM limit for a measurement at COSY

« Summary and future developments

1of23 Fabian Trinkel | 1l Physikalisches Institut B
Physics
Institute Il B




Baryogenesis: Why does the universe contains more matter than
antimatter?

Big Bang
Symmetry between matter and antimatter

Early Universe Dask Eriergy
Sakharov* conditions: MagoyLgn e PRES, mE
1. Baryon number violating interactions o i i
2. Thermal non-equilibrium
3. Violation of C,CP symmetry

*Andrej Sakharov 21 May 1921 — 14 December 1989

Possible sources:
« Strong CP violation (SM) lcan 800 millon yrs:
« Electroweak CP violation (SM) Big Bang Expansion

13.7 billion years
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Today

Measurement Cosmological SM
(WMAP) Expectation

(me—np)/n, (614 £0.25)-107° 10-18
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Electric Dipole Moments (EDMs) as a new source of CP violation

—

S
i d

k. Permanent EDMs of light hadrons are
T-violating
— CPT theorem = CP violation

- Standard Model expectation:
d ~ 1073%e - cm (Estimated by the

neutron EDM limit)
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EDM measurement at the accelerator facility COSY (COoler SYnchrotron)

COSY facts

Provides polarized protons
Electron and deuterons

Cooler Circumference 184 m

Momentum 3.7 GeVl/c
h . \\\ -
Stochastic o Intensity 10° to 101
Cooling B particles

Four experimental areas

‘ Polarimeter

Beam diagnostic systems

Spin manipulators

e,
\//\w{a}&; 0 r:—:—ﬂ—(%ﬂ:_)_:_ﬂc__:_ﬂ} -{,_,,guﬁy—gf /jm

NN .
“%=/| Polarised —
Source RF Wien Filter
(Stripline design)
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Spin dynamics in storage rings

> S
Thomas-BMT-Equation: =206+ 1)%5
ild
d=2L%
2mc
f-E=0
B-B=0

Proton 1.792847357

Deuteron -0.142561769
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EDM measurement principle in a pure magnetic storage ring (COSY)

« EDMs introduce vertical polarization component ﬁMDM S (yGﬁ)
of a horizontal polarized beam my
: L a (3o B
» Measure vertical polarization QgpMm = om (.3 X B)
Perfect accelerator and an EDM Realistic accelerator without an EDM

§/\
y4 4 Q= Qepm + Qupm

Te—

— ey S

orbi RuS (mm

Perfect accelerator with an EDM 5.10°1° 1.7-107°
Realistic accelerator without an EDM 0 1.3 1.7-107°

Source: Simulation M. Rosenthal, 2016, PhD thesis [3], Phys. Rev. ST Accel. Beams 16, 114001 2013 [6]
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Particle orbit

Dipole magnet Quadrupole magnet
|deal
Orbit
X (mm)
A
Ideal
0 Orbit

Orbit: mean displacement at all positions in the accelerator

1N
f:—Exi
Nizl
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Common Beam Position Monitor (BPM) system at COSY

Y Vertical BPM Horizontal BPM

_ Electrode up
Electrode right

x Electrode down

Electrode left

Beam position determination

_ dUL—Us

a;' e
2UrL +Urg ~ 0.2 Thermal noise
~ 10.0 Resolution
= dUy —Up ~ 100.0 Accurac
Y= U, 1 Up ~ 00 Y
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Development of a Rogowski coil Beam Position Monitor

Segment 4

pea™™

Segment 1

Segment 3

Segment 2

Non-equally
distributed
windings

Free
—— - area

Copper

winding
__pParameters | IO
R (mm) 40.0 centre m e e
a (mm) 5.0 X
N 366
s (um) 150
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Voltage measurement principle with a lock-in amplifier

Mixer Low-pass filter

Signal Vg (t) | — —
mplitude, | f = .

Phase N B =

Zurich Instruments HF2LI

Wsig ~ Wref

Lock-in amplifier

Reference Vi q¢(t)

Amplitude

Phase
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Development of a Rogowski coil BPM

Development process
C

b—

Theoretical calculations & Test measurements at the
simulation accelerator COSY

Construction, manufacturing
& test measurements with
a testbench in the laboratory

.7 "‘; https://i /gallery/glxgY3L
ps:/limgur.com/gallery/glxg
=T l \

~
b hi“ / !
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Induced voltage calculation

Model: Segment 1
Pencil-current with constant
velocity at position (xg, ¥o) 2a
Particle Beam Coll
Current; I=1,-¢
xO X
Position: 1= (%) 7= <Y>
0 Z
Magnetic field: B = MoJ  T—To Segment 3 Segment 2
2m |7 =702
Induced voltage for N windings:
dd
Ull’l —_— N_
d = dt
_N dIO R—|—m
= B(r, p)drdzdep.
(902 — —a _JaZ_22
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Voltage ratio calculation

» Definition of the horizontal and vertical voltage ratio:

AUpor _ (Up +Uz) = (Us+Uy) AUyer  (Up +Uy) — (Ug + Us)

YU, U; + Uy + Uz + Uy YU;  Up+Uy+Us+Uy
« Calculation of the horizontal and vertical voltage ratio:
A[Jhor

SU, = C1Tg — C3 (acO 3y0x0) + ¢y (:1:0 — 10y0:c0 + 5y0x0) + O (zg - Y, )n+m>6

AUYV r
EUe = C1Yp — C3 (yg’ — 3517(2)y0) + Cy4 (yg — 10330:90 + 5330y0) + 0 (xO Yo )n—l—m>6

« Calculation of the sensitivities: (R =40.000 mm and a = 5.075 mm)
1
¢ = 2 =16.0-107°—
TV R?2 — a? mim
a’R 1
c3 = = 3.4353-10°°
3 37(R2 — a2)5/2(R — VRZ — a2) mm?3
2 4 2 2 1
cy = RUAR” +307) — 1.3451-10 " —
20m(R? — a2)%/2(R — VR? — a?) mm
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Development of a calibration method

. Offset and rotation of the coil: Y <y-coordinate system:

Geometrical centre of the

Trot COS (go) ({L‘o — :EOH) — sin (90) (yo — yof—f) Rogowski coil BPM
Yrot sin (4/9) ($O - moﬂ') =+ COS (90) (yO - yoff)

x'y‘-coordinate system:
y Offset from the beam to
’ geometrical centre

 Different signal strength:

Ny N3

— =g, — = and — =
N, g2 N, g3 ga

o, (¢

x"y“-coordinate system:
Offset of the beam to
geometrical centre and

e rotation of the coil itself to
this centre

=
\05«;
Ny :3/9{}:)
<
\'
=

=
G
| 4

« Calculation of single voltage ratio:

Ul,model 1
EUi,model = T g2+ g3 + 0 [1 + 1 (371"01; + yrot) + 262$rotyrot + c3 (_mrot3 - ymt3 + 391"0‘52371"0’5 + 3$rot2yrot)

+C4 (331401:5 + yrot5 - 1Oyrotgxrot2 - 10$rot39rot2 + 5$r0t4yrot + 5$rot4yrot)]

« Definition of a minimization function (6 free parameters):

2 2 2 2 2
2 XRy n XRo 4 XR; 4 XRy, X2 B ( Ui,meas Ui,model )
2 2 2 2 R: — _
aRl,meas O-R2,mea,s O-RS,meas JR4,meas 1 EUi,meas EUi,model
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Laboratory measurements with the Rogowski coil BPM

Measurement procedure

Measurement parameters

Frequency 750 kHz
Particles 1010
Number of 10°
measurements
Range —5mmto 5 mm
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Laboratory measurements with the Rogowski coil BPM

28.3 28.7 22.1

—0.40

« Reconstruction of the wire positions

(0O mm, 0 mm)

Accuracy: = 150 um

E -
£ os— / . - Caused by the
EST « e . asymmetry of the coil
>\o 0.1:— . .. ® . [ . ° . . . Py /
0’05;_ . ...... .. ° — o L i g Th|S eﬂ:ect iS nO’[
o RS (5 mm, 5 mm) considered in the
= s, calibration algorithm
~0.05— P
—0,1?— % .°:~=- ° ..’;. « * e Resolution: =~ 1.25 um
— ..‘.
*0.15_— * . .
- . * The theoretical resolution
P _oFos' o (|) SR 0.1‘35 | | 01.1 | | 0.115 | limit is reached
(-5 mm, -5 mm) X-X¢ (mm)
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Beam position measurements with a Rogowski coil BPM at COSY

A

Preamplifier (@ Preamplifier 5 kw"’m@‘
(13.5 dB) (13.5 dB) 3
L Lo
f IE ? Q"!‘.ﬁ :;?\
COSY RF " pe
e - W"/ y
(Lock frequency) A SIS
-------- COSY trigger signal - —
Data Acquisition (PC) f— S
Horizontal orbit bumps:
zl - cucle > 1 s Cucle >+ Values: —2% to 2%
e )
3 <x2 ------ > %
= & » Step size: 0.2%
[42] Q.
o et < > %
w <> s © -~ o R
IS S e T %+ Frequency: 750 kHz
gl -
Sl .. : - >| |nitialbeam Local orbit Initial beam
T |Initialbeam Local orbit  [nijtial beam v .
positicn bump positiorl pOSition bump p05|t|0n R ® Number Of partICIeS: 1010
Time (s) Time (s)
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Beam position measurements with a Rogowski coil BPM in COSY

Horizontal ratio:

AAUhor . A-Uhor,bump . AUhor,initial

ZUi Z}Ui EUi

Horizontal model ratio expectation:

AUnor
A ZSI —= C1 'SCEQ—CCll: al-AI

'

const-AJ

Vertical ratio:

Y T Cycle 1 X

C Y e

£

© X3

5] D S — >

£

o

2

o X1

T > PN

c

o

) .

I |Initialbeam Localorbit  |nitial beam
position bump position

Time (s)
r o Cycle 1

~
g

c
)
AAUver . Avaer,bump . A[Jver,initial g
> U »U; > U; ?%1
D
. - - _c
Vertical model ratio expectation: w << >
Q
. 1
AU 2 it Local orbit Initial b
A ver _ ] AI . AI2 > Initial beam ocal orbit nltla- -eam
EUi bl + b2 + b3 position bump position >
Time (s)
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Beam position measurements with a Rogowski coil BPM in COSY

AUy op
A 21}111 —ay - AT

g 5003
-
4 A
<

0.02

0.01

0

-0.01

—0.02

-0.03
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1 -0.5 0 0.5 1 1.5 2

Horizontal corrector strength (% of maximum current)
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Beam position measurements with a Rogowski coil BPM in COSY

AU
A verzb by - AT b AIZ
S U 1+ 02 + 03
§5—0.OO6
- B
al“
<] -0.008—
001 —
—0.012;
—0.014T|I1}I11||11!1}Ill1I11|||11!1}!!11{11!!}1!11{!11!
-2 -1.5 -1 0.5 0 0.5 1 1.5 2
CU él\o_:?l‘\\\I‘\\\I‘\\\I‘I\\I|II\\|\I\\ \I\\|\I\\‘\I\
T e e e
&) _0.05;_\\I‘\\\I‘\\\I I — tl'll'l'l' | I I
-2 -1.5 -1 -0.5 0 0.5 1 L.5 2

Horizontal corrector strength (% of maximum current)
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Deuteron EDM limits for the precursor experiments at COSY

Measurement Common | Rogowski coil | Orbit RMS | Ggpmsys,orbit
method BPM (um) | BPM (um) (um) (e - cm)
Absolute beam Accuracy 100.00 150.00 ~ 100 ~5.1020
positions

107" | T T T T T T

10-17
First deuteron 1019 _l_ | T

-21
EDM limit measured o

E 10-23
with COSY s 0% ~ T
= 1 D—Z? l
= 1 0—29
1 0—31
10-33 w”m
R
1 0—35 s‘a“ﬁat
1 0—3?
10739 ] | | | | ] |
begy, M oy Ney "o 8, 7
on n lron ton1e Yon 9

* Arelative beam position measurement would reduce the agpm sys,orbit IN Magnitudes
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Summary

CP-violating process (EDMs) for
matter over antimatter dominance

Hardware development to supress

systematic effects (orbit control)

Development of a Rogowski coil-based BPM

Theoretical calculations & _

- - <
simulation
" v T

OO « Test measurements in the

\ll g accelerator COSY

Construction, manufacturing

& test measurements with
a testbench in the laboratory

v J, e & !
— 8E Oy .
v ot e S|
N o
xE=-" Lo/
ot
22 of 23 Fabian Trinkel | lll Physikalisches Institut B Rm

Physics
Institute Il B




Future Rogowski coil developments

Coil design and flange improvements

Investigation as a non-invasive beam profile monitor SQUID development
ER #0107 Segment 4 Segment 1 ‘ Rogowski coil ‘ Radiation shields ‘
Ut sao — 75 mm / 430 mm
oo 2N Ve
7N £ / / |
0t \ 7 X 7
o)) \\ /f \ / 7 W I ===
\\\ I/ \\ / . ‘ T A pp———— E—f;-é ===3
\‘\ ﬂ/ \\\ / \j mﬁ% === :_1?:
0 \\/fj \\;// — lﬂi | ;:::::5:
a Segment 3 Segment 2 ‘ Electrical feedthrough }—) Cryocooler
Rotationangle ¢ (%)
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Systematic Effects |

* Misaligned magnets B Quadropole shifts (¢ < 1 mm) & no EDM
lead to 107 E . _
o polarization build up 3 E no orbit correction
« orbit distortion 107E1 = ot correction LR
E : oﬁﬁ‘:’.
- 2 10%¢ 30 ey L
> Correct orbit to 5 = R T
- . . . (@ -10 | = :&%‘i‘h}:o*"o?
minimize polarization ~10"E T oo s o
. n = i ;ﬁ.% % %30
build up il ; &8 ey
10 E? oowg&f‘ﬁwpﬁf{,o‘{.:o"o -
i e <5 :
102 o et Pth.osg o Jo?
-~ a8, 2a0g 8 &
: ° 3§° °° ° 2
10-13 E— o o:°0 . o
10-14— 1 1 llllllI o 1 Ill.llll L 1 lllllll 1 1 lllllll 1 L L 111l
10 10° 10° 10" 1 10

AY e (Quads) in mm

Courtesy: Marcel Rosenthal (m.rosenthal@fz-juelich.de)
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Systematic Effects Il

104
1071 * Meou= 19
_4n5
108 ) TlEDM_1 0
0 ’ nEDM=
c
2 10°
g
= 107°
0p)
11
10 o
't %y, . *
o2
. . L ¥ ] . .
v Vertical buildup AS,, per turn for RMS of 2 mm
1018 - similarton = 107* (d = 5-107'%e cm)
"
10'14 I.III.IIIII | Illlllll 1 llllllll 1 L1 1 1111
10° 102 10 A d 4o in mnl0
|
Y s (Quads)
Courtesy: Marcel Rosenthal (m.rosenthal@fz-juelich.de)
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Definition of accuracy and resolution

a) N Reference value

Probability density

Accuracy

Low accuracy
Low resolution

Resolution

>

C)

A Reference value

Value

High accuracy

b)

Probability density

i Accuracy

AReference value

Low accuracy

High resolution

Resolution

>

d)

A

Reference value

Value

High accuracy

High resolution

2 Low resolution >

n : =

c I C

) ! 5}

© I ©

£ ! >

= - =

© I e :

o 1 o Resolution

o 1 o

o - o

Resolution
3 ) )
Value Value
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Voltage measurement principle with a lock-in amplifier

Mixer Low-pass filter
Signal VSig(t) : ‘ e Ty
AmplItUde, IE S g T DR ;.:1;: '
Phase S i
Zurich Instruments HF2LI
Lock-in amplifier
Reference Vi q¢(t)
‘/sig(t) — Asz’gCOS (wsigt) V;ef(t) — ArefCOS (Wreft)

Vmod(t) — ‘/Sig(t) : ‘/}ef(t)
= AgigCos (Wsigl) * Arercos (wrert)

= Anod [cos(t(c:JSig ; wref)) + cos(t(&usig i wref))]
%ASigAl"ef W — w4
1

Vmod (t> — 5 AsigAref

Wsig =~ Wref
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Voltage measurement principle with a lock-in amplifier

— A

2
<

Low-pass filter| (Signal + Noise|

)

_____

DO

Wref  Wsig W4 w (Hz) Wsig ~ Wref

S

1
Vmod (t) — 5 AsigAref
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Theoretical calculations for the Rogowski coil BPM

Magnetic field:
polo 1 1 — "2 cos(y — ¥o)
P2 (%)2 — 272 cos(¢ — o)

e, —

'

::Awithu:rTOand Ap = p — o

Taylor expansion series:

uolo 1 [ dA dA 1, 5 d?A 1, 53 d°4

Be, = &l + — + = —s —

’ 2T 1 [du weo du' (v) 2 () du’ o O ) du” u=0

1 4 d*A 1 5 d°A 6
Induced voltage for N windings:
dd

Upng =— N—

a7 dt

= 0 / / / B(r, p)drdzde.
(902 - —a Vaz_22
R\WNTH
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Theoretical calculations for the Rogowski coil BPM

Induced voltage for segment 1.

N dl —_— 2(R—VR? — a2
7r dt R2 _ 2
a? a’R

3 3 2 2
+ 2370y0 (R2 — CL2)3/2 + (_xO — Yo + SyOxO + ?)ZUQyO) 3(R2 . CL2)5/2

>R (4R? + 3a?)
20(R? — a2/

A[Jhor L (Ul + U2) - (UB + U4) Avaer L (Ul + U4) - (UQ + UB)

+ (20 + yo — 10z5y5 — 10ypag + 5ygwo + 5x5yo)

> U; Ui +Uy+Us+ Uy > U; Ui +Us+Us+ Uy

Athor n m
sU. = (1% — C2 (x5 — 3ygwo) + 3 (zg — 10ygzy + Sygwo) + O (xf - yi*)

AUV r n .m
s = b0 — 2 (Yo — 3xgyo) + ¢s (Y5 — 102595 + 52o%0) + O (25 - U6")

n,m>6
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Theoretical calculations for the Rogowski coil BPM

A[Ihor
3 2 5 2.3 4 n m
~g. - 1%~ e (5 — 3ypwo) + ez (x5 — 10y5xp + 5ygwo) + O (X0 - Y5 ) 6
1
AUVGT . 3 3 2 5 10 2. 3 5 4 O T m
0.~ @0 — e (v — 3zgyo) + 3 (yo — 102595 + 5230) + O (25 - 45") >0
1 . 02
§l5 - .
D w0.15j : . .
< = Sl ;\\leOmm
ME T y =10 mm
005—  + « & o
£
-0.05; .
o R
-0.15; A
:/'
A/‘OZO_Z | | \O‘ISI | | | Oll\ | | | ‘ | | | | ‘ | | | | ‘ | | | \O‘l\ | | \0‘15\ | | \02
X =-10 mm | | | | | AUI/Z,hor.
y = -10 mm Ly,
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Calculation of the voltage ratios for the orbit bump measurements

Horizontal:
AAUhor _ AUnorbump  AUnor,initial
»U; YU 2 U;
=c1-(ra —x1) =ay - Al
comi AT
Vertical:
AAUver _ AUverbump  AUyer,initial
2 Uj LU; 2 U;
= 01,2 — 611,1J+(12 (22 — ZCQE 2 1 33‘11
by N Io+AI

:b1+b2-AI+b3-AI2

Theoretical:

A[Jhor
> U;

= C1X0

Takes the first order of x, for the
horizontal voltage ratio into account

AUVBI‘
2 U;

= C1Yo — 63(2/8 - 393(2)90)

2
= a1 + asx

Takes the first x, for the
vertical voltage ratio into account
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Orbit bump

Horizontal orbit bumps with steerer value of 0%

0.31

=)
D | 0309

0.308

0.307

0.306

0.305

0.304

0.303

0.302

0.301

e
(S

o
II\I‘I\II‘I\H‘\II\‘\I\I‘\HI‘IH\‘I\I\‘HI\‘HH

20 40 60 80 100
Time (s)
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Orbit bump: Comparison of initial and final orbit

3| 03091
> | — — — Initial position
- Initial position
0309 P after bump
0.3089 [— L4
- 3 ¥
0.3088 | —
- b
0.3087|
0.3086 —
0.3085
0.3084 | —
- | | | | |
0 20 40 60 80 100
Time (s)
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Voltage noise calculations

Thermal noise:

U = \/4kgTRAf

Calculation of the thermal noise for the different devices

with a bandwidth of Af = 6.81 Hz

Lock-in amplifier 293.15
Low-noise preamplifier 293.15
Quartered segment 293.15
Cooled quartered segment 77.15
Quartered segment amplified 293.15

Cooled quartered segment amplified 77.15

13.05
2.00
1.14
0.22

10.34
2.07
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Voltage noise calculations

Two different signal chains:
1. quartered segment
2. quartered segment + low-noise preamplifier

Readout of the signal chain is an uncooled lock-in amplifier

O-Utotal — 1 / Z 0-%1
Signal chain | T (K) for quartered segment o, (um)

1 293.15 13.10 1.07
2 293.15 16.77 1.35
1 77.15 13.05 1.05
2 77.15 13.36 1.08

« Cooling only the signal chain lead not to a major increase of resolution because
the dominant noise source is the lock-in amplifier itself
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