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Experimenl| Enviropnment

COSY: COoler SYnchrotron

« Polarized and unpolarized protons and deuterons
synchrotron and storage ring

BPM-17 WASA
Polarimeter 100 keV
Electron Cooler

* Nuclear and particle physics, particularly spin physics

Siberian snake
- solenoid

 Two 180 deg. ~ 52 m each

JEPO
Polarimeter

« Two straight sections ~ 40m each

RF Wien filter

drupoles =
Quadrupoles 2 MeV

~ Electron Cooler

« Max momentum 3.7 GeV/c

« Electron and stochastic cooling

Dipoles

» Polarimeter (JePo, )

——— Injector cyclotron

« Spin Manipulators
— The waveguide RF Wien Filter




The RF Wien Filter
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Electromagnetic Concept

Waveguide RF Wien filter
« Transverse electromagnetic

incident

reflected

total

mode
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Reflected Wave
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b,
Ly = . =c- - po =173 Y~__ This is designed for a 970 MeV/c deuteron beam with a
Y

revolution frequency ~ 750 kHz, ~0.459




Basic Requirements

Wien filter condition

« Orthogonal electric and magnetic fields

« The quotient of the total electric and magnetic
fields corresponds to the Lorentz B-factor

Homogeneous electric and magnetic fields

E, 0 0 H, ) - ! . 7 /
Ep_( 0 ) Hp= ( H, ) E, = (Ey) H, = ( 0 ) fglt _ f |Ej—‘d€ f}—?j _ f |HJ_|d€
E, - [|E|de

0 0

z

Resonance frequencies for protons and
deuterons:

[ |H|de

fRF[kHZ}
frr = frevlk +7v- G|,k € Z h=—4 k=-3 k=-9 k=—1

k=0 k=41 k=+2

d 3121.6 23714 1621.2 871.0
p 15439 752.2 39.4 831.0

120.8 6294 1379.6
1622.7 2414.3  3206.0




Electromagnetic Design

Inner support Support structure
tube for electrodes

Support for geodetics

BPM
(Rogowski coil)

Copper
electrodes

Vacuum vessel with
small angle rotator

Clamps for the Ferrit cage

/1”1

>

Beam pipe (CF 100)

Ferrit cage

Belt drive for
909 rotation




Mechanical Support

Mechanical structure

=

Sliding RF connectors

2. copper electrodes with

the trapezium shaping at

the edges

Ceramic insulators

Mechanical support for

electrodes

5. Clamps supporting the
ferrite cage

6. Inner support tube

B~ W




Fields Profile

Uniform fields
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Lorentz Force
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Field Homogeneity
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Field Homogeneity

Evaluating the field homogeneity base
on beam tracking/simulation

dv . .
d: - m(ffy [E(F‘,t) L7 x B(?“,t)]
_mzczﬁ - B(7)

dr
dt
— 0 Hw
EJ_ ) Ey ﬁl ) ( O )
E. H.
fint — f |El‘d€, fint — f |I_‘7J—|d€,
Ber\Blae ™t [H|de

1.5

ymm| s i 2[m]

/ Low-I3 OFF
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Electromagnetic Fields Homogeneity
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Tolerance Analysis

100

variable distribution
// \\
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Performance Analysis

With mechanical uncertainties
E-field homogeneity
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Sensitivity Analysis

« Sobol sensitivity analysis

* Indices are calculated using the PCE
method

« Each index value denotes the sensitivity of
the variance of the output to the
corresponding input variable

- E-field homogeneity
» Electrodes rotation (62%)
Parallelism
* H-field homogeneity
« Ferrites alignment in xy-plane (85%)

| | Il E-field
- | [ H-field

L L I

€1 &9 &3 &y &5 &g & &g &g

€10
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Driving Circuit

1 signal generator

1 signal splitter

4 power amplifiers

2 isolators

9 voltage/current detectors
2 power combiners

1 1:1 transformer

4 vacuum high precision
capacitors

2 air coils

1 water cooled fixed-resistor

e

Isolator-2

By

Isolator-1

=

Amplifier-1

Amplifier-2

A
]

A

Amplifier-3

A

Amplifier-4

Combiner-2
" RF Wien Filter 1 Combiner-1
u/I-1
W Transformer
. Lr C. u/1-9 %g
180
180 il A g 1:1
: Rt Lo
splitter
CT Cpl Cp2
Signal
generator
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High-Power Analog Electronics

* High-power RF electronics (10 kW up to 10 MHz)
« Active cooled

* High-precision

* Custom designed

Vacuum capacitors
50 pF...1 nF

e

14 i"."l

Air coil: 28.7 uH
@ 871 kHz
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Sensitivity Analysis

E-field homogeneity
50% fixed resistor
30% air-coil of the
Impedance

H-field homogeneity
85% amplitude of the
feed signals

Lorentz force
76% fixed resistor
21% air coil

i
it |-
1

f Fr

feeds’ amplitudes
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Probabilistic Model of the Electrical Uncertainties

variable standardized description distribution Unit -
T & Capacitance (', G (725,1) pkF =
T & Capacitance Cp G (503,1) pF ml
T &5 Capacitance C'p; G (148,1) pF il
T4 &y Capacitance C'py G (334,1) pF : [ E=
T5 s fixed inductance L G (27.5,0.5) uH “Fj}iu |
T & fixed inductance L, G (5.07,0.1) uH
x7 & fixed resistance Ry G (25,2) Q “%ﬂi $
Ty &s phase variation on electrode 1 (feed 1) G/ (0,0.05) deg — l— I
To &9 phase variation on electrode 1 (feed 2) G/ (1.7,0.05) deg d ' ol
10 &10 phase variation on electrode 2 (feed 3) G (178.4,0.05) deg = =
11 &n phase variation on electrode 2 (feed 4) G (179.2,0.05,) deg ’
T19 &1o attenuation on the electrode 1 (feed 1) G (0,0.12) dB g 55—
13 &13 attenuation on the electrode 1 (feed 2) G'(0.1,0.12) dB JJ LI T
T4 &1a attenuation on the electrode 2 (feed 3) G (0.3,0.12) dB Bl .l o
T1p &15 attenuation on the electrode 2 (feed 4) G'(0.2,0.12) dB ‘

= =
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Performance Analysis
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electrical uncertainties
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Measurement of Induced Beam oscillation

Commissioning the RF WF
« Experimental setup

« Mismatch the field quotient (induce

coherent beam oscillation)
 Measure the beam oscillation at
the most sensitive location of

COSY
Quantity Symbol Value
Deuteron beam momentum )/ 970.0000 MeV/c
Deuteron mass m 1875.6128 MeV/c?
Deuteron G factor G —0.1430
Lorentz factor p 0.4594
Lorentz factor 4 1.1258
COSY circumference Lcosy 183.4728 m
Revolution frequency frev 750603.7600 Hz
Vertical machine tune vy 3.6040
Vertical § function at BPM 17 3FPM 15.3049 m
Vertical § function at WF wE 2.6784 m
Effective length WF 14 1.1600 m
Frequency WF Swr 871000.0000 Hz
Tune WF UwE 1.1604
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Measurement Setup

x B b ) —
| Xt()p _YmP — Xpottom — Yhottom ——Peam cunent|
\

1
——— ‘ 5 A% = F-kEU
0 ; TRl
: i H1.5 t b

lock—in amplifiers
rev __
b = Uo £ xAyUy op =
L—
sienal
L
ref

I

AT—AZ . U, . 1
=& = Kméy = E’ny

,_.
beam current [mA]

H0.5

0 50 100 150
Time in cycle [s]

=
sgl || —
L=

ref

beam current

D) 55 5 B
- XtDp _YEDD - Xbuttom - Ybuttum bottom

—
ot

beam left

right i [
V

Data acquisition

= 10F WF OFF | WF ON

1

R(A),
[=}
i
4
beam current [mA]

|

0 50 100 150 i l/:;.l
Time in cycle [s] Sl%ll\

Uip(t) = [Ug £ AU(Ay) £ AU(y(2))] cos (@gey?) ref

= [Uo + AU(Ay) + Kfv UO COS (G)St)] COS (a)revt) Wien filter RF reference COSY RF reference

1 1
= [Uy £ kAyU,] cos (0, t) £ Exfy U, cos (wat) £ Exefy U, cos (wst)
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Calibration of the pickup

Ratio to displacement

1 (steerer) [%] y [mm] Ay [mm]

-5 —7.756 +0.030 —7.466 £+ 0.030
—4 —6.684 +0.038 —6.395 £ 0.038
-3 —5.629 +0.016 -5.339 +£0.016
-2 —4.518 +0.020 —4.229 +0.020
-1 —3.489 +£0.018 -3.119 £0.018
0 —2.439 +0.029 —2.150 £ 0.029
+1 —1.429 +0.020 —1.140 £ 0.020
+2 —0.288 +0.028 0.000 =+ 0.000
+3 +0.798 £+ 0.044 +1.085 £ 0.044
+4 +1.872 £ 0.014 +2.160 £ 0.014
+5 +2.928 + 0.069 +3.211 £ 0.069

rev Iev

- A{eV _i_AieV -

0.04

0.02

0.02]
0.04]

-0.06 L

« data
|| ——fit

Kk = (5.817 + 0.426)

) |
Ay [mm]
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Impedance Scan

sim

70

60

[pm]

&
o
o

20

10

Ao g?ta X2 /ndf = 45.5/41

F = 0.999 +0.018
d= (—0.932 £ 0.307) um

BPM Location

0 10 20 30 40 50 60 70

exp

y ¥ [pm]

BPM _ (1,086 + 0.082) um
WF — (0.435 £ 0.031) um

axprM = (66.2 + 3.1) Him
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Quantum Limit

When the electric and magnetic fields in the WF
are mismatched, i.e., when the electric and
magnetic forces no longer cancel each other, the
rf fields excite collective beam oscillations at the
frequency at which the WF is operated

In the present experimental setup, a mismatch
between electric and magnetic fields provides a
vertically mismatched Lorentz force

With a vanishing Lorentz force, the beam
performs idle vertical (and horizontal) betatron
oscillations

By (1)

y(t) = ¥(0) 5.00)

cos [y (7)]

- By(?) is the betatron amplitude
function

- ¥, (?) is the betatron phase
advance satisfying

vy (t+T) =, (1) = o,T = 270,

« Yy Is the vertical betatron
tune given by

vy = a)y/wrev
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Quantum Limit

» The change of the vertical velocity of the stored particle, accumulated during the time
interval At the particle spends per, turn n inside the WF, is given by

F,(n)At

Avy(nT) = -

= —{w, cos(nwwgl)

« Alock-in amplifier may be used to selectively measure the corresponding Fourier
component of the beam oscillation

4 sin(2zv,)

éy — A

2 cos(2avwr) — cos(2nvy)

« This equation describes Hooke’s constant £y = kuey with

2ymw, cos(2avyg) — cos(2av,)

kyy = -
H At sin(27v,)

* An approximate description of the betatron motion by a harmonic oscillator with
constant betatron function and evaluate the Heisenberg uncertainty limit O for the
betatron oscillation amplitude in terms of the zero-point oscillator energy 5 ha)
leading to h

2= —— ~41 nm
Q mya, i
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RF Wien Filter as a Resonant Spin Manipulator

* The RF Wien filter has been used at COSY
as a Lorentz-force free resonant spin
manipulators in 2 modes of operation

— Radial B-field 025 {  WFON
~ Vertical B-field § ook t WFOFF
%DJSE— fit to the exponential model
» The spin rotation angle induced by the WF £ o1
1+G % z 005
Qur - At = yryp = = L. LG gwr Lo § o
mor Pe 0.05F
-0. 154>
* Usages | msm
— EDM experiments -0.2F
— Axion search _ _ 02555556 100 110 120 130 140 150 160 170
— Search for proton spin coherence time Time t,y [s]

» Operated in CW and gated mode
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Bunch Selective Operation of the RF Wien Filter

Amplifiers Ul

o ’ Lf} [} RF Wien filter
Signal FJ 5 ﬂ
A Wl
._ 180° ’

U, g

180° ’ EJ:D =1 - |

Splitter Isolators  Switches

Spin tune is ill-defined in the presence
of RF fields — running spin tune

Co-magnetometer for precise
determination of the resonance
frequency

Multi-bunch operation

Gated mode

—t -tn

o
tn

[I|IIII|IIII|

Signal amplitudes [a.u.]

o

-0.5

Switches o
—| }— Transformer U/ly L
P i
."I > :"' |
|:| 1:1 ':pz Cpl Cy
—_
Combiners Ly i ?é Re

— Revolution phase
— WF phase

IIII|I|||I||II||I|I||II|I|I|II|I|I 11
0O 02 04 06 08 1 12 14 16 18 2

Phase [2m]
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Bunch Selective Operation of the RF Wien Filter

Parameter Symbol [Unit| Value =
Deuteron momentum (lab) P [MeV/c] 970.663 702 Y
Deuteron kinetic energy (lab) T [MeV] 236.284 783 o
Lorentz factor ~ (1] 1.125977 8
Beam velocity B ] 0.459 617 .g
o
Nominal COSY orbit circumference fcosy [m] 183.572
Revolution frequency frev [Hz| 750 602.6
Spin precession frequency fs = G frev fs [Hz] —120847.303520
Deuteron mass m [MeV] 1875.612 793
Deuteron g factor g 1] 1.714025
Deuteron G = (g —2)/2 G —0.142987
Slip factor 7 [1] 0.6545
Momentum spread in middle of cycle Ap/p [1] 7.397-107°
Synchrotron oscillation frequency Sfeyne [Hz] 205+ 21
RF Wien filter electric field integral [ EY¥ds [V] 763.29509
RF Wien filter magnetic field integral I By Fds [pTm] 5.655 677 04
RF Wien filter active length fwr |m] 1.550
8 1400 :
2 - Pilot bunch Signal bunch
= N
& 1200
r 2
10001 dNp s (¢ — ¢ps)
P, P,
- d— xXexp | — o2
800 ¢ 207 5
600
400
200 .
| RF Wien filter :
A I rARERENE AR PR T A

=)

L L M TR
01 02 03 04 05 06 07 08 09 1
Phase ¢ [27]
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Bunch Selective Operation of the RF Wien Filter

« Exponential damping model
As(t) = as(t — tg) + bs
+ dsexp (—I's(t — tg)) cos 27 fsp (t — to)]

Bunch with WF ON

Bunch with WF gated out
Bunch with WF OFF
——— fit to the exponential model

y2/ndf = 136.071/157

o
9
Mo

-+ =

= Caused by the spin decoherence in terms
of the time constant

Left-right asymmetry
o

= d, is the spin-flip amplitude 0
= fse is the spin-flip frequency _0.05
- Efficiency e, ratio of polarizations after and  _; jkss!
before a sinale spin flio 015t AR
esp = 1 — Ls = 0.9954 £ 0.0037 -0.2
2fsw

. . . _D.‘25‘ |||I|I||||II||||I1|||II|I|IIIIIIIIIIIIIIIIIIIIII
« The total polarization loss after the 14 spin 80 90 100 110 120 130 140 150 160 1{3
eyc

flips Alf — 0.062 + 0.050

Parameter Value Error Unit
« Efficiency of the gate as —4.04 0.38 1071 /s
d to 85.548 0.060 S
€gate — 1 — d—p = 0.9921 £ 0.0136 bs —0.0228 0.0019 1
s ds —0.0936 0.0027 1
T, 7.30 5.86 1074 /s

JsF 0.07944 0.00010 Hz
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RF Wien Filter at EIC

Using a Lorentz force-free RF WF operating at a fixed frequency as a spin
manipulator has the potential to open new possibilities for spin physics
experiments at future accelerators such as the EIC and NICA.

In terms of continuous spin flips, such a device does not suffer from the limitations
of the Froissart-Stora scanning technique employed at the RHIC spin flipper using
RF dipoles

The RF WF can be tuned to minimize adverse effects on the beam orbit produced
by RF dipoles and RF solenoids.

Instead of injecting polarized bunches with a predefined alternating polarization
pattern into the collider, one can inject one polarization state and invert the vertical
polarization by selective gating on individual bunches or on trains of bunches on
flattop.
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RF Wien Filter at EIC

As the rate of spin flip of an RF WF scales with the inverse energy squared

To obtain similar spin flip rates as in our experiment, such a device for EIC
= 275 GeV
=y~ 295
frey ~ 78 kHz
— require RF fields increased by a factor of y2 ~ 104
= 10 m long RF WF at sideband K = 15000, frequency fye ~1.1 GH driven by a 1 MW
amplifier (Amateur Radio PA would also be an option at 78 kHz)
— spin flip periods of one minute appear feasible for protons
Regarding the prospects for gating out an individual bunch with an RF WF at EIC,
we note that the RF switches used in the present experiment already provide
switching times of 2 ns while at EIC with 1180 bunches, the bunch period will be
11 ns
Thus, the achieved switching time is already in the ballpark of the EIC
requirements, but handling the considerably higher power will require a dedicated
development effort.
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