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 What is the Electron-lon Collider (EIC)?

« The BPM Pickup Challenge
in the EIC Hadron Storage Ring

— HSR arc BPM pickup design
— BPM signals and signal conditioning
— BPM button feedthrough measurements

» Challenges for the EIC Electron Beam BPMs

— ESR arc BPM pickup design
— BPM signals, signal reflections & signal conditioning

* More beam instrumentation challenges ahead...
— Crabbed bunches and crab cavity noise feedback

— Lorentz reciprocity, beam voltage,
and pickup transfer impedance
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Nuclear Physics Motivations for the EIC

wide range center-of-mass energies: ~20 — 140 GeV
— map the out nucleon and nuclei structure from high to low x

— full specification of initial and final states to probe g-g structure of NN and NNN interaction in light nuclei

« nuclear beams: p to U gluon emission gluon recombination

— accessing the highest gluon densities - saturation 2
— quark and gluon interact with a nuclear medium \QQQQQQ —_

* high luminosity 1033-1034 cm-2s-!:
— mapping the spatial and momentum structure of nucleons and nuclei in 3D

......

— access to rare probes, i.e. Ws

» large acceptance (0.2 — 1.3 GeV) through forward focusing IR magnets n“

— spatial imaging of nucleons and nuclei e
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- polarized electron and hadron (p, He-3) beams X
— access to spin structure of nucleons and nuclei

— spin as vehicle to access the spatial and momentum structure of the nucleon in 3D \ <
’




Electron-lon Collider (EIC) Project Overview

ESR beam instruments:

* Electron Injector

. + ~250 BPMs
single bunches only . ~50BLMs [
* 2 current/charge
— DC photoelectron gun - 2tune (BBQ) Possible
- 3profile 2" Interaction Region

» Epeam = 320 keV, ~85 % polarization, qpynen = 0.5...1.5nC

1 polarimeter,
— $S-Band linac
> Epeqm = 750 MéV, f,,, = 30 Hz

— Beam Accumulator Ring (BAR, C =~ 50 m)
» Epeam = 750 MeV/, single bunch accumulation, qpyncn = ~1 nC = 28 nC/sec
— Rapid Cycling Synchrotron (RCS, C = 1.5 km)

» Epeam = 0.75 = 5,9 {18} GeV (in 100 ms), frep = 1 Hz, qpynch = up to 28 nC,
spin-transparent lattice

— — HSR 41 GeV E |
\ Bypass C

Electrons

Collider (HSR & ESR) 2\
up to 1160 (290) bunches, L = 1033 ... 103* cm™2s1, E¢yy = 20...100 {140 GeV},

\Hadron Storage
Ring (HSR)

\ Hadrons e*@ﬁ

Electron Storage

bunch crabbing at the IP 6, = 25°0},/0, = 11, 6, ~ 9 um, Sl
> 70 % spin polarization (in average for e, p and light ions)
— Electron Storage Ring (ESR, C = 3.8 km, located in the RHIC tunnel) |
> Epeam = 5,9 {18} GeV [B = 1], Ipeam = 2.5 (0.23)4, 0, = 7 mm, qyyncy = (1.6) 5 ...28 nC, Taias ™
single bunch swap-out injection (up to 1 Hz) Fl \
— Hadron Storage Ring (HSR, C = 3.8 km, located in the RHIC tunnel) o/
»  Epeqm = 41..275 GeV (p), 10 ...110 GeV /u (Au”°") [B # 1], Ipeam = 1 (0.57)4, e

low-energy cooling and bunch splitting ( 1 - 4 ) / compression RF gymnastics,
h =315...7560, g, = 60 ...1250 mm (non-Gaussian), qpyncn, = (5) 26 ...44 nC (inj.)

» Re-use of RHIC SC magnets, new beam screen and arc BPMs

HSR beam instruments:
+ ~400 BPMs

*+ ~450BLMs

* 13 current/charge

* 2tune (BBQ)

» ~20 profile

* ~10...20 “special”

Low-Energy Electron Cooler

Electr:h

Rapid Cycling
Synchrotron

£3 |

Beam Accumulator
Ring
Injector
Linac

Polarized
Electron Source

Electron Injector
beam instruments:

* ~260BPMs

+ ~20BLMs

* ~15current/charge
* 4tune (BBQ)

* ~30 profile

* 2 polarimeter

* afew “special”
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The HSR Button BPM Pickup Challenge

RHIC beam pipe
+ To mitigate electron cloud instabilities at high beam intensities, a beam screen with ® 69 mmID
amorphous carbon coating is inserted into the RHIC beam pipe (SC arc sections).

— Requiring the now ““shielded” RHIC stripline BPMs
to be replaced by compact button BPMs for EIC HSR operation.

* Synchronization of hadron (HSR) and electron (ESR) beams 48 mm | HI ' _____
in the range 100 GeV < Eygg < 275 GeV requires —
a radial beam orbit shift —20 mm < x,,,; < +20 mm in the HSR SC arcs

— Challenging the HSR arc button BPM design to meet the required specifications,

\

e.g. orbit resolution (20 ym RMS) and accuracy, under the various HSR beam conditions. HSR beam screen,
a-C coated
*  Which type of button arrangement is better for the HSR beam diagnostics?! “ 63. 1 mm >
corner BPM or orthogonal BPM ?! HSR SC arc quad-dipole interconnect

bellow with RF shielding

BPM body port &
& pipe: i
316L, coated y
with25 um Cu ¥
(RRR 10)

feedthrough

flange:
pulles1eLes : v\ HSR button BPM pickup (new)
L Zﬁa;:l?;s';mcg:\) e , eXiSting a-C coated beam screen (new)
o S = A RHIC vacuum chamber with integrated pumping slits and cooling pipe
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Beam-induced Power Losses

Wakefield effects can cause instabilities, the longitudinal wakes results in high local power losses in vacuum devices,
here we focus on the BPMs for the HSR arc BPM pickups and briefly for the ESR.

— That power is dissipated in the metals and due to the finite conductivity converted into heat.

reated using V/m
SIMULIA CST Studio Suite®

1.05e405
85000

— There are two flavors of wakefield effects that generate power losses:

65000

45000
35000

» Bunched-beam excited, trapped resonances due to eigenmodes, e.g., in a BPM pickup,
generating high local losses to the finite conductivity of the metals

25000

» Bunched-beam related, H-field induced surface currents causing losses in the beam-field
exposed metals of finite conductivity, called “resistive wall losses”.

— The high intensities of the bunched beams in the EIC storage rings, Iysg = 1 A4, Igsg = 2.5 A,
can generate high beam-induced power losses in the vacuum devices such as the BPM pickups

» The large radial beam offset in the HSR SC arcs further increases
the resistive wall power losses on the "“hot” BPM pickup electrode .

0mm

lane (Sample) 233069 V/m
m (Sample) 855379 V/m
m (Global) 411181 V/m

*  Note the HSR arc BPMs are part of a SC cryostat, any beam caused heat dissipation is not a good idea!

Total power loss estimation based on EM field losses:

2.22+05 4y

] . . HSR BPM long. wake potential HSR BPM long. wake impedance
— HSR arc BPM: Numerical wakefield analysis
with a Gaussian line charge A(s), qpynch = 1 nC, 0, = 60 mm, ‘ ‘ ‘ ‘ SR — 2 ]
- 0.0010 4 long. wake impedance

at a large horizontal beam offset x,,,; = 23 mm L op=60mm, Gpunen=10C | |
- T So. Re{Z,}, corner BPM, x = 23,y =2 mm <
q2 E‘ 0.0005] :T ,,,,,,,,,,,,, ’ ,':.1: ,,,,,,,,,,,,, Im{Zy}, corner BPM, x=23,y=2mm | /g g §
__ Ybunch = 3 Re{Z;} ortho BPM, x = 23,y =0 mm °
— Field loss calculation: AEbunch - E § 10 BYIEEEEE Im{Z} ortho BPM, x = 23,y = 0 mm @
k £ 0.0000 2 ) 06 £
tO t % g’ M S CLILLLLD norm. bunch spectrum A g
% HSR BPM long. wake potential W, % 04 .é
AE ; -0.0005 gz =60 mm, Qyypchp =1 NC ; 05 . §
2 — corner BPM, x = 23, y =2 mm g’ A R B P Ly 1
P . — M 2 (km=s.soax1o'5<npc - OPE L 02‘;
lOSS,fleld - bunch -0.0010- — ortho BPM (ref), x = 23,y = 0 mm 1 et 2 £
trev (Kot = 2.563x107 V/pC) e -

| | ‘ ‘ 0ghiez= e e To

~400 200 0 200 400 600 800 1000 0.0 0.5 1.0 1.5
distance [mm] frequency [GHz]
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Power Dissipation in Metals

* Numerical wakefield analysis software (CST Studio, GdfidL, A3P, Echo 3D, etc.) has many field analysis features,
including the recording of E- and H-fields vs. time or frequency.
— The beam’s H-field related surface currents and the resulting power losses
due to the finite conductivity of the metals are of relevant for the BPM design
— The HSR arc BPM was analyzed with the CST Studio wakefield solver,
that allows to separate the power losses by material type and sub-component.

> H-field = surface current = power losses in metals (p # 0) = heating

* Please note, Y Piossmetal < Ploss,fieta @S we need to include the power dissipated
into the ports, e.g. for BPM, kickers the coaxial ports and the beam (waveguide) ports!

* Power dissipation in HSR SC arc BPM button pickup in worst case scenario

Created using
SIMULIA CST Studio Suite®

— 290 bunches, qpynch = 30.6 nC, 6, = 60 mm, x,,; = +23 mm, y,,s = 0 (+2) mm L
corner BPM Pr——— 5581 mw()
; (o) (o) Fieu —
T i S W =i AEloss_metal_CST - j Ploss_metal_CST (t)dt
5n ! uw | 422 mw|
<j 56'24mW§ \\ o N j N Abunch :
. i 5.419 mw qucale B <Qbunch CST)
I_,_,._’J. \ S— ! . = B
__________________________ N v o < @/g mm = [5.041 W]-.
’ /'4\\ —— i / B S22 AEloss_metal = qucale AEloss_metal_CST
pzsmi] : S BRI AR
i A loss_metal
79w ‘ 12.2 yw X 4.22 mW P = n
Poipe = 2 X 61.6 mW 852uW ;i  1442mW = Ppipe = 2 X 60.9 mW 14;1%’—»‘%” { loss_metal trev bunch
55.81 mW
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Power Losses & Metal Heating

» Clearly, the power dissipation for beams with large radial shifts (x,,s = +20 mm)  Pioss_fieta = Ploss.metar + z Pyore
in the corner BPM is lower, compared to the orthogonal BPM!

— Why did Manfred (when still new to the EIC project) proposed (almost insisted) a major,
last minute BPM design change towards the orthogonal BPM?!

(Answer in the next pages)

» Please note, to limit the heating of the “hot” button electrode, the button size was reduced,
@20 mm = @ 18 mm and the button material was changed to bulk copper, with RRR,, = 10 (or higher).

107 ‘ :
E by = (2225 L 108 + 0.5 x 107198
[ Pou=(RRR * 232547 x 10° | 957137 x 10° _ 1.62735 x 102 05X
T> + T3 + T
3 8
5, 10 RRRCu,coat =10,
3 = H0 K
&
oy
% 1079} RRR of copper (B=0T)
2 — RRRcy =10
] [ — RRRgy =26
B 100l 7 — RRRgy = 50 (default) | |
¢ i ¢ — RRRg, = 100
RRRcy puie =50
’ : — RRRgy = 200
T=10K =
10-11 1 1 1 I 1 1 1
1 5 10 50 100 500 1000

temperature T [K]

» A detailed analysis, taking the material properties at T = 10 K into account demonstrated the temperature
of the orthogonal, “hot” button electrode will stay below the limit of T,,,,, < 50 K

Ploss,corner -

1.402W =~ 0.234W +1.272W =1515W

Ploss,ortho =

5442 W = 0.375W + 5.155W = 5.530 W
\ )\ J J
Y Y

\
1
Ploss_field Ploss_metal Z Pport

Materials used in the CST Studio analysis:

— BPM body and beam pipe:
316L (lossy metal),
coated with 25um Cu (normal, RRR¢y, coq: = 10)

— BPM button feedthrough flanges:
bulk 316L (lossy metal)

— BPM button electrodes and coaxial output pin:
bulk Cu (lossy metal, RRR ¢y, pyix = 50)

— BPM coaxial center pin:
Inconel 718

Electron-lon Collider
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Numerical analysis of the BPM position characteristic

curved electrodes flat electrodes

""""

octagonal-shape ESR vacuum chamber

* BPM pickup housings / beam-pipe cross-sections are not always circular! with button BI.:M fe?dthroughs

— Analytical solutions for the normalized beam position characteristic rarely apply
* BPM electrodes have different shapes
— e.g., curved or flat, following (flush) or not the vacuum pipe cross-section shape

Electron-lon Collider
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Numerical analysis of the BPM position characteristic

curved electrodes flat electrodes “button’-style electrodes stripline electrodes

0

octagonal-shape ESR vacuum chamber

* BPM pickup housings / beam-pipe cross-sections are not always circular! with button BI.:M feiadthroughs

— Analytical solutions for the normalized beam position characteristic rarely apply
* BPM electrodes have different shapes

— e.g., curved or flat, following (flush) or not the vacuum pipe cross-section shape
* BPM electrodes are not 2D objects

— circular-shaped “button” electrodes, very popular

— long, strip-like, “stripline” electrodes
» which are a rather good match to the 2D analytical model

— many other shapes and styles...
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Poisson Equation = Green’s Reciprocity Theorem

To analyze the coupling between the beam particles to the
BPM electrode we need to numerically solve the Poisson equation: VZCID(T_”)) — _P/go

— for a point charge p(7¥) = q6(F¥ — 7)) travelling at relativistic velocity g =v/c = 1

L =

HSR button BPM with a line-charge excitation Iiﬁ‘;;;{arge E-field in the xy-plane at z = 0 fixed potential ¥ = 1V set on the UR electrode
Instead of ing the li h (b ) th I =0 j
. nstead of scanning the line charge (beam) across the xy-plane A \
and recording the potential at the BPM electrodes
through many calculations, we apply Green’s reciprocity theorem: f b1p,dV + J P1pda = f ¢p1dV |+ j ¢,p1da
— Applied to one BPM electrode, 4 S 4 S

> scalar potential ¢, = ¢o1ec(7)

»> set to afixed voltage potential V = 1V, it simplifies to: N > _
—  Assuming all other electrodes and the beam pipe cylinder ¢€l€C (T),O 2 (T’) av = _qulec

being on ground potential 4 [ | L‘J

Electron-lon Collider
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> In the following the point charge is replaced by a line charge density p(7) = 1(2)8(x — x¢)8(y — ¥o),
mimicking a pencil beam with small transverse dimensions o,, 0, < a wrt. to the beam pipe aperture a




Green’s Reciprocity Theorem = Laplace equation

— furthermore, assuming p, = A(7) APy Potee (7o)
we retrieve the scalar potential ¢.,..(7,) at 7y (line-charge = beam location): Qeolec = — v

I > QPerec(x =0, y=0) = g is called the “geometric constant” or “coupling constant”,
expressing the coupling between a centered beam (x = 0, y = 0) and the pickup electrode
* The resulting Laplace equation V?®,,,.(¥*) = 0 needs to be solved in 3D
— as of the geometric symmetry of the BPM, the calculation requires to be performed only for one (or two) electrode(s)
(making use of of symmetries), by putting it on a fixed potential,e.g. V =1V

.
> $ur(0,0)=0.0487

E’l -30 -20 -10 0 10 20 30

;

¢dyr(x,y) = const.

- : 2D equipotentials
2D equipotentials ¢yg(x,y,z = 0) = const. 3D isometric surface potential ¢y (x,y,z) = 0.25 equipotentials

> The resulting 3D scalar potential, \ ’

here for the upper-right electrode ¢y r(x,y, 2),

needs t_o be ma;_)ped to a 2D-plane to account Zmax
for the induced image charge on the electrode: o dz ¢elec (X, Y, Z)
— With £app = Lpee + Wap (METe: Lopr = dputton + Woap) Qoroe K Poroe(x,y) = —min
Cers
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Normalized Position Characteristic & Sensitivity

A, - (UR+DR)— (UL+DL) _

z _ URIDRiULiDL ™"

horizontal beam position at

, * Normalized beam position A Poloca — Polecn Epegm =100 GeV  135GeV 275 GeV
characteristic: poS. = — = eec, elec, wf e ——
i — orthogonal ]

£ ) ¢elec,A + ¢elec,B 05/ _mm:

— ortho 'trick’
0 — based on the numerically calculated 2D scalar potentials ¥ g0l e
of the BPM electrodes A h
e — here for the horizontal plane: —1 < Yh =f(x,y=0) < +1 -0.5"

-10—5 ‘ ]
« Position sensitivity: d(Ap /%) S e 0 e B

=fx,y=0
— gradient of A/X dx flx,y=0)

BPM style
— orthogonal

= corner

y [mm]
o

— is quite similar for corner and orthogonal BPM, but:

— ortho "trick’
> the vertical electrodes enable for a “virtual” center electrode (U + D)/2
that improves the sensitivity at large horizontal beam offsets

d(ap/E)dx

» Calibration (scaling) and non-linearity correction
is performed by a 5"-order 2D polynomial fit

X = f_l(xran yraw) 000

— need to invert the 2D position function for each plane... 1
Y =9 Oraw Xraw)

— ...and perform the 2D poly fit:

10 »
p.q ,
£ Xppm = § o (Cijxrawyraw) = Qp,q (xraw;Yraw) ~ X A e
l']=0 E 0 abs.error[rnm]“‘s‘. :il )
-10 2D p’q i j ; 1005 :’
. Ybpm = E o (Cijyrawxraw) = Qpq Oraws Xraw) =Y 10 e
. l,]=0 10
N | X[} 20 7 20 —
30 - -0 o0 10 2 3 0 10 0 20 ©

-30 -20 -10 0 10 20 30
X [mm]
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BPM button electrode signals

The button output signal (waveform) into a load impedance R;,,4
is analyzed for a centered beam (x,y = 0)

— analytical approximation (Ohm’s law):

Vetec(f) :Ibunch(f) = Vgec(t) = f_ dflbunch(f)e_iznft

— With the transfer impedance for a BPM button:

W lw/wq

Z = gR _
putton (W) = GRioaa Wy 1+ iw/w,

» and parameters:

angular frequency, w = 2nf  geometric coverage factor, g = ¢gec(x, ¥y = 0)

1/time constant, w; = — 1/transit time, w, = ¢
RioadChutton ’ button
Electron-lon Collider
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BPM button electrode signals

The button output signal (waveform) into a load impedance R;,,4

is analyzed for a centered beam (x,y = 0) Ideal Gaussian bunch
— analytical approximation (Ohm’s law): Fourfer ransform _ y—————— S Rae
+o00 [
Velec(f) = Zbutton(f)lbunch(f) - velec(t) = f df Zbutton(f)lbunch(f)e_lznft 1-5; |
— With the transfer impedance for a BPM button:

W lw/wq

Z (w) = gRipga ———— R R
button IRioad (Uzl +lw/w2 time [ns]

» and parameters:

angular frequency, w = 2nf  geometric coverage factor, g = ¢epec(x, vy = 0)

1/time constant, w; = — 1/transit time, w, = ¢
RioadChutton ’ button
Electron-lon Collider
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BPM button electrode signals

The button output signal (waveform) into a load impedance R;,,4
is analyzed for a centered beam (x,y = 0) Ideal Gaussian bunch

— analytical approximation (Ohm’s law): 20]

+0oo t
Velec (f) = Zbutton (f)lbunch (f) - = f df Zbutton(f)lbunch(f)e_lznft 1'5; ]

— With the transfer impedance for a BPM button:

W lw/wq

Z (w) = gRipga ———— R R
button IRioad (Uzl +lw/w2 time [ns]

» and parameters:

06 = numerical (CST)

angular frequency, w = 2nf  geometric coverage factor, g = ¢gec(x, ¥y = 0)

041

— quasi-analytical 4

1 . c > 02
1/transit time, w, = £

1/time constant, w; = ——
RioadCbutton button

3z 0.0
x®
z

=02}

—~0.4F

-0.6

time [ns]
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BPM button electrode signals

The button output signal (waveform) into a load impedance R;,,4
is analyzed for a centered beam (x,y = 0) Ideal Gaussian bunch

— analytical approximation (Ohm’s law): 20]

+00 7
= Zbutton(f)lbunch(f) - velec(t) = f df Zbutton(f)lbunch(f)e_lznft 1'5; ]

— With the transfer impedance for a BPM button:

W lw/wq

Z (w) = gRipga ———— R R
button IRioad (Uzl +lw/w2 time [ns]

» and parameters:

= numerical (CST)

angular frequency, w = 2nf  geometric coverage factor, g = ¢gec(x, ¥y = 0)

1 c

> 1/transit tim =
RioadCbutton /t ansit t €, W, dputton g 00

— quasi-analytical 4

1/time constant, w; =

time [ns]

— quasi-analytical |

10190
§ 2x10°1°
£

10710 -

0 500 1000 1500 2000 2500 3000

frequency [MHz]
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BPM button electrode signals

« The button output signal (waveform) into a load impedance R;,,4
is analyzed for a centered beam (x,y = 0)
— analytical approximation (Ohm’s law):
+o00
_ _ —i2mft
Velec(f) - Zbutton(f)lbunch(f) - velec(t) - f df Zbutton(f)lbunch(f)e tenf
— 00
— With the transfer impedance for a BPM button:
7 (@) R W lw/wq
w) = S R —
button IRioad W, 1+ La)/a)2
» and parameters:
angular frequency, w = 2nf  geometric coverage factor, g = ¢epec(x, vy = 0)
1/time constant, w, = . it ti ==
1 1/transit time, w, —
— The button capacitance is difficult to calculate analytically
» Measurement or numerical calculation and fit
|l - — Time-domain reflectometry (TDR)
o O = {1_28—% t2t reveals the reflection coefficient T’
£ T:c(: X509t<t0 — Fit the exponential function of the :
g : TDR measurement or numerical
$ o e 281 ::} analysis with two parameters :
B S A G [ enayfos! Chuupn =201 9D > button capacitance Cpyiron, time delay t;

time [ns]

10190
x1071°

10710 -

Ideal Gaussian bunch

1.5- = analytical |

ss [A]

igau:

time [ns]

= numerical (CST)
— quasi-analytical 4

Vhsrbutton [V]
o
o

time [ns]

— quasi-analytical |

1000 1500 2000 2500

frequency [MHz]

0o 500 3000

tton| [V/HZ]

1ViisRb

VhsRbutton [V]

3.0x107"1F
2.5x107"1
2.0x10°1 -
S 1.5x10°""
£

1.0x10°""

5.0x 10712

-0.004

-0.006

RHIC proton bunch
(WCM measurement,
during “rebucketing”)

= measurement

time [ns]
0.006 — numerical (CST)
0.004 - = quasi-analytical | _
0.002" ]
0.000

-0.002

0 10 20 30 40
time [ns]

— quasi-analytical 1

0 NI i | s |
0 200 400 600 800 1000
frequency [MHz]
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HSR BPM Signal Analysis (under ideal conditions)

Simulated beam conditions

— 4 proton bunches: qp,,cn = 5 nC, 10.15 ns spacing, g, = 60 mm

> horizontal beam orbit at x,,,; = +20 mm

Read-out BPM electronics

— 240 m long 3/8” Heliax coaxial signal cables ~§0 Z/)°7F§R .
— simplified signal processing, separately of each button electrode gADb input .

BPM resolution estimation (RMS)

— Single batch / single turn resolution — HSR requirement: n/a
corner BPM: ~300 um, ortho “trick” BPM: ~80 um

— Multi-turn (~1000 turns or more) resolution limit — HSR requirement: 20 um
corner BPM: ~20 um, ortho “trick” BPM: ~5 um

Benchmarking the simulation

— Test read-out electronics on a button BPM with proton and ion beams in RHIC

» Amazingly good agreement within a few percent!

BPM read-out electronics

HSR arc button BPM

4x coaxial [
signal cables [
/ [
]

[

“ Digital
Anal l“ Signal
J [ nalog Processing
/ / Signal .."
Conditioning

Signal acquired from the horizontal BPM buttons

400

—

decimated ADC data, | {
batch 1024
—— channel A

o
=]
o

channel B

[X]
=]
o

10-bit ENOB ADC, baseline subtracted [counts]

-100 1
-200 1
0 20 40 60 80 100 120 140

sample # [arb]

amplifier \
(NF=1.5dB)

ENOB =10
(absorptive,
SiO,cable coax-cable Sttenyatoy CLK

2 ~200 MHz) T
(60” long) (vary length) (3 GBPS,
_’_ejE)_ej‘ X /$/ ‘ 3dB power -4 200 fSrums)
splitter T
input = = ‘

BPMA

/ Numerical circuit simulation setup
Keysight ADS transient solver

low-pass RF step

Sa
output
Cbutton
low-pass amplifier CLK
MB ‘ = (absorptive, (NF = 1.5 dB) (1 GBPS,
source ~75 MHz) = 200 fSgus)

BPM B

°z output )
Cbutton
S4, Sg are equivalent to the position dependent g factors,

set to the values to mimic a specific beam offset, here +20 mm/

N
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HSR button BPM feedthrough vendor selection

« ~1500 HSR button feedthroughs will be required in the EIC project

— Including spares and special locations

 Three manufacturers, each delivered up to 35 pre-series units
— In-depth testing of those HSR BPM feedthroughs was performed

» Visual inspection HSR button BPM feedthrough
» CMM-based mechanical tolerances - (vendor C)

. P18 bulk-Cu button
> Cryo-shock, vacuum leak and outgasing tests o

» CT scans
* High-voltage (DC) and insulation
» DC contact resistance
* Faraday-cage S11, TDR RF measurements 2:007 OD 316L

» Electrical tests: 0.50 mm gap
knife-edge (conflat) flange

 S21 RF measurements on a slabline test-setup
» 4-port Lambertson-style S-parameter measurement (TBD)

Electron-lon Collider
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Impressions of the RF measurement setups...

dummy button for resonance-free Faraday-cage,
slabline reference measurement lined with RF foam absorbers

slabline measurement setup in action

canted coil-spring for grounding

slabline 3-port setup mode-free slabline (cross-section)

upper and lower
ground-planes
(sep. ~2.1 mm)

3.5 mm center conductor
coax-connector tube (1.6 mm)

Electron-lon Collider
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...and some preliminary results

TDR for capacitance analysis (25 units, vendor C)

|S11(f)| eigenmode analysis | J
- ~ (examples) ——
3.5 mm RP ] "\ vv. Vi<
connector £ osl
-10 2
g
g = vendor A, #012 §
R f -20 = vendor A, 1031 -.%
02" flange & — vendor B, 110003 S ool
-30} — vendor B, #0002
insulator [ i 32 34 36 38 40
—40 L L I I 1 . button capacitance [pF]
0 2 4 6 8 10 12 05 | | ‘
(2)18 mm frequency [GHz] o 0 5.0x10"1° 1.0x10° 1.5%x10° 2.0x10°
button time [sec]
grounding S21 slabline analysis 30 ]
contact-spring (34 units, vendor B) 25}

3D CT-scans 3GHzBW =o0,=45mm .2
(example vendor B)

0.06 -
0.04 -
F 0 1 L L L n L 1 L L L L L ’—,_
0.02 r 0.0 0.2 0.4 0.6 0.8 1.0
6T 0.04026 in : r probability (Cramer von Mises test)
0.00

10.0002129 in

-0.02|
i @
-0.04"

amplitude, S21 (button response)

-5.0x1071° 0 5.0x1071° 1.0x10° 1.5x10° 2.0x107°
time [sec]
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In-situ cryo Lambertson RF measurement

* Motivation

— Estimate the change of the electrical BPM center,
when going from warm to cold

Lambertson test 4-port Lambertson proof-of-principle
BPM housing VNA measurement investigation

v N

~ % 172

7

=]

* 4-port S-parameter characterization

— So-called Lambertson method to evaluate the electrical center
of a dual-plane BPM pickup, here: warm vs. cold

— VNA operating at a single frequency

» Very challenging VNA measurement in zero-span mode
with 10 Hz IF bandwidth to achieve
a low-noise S;; coupling measurement in the range —60 ... — 70 dB

» Need to be far away from eigenmodes of BPM or setup!

— Achieved performance on a LEReC test BPM (0121 mm)

horizontal x, (mm) —0.072[—0.132] +2.124[+2.125] —0.097 [-0.178] +2.196 [+2.257] —0.026 [—0.046]
vertical y, (mm) +0.055 [+0.005] +0.046 [~0.011] +0.047 [-0.005] —0.009 [~0.016] —0.008 [—0.010]

Electron-lon Collider
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BPMs for the Electron Storage Ring (ESR)

BPM-to-quad mount BPM-flange to beam-pipe el. contact 2-button BPM-flange for the ESR arc locations ESR BPM button
I _— | fe— d;5 =0.1378"

quad-BPM mounting BPM flange, 1.32“ID, 0.00311" recessed "
&alignment bracket ! 4 flange-ga button-gap ;acuum chambSr SS 316L, 25 um Cu coat (beam pipe face) N |<—)| d; 5, = 0.0598
\ ‘ oo 2 s mil 0.01" = 10 mil « ‘L}“ﬁ;‘“ = |
. l.omi (~0. 25 mm) K BPM button (pair),
e — - quasi-cylindrical, Mo,
S dputton = 0.24", Ryypron=0.20", _‘L
2 | gap = 0.01", sep = 0.828" Pmaten
isolator, "
| fused silica R hbn =0.127
| 44— (quartz), S
canted coil-spring, | & =3.75 §’m‘ W
Cu, for grounding | A )
- 3 8 hiso = 0.127
N\
AN =
hrnneI
hbuttan
z
i,
canted-coil ¥ v
grounding spring ,J'w |(_gap

* Short bunches (o, = 7 mm) with high-frequency spectral content (up to ~15 GHz)
and high beam intensities (I..,, = 2.5 A) gives challenges to the BPM pickup design

— Balance between low wake-potential (small button size)
and sufficient output signal level (large button size)

— Other details need to be considered, e.g. rigid BPM-to-quadrupole mounting,
mechanical symmetry of the two 2-button flanges, etc.

ESR BPM geometry for
wakefield analysis

y-offsets:
-0.2,-0.1,,0.0,0.1,0.2 mm

R

* EM design optimization of the mechanical details was based on three pillars: rotmasamma oo tsomn |
— Wake-field analysis — loss factor (k;,;), resonances, output signal (vVejec(t), Verec(f))
> Optimize: dyyrron = 0.24", gap = 0.01", Ayyeron = 0.2", heone = 0.06"
— Transmission-line analysis (button only) — impedance-matching
> optimize dp;, = 0.05", hypgeen = 0.016"

— Electrostatic analysis — position characteristic

BPM button geometry for

d(Ah/Z>| _ d@y/D) n " .
dx transmission-line analysis

» optimize button separation sep = 0.828" (for same position sensitivity, . iy
XY= x,y=0

Electron-lon Collider
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Some results from the EM analysis

Wakefield & Signal Analysis

long. wake potential (short range)

0.004 - short range wake potential Wj(s) (o = 7 mm)
I —— 7.5 mil flange gap (Kjoss = 1.78x10™% V/pC)
5 ~— 5.0 mil flange gap (Kjoss = 1.72x107 VIpC)
§ 0.002 - ~—— 2.5 mil flange gap (Kiss = 1.64x10* V/pC)
HIN VAN ANAN ~ N\ |
: V \VARV)
p
P
:
§ -0.002 -
-0.004
-50 0 50 100 150
distance [mm]
voltage output signal
__(centered beam, TD & FD)
£ o4
E 4
° r
g%
L
2 X 2
0O
o [
S q
o [
> = b J
£0
E ]
- ]
L L L L L L h)
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

=7 mm)

rel. voltage 20 logq|Voutl [arb. dB]
(%bunch

time [ns]

2 4 6 8 10 12 14
frequency [GHz]

long. wake-impedance Z, [Q]

long. wake impedance

8 long. wake impedance
9bunch = 1nC; 0z =4 mm
6, Re(Z)}
P O S SO N - - Imgzy}
-------- norm. bunch spectrum A
20 -
------ i i
0 T r L7
" ¥
-2f y :
H
’
-4l H
. — 4 P
10 15 20 25
frequency [GHz]

eigenmode analysis

norm. Gaussian bunch spectrum A

button capacitance [pF]

0.5

Electrostatic Analysis
position characteristic, hor. & vert.

peak E-field analysis

mech. tolerance analysis
(impaCt on Cbutton)

button offset
— x-0.000mm, y=-0.2mm

~— x=0.000mm, y=—0.1mm
— x=0.000mm, y=0.0mm
— x=0.000mm, y=0.1mm

— x=0.000mm, y=0.2mm

— x=0.075mm, y=-0.2mm
— %=0.076mm, y=-0.1mm
x=0.075mm, y=0.0mm

1.0x107° 1.5x107°

time [s]

0 5.0x10"

2.0%10°

38

4
@

of
kS

©
N

3.0

P button x-offset
(concentricity)
© 0.000 mm

¥ 0.075mm

4 0.150 mm

-0.2 =01 0.0 0.1

button y-offset [mm]

0.2

¥ [mm]
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Electron-Beam BPM Signal Conditioning

« Signal reflections between BPM pickup electrode and FE signal conditioning electronics

— Broadband impedance-matching dual network at the pickup button feedthrough

» Price: 6 dB insertion loss

» Need to keep the feedthrough internal transmission-line TL g short or comparable wrt. the bunch length

» Pulse-forming band-pass filter to improve digital signal acquisition .

— 5th-order Gaussian hairpin resonator band-pass filter 10
» Low insertion loss, tight PCB tolerances

)

— 8-element delay-lin comb band-pass filter

Vaprout [MV]
o

» 6 dB insertion loss, rectangular envelope waveform
— Requires ‘cleanup’ absorptive low-pass filter

> Dual-network style, attenuation peak at the 15t spurious passband

Lelec

Gmm R=27,=500

D 1
__|_:|"_ """"""""" ) TLyy 100m

Lcable = BPF & LPF

— 2
Ldual - Cbul:l:an X ZO

8-element comb, f, = 1.18 GHz

ESR button BPM signal conditioning
Gbunch = 1 nC, 100 m 3/8 Heliax, LPF & BPF | -
—— Gaussian hairpin, f, = 788 MHz

« Time-multiplexing of BPM electrode signals
— In the EIC electron injector only
» single bunches (linac) or long bunch spacing, Aty nen = 5Sus (RCS), 120 ns (BAR)

single read-out channel

Cost savings on signal cables and electronics

Immune to environmental conditions

» ambient temperature variations, other slow drift effects

Immune to aging effect of electronic components

L
395

(0

single
bunch

400

time [ns]

t

cable delay

405

o EM analysis stripline hairpin BPF

single,

~20..30ns time-multiplexed
long
coaxial

— single bunch BPM signal
cable

. signal '3 — —
conditioning c

service
bldg.

tunnel
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More challenges ahead...

« CCNFB = Crab Cavity Noise Feedback > Crab Crossing
L Oxe T Oip ; "IN Ky '
— Hadron only crabbing / Lo = e%\ /
G = 0mrad o)+ (1) <\
6, = 12.5 mrad (= Ocross/2) < I
=4/ ~0.8..0.85 oelT = Jag tan2(6,) + o2, ,f
Oxp = 100 um Loax P Qe U Oxe e
— Noise on high-power RF will dilute the beam emittance ;z/:f = Ja;ptanz (6,) + o . o8
= substantial impact on integrated luminosity o e oo s e .

» Proposed solution: CCNFB

» Requires high resolution bunch-by-bunch beam-position measurement,
oy < 2.2 um (dipole mode, position), o; < 18 urad (head-tail mode, time or phase)

Need to understand the beam-electrodes coupling mechanism for beam bunches with crabbing angle vs. straight vs. tilt

*  see poster from Daniel Sittard

I hor. movable chamber with 8 stripline pickups,
each stripline pair: £, ~ 70 ...100 mm

P v by by b g

I T
| [ I R B B
E b)

cable delay-lines & 8-way power combiner

form a comb band-pass filter (with analog signal conditioning)

RF ref.

f@_/ Kicker
S ampl. corr.
A short cable run RZ?gzzl;)g g:g::ll —LQ digital data stream
4-- from tunnel to LLRF system conditioning processing /::h to LLRF system
phase corr.
may require multiple
Phase FB «q— Transverse Damper interleaved ADCs

<— Note: The non-linearities of the 197 MHz kick are not considered
The error (“banana”) introduced is ~12 % @ + 204,,~0.8% @ + 10y,
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More challenges ahead...

+ CCNFB = Crab Cavity Noise Feedback [re ey o Crab Crossing
. L _ N, W g
— Hadron only crabbing /L = Uy > \ / o
6, = 0 mrad J( o) + (o20) ! \\ o 4
Oge = 7Mmm 0, = 12.5 mrad (= Ocross/2) @
opp, = 60 mm i
P L/,  ~0.8..0.85 oil! = Jotutant(@) + o, N
Oxe = Oxp = 100 um Lmax F O U Oxe e
— Noise on high-power RF will dilute the beam emittance ;ff — \/a{}z tan?(6,) + 02, .
= substantial impact on integrated luminosity P b e e

» Proposed solution: CCNFB

» Requires high resolution bunch-by-bunch beam-position measurement,
oy < 2.2 um (dipole mode, position), o; < 18 urad (head-tail mode, time or phase)

» Need to understand the beam-electrodes coupling mechanism for beam bunches with crabbing angle vs. straight vs. tilt
straight «  see poster from Daniel Sittard

I hor. movable chamber with 8 stripline pickups,
each stripline pair: l’smp ~ 70..100 mm

n ton bt ot ba by by Py
—_— Il - — =

5%4L§ i)ititi

I L ‘| . | H cable delay-lines & 8-way power combiner
form a comb band-pass filter (with analog signal conditioning)
Beam
RF ref.
Picku, i
@ fj_/ Kicker
' 'l

S ampl. corr.
short cable run RZ?gzzl;)g g:g::ll —LQ digital data stream
4-- from tunnel to LLRF system conditioning processing /::h to LLRF system
phase corr.
may require multiple
Phase FB «q— Transverse Damper interleaved ADCs

<— Note: The non-linearities of the 197 MHz kick are not considered
The error (“banana”) introduced is ~12 % @ + 204,,~0.8% @ + 10y,
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More challenges ahead...

« CCNFB = Crab Cavity Noise Feedback > Crab Crossing
L Oxe T Oip ; "IN Ky '
— Hadron only crabbing / Lo = e%\ /
G = 0mrad o)+ (1) <\
6, = 12.5 mrad (= Ocross/2) < I
=4/ ~0.8..0.85 oelT = Jag tan2(6,) + o2, ,f
Oxp = 100 um Loax P Qe U Oxe e
— Noise on high-power RF will dilute the beam emittance ;z/:f = Ja;ptanz (6,) + o . o8
= substantial impact on integrated luminosity o e oo s e .

» Proposed solution: CCNFB

» Requires high resolution bunch-by-bunch beam-position measurement,
oy < 2.2 um (dipole mode, position), o; < 18 urad (head-tail mode, time or phase)

» Need to understand the beam-electrodes coupling mechanism for beam bunches with crabbing angle vs. straight vs. tilt
tilt angle - see poster from Daniel Sittard

I hor. movable chamber with 8 stripline pickups,
each stripline pair: £, ~ 70 ...100 mm

P v by by b g

I T
| [ I R B B
E b)

cable delay-lines & 8-way power combiner

form a comb band-pass filter (with analog signal conditioning)

RF ref.

f@_/ Kicker
S ampl. corr.
A short cable run RZ?gzzl;)g g:g::ll —LQ digital data stream
4-- from tunnel to LLRF system conditioning processing /::h to LLRF system
phase corr.
may require multiple
Phase FB «q— Transverse Damper interleaved ADCs

<— Note: The non-linearities of the 197 MHz kick are not considered
The error (“banana”) introduced is ~12 % @ + 204,,~0.8% @ + 10y,
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More challenges ahead...

+ CCNFB = Crab Cavity Noise Feedback [re ey o Crab Crossing
. L _ N, W g
— Hadron only crabbing /L = Uy > \ / o
6, = 0 mrad J( o) + (o20) ! \\ o 4
Oge = 7Mmm 0, = 12.5 mrad (= Ocross/2) @
opp, = 60 mm i
P L/,  ~0.8..0.85 oil! = Jotutant(@) + o, N
Oxe = Oxp = 100 um Lmax F O U Oxe e
— Noise on high-power RF will dilute the beam emittance ;ff — \/a{}z tan?(6,) + 02, .
= substantial impact on integrated luminosity P b e e

» Proposed solution: CCNFB

» Requires high resolution bunch-by-bunch beam-position measurement,
oy < 2.2 um (dipole mode, position), o; < 18 urad (head-tail mode, time or phase)

» Need to understand the beam-electrodes coupling mechanism for beam bunches with crabbing angle vs. straight vs. tilt
%ﬁ *  see poster from Daniel Sittard

I hor. movable chamber with 8 stripline pickups,
each stripline pair: £, ~ 70 ...100 mm

n tnq bbby by by g

-~ jmu;i;Li T

i
% QI

I L ‘| . | H cable delay-lines & 8-way power combiner
form a comb band-pass filter (with analog signal conditioning)
Beam
RF ref.
Picku, i
@ fj_/ Kicker
' 'l

S ampl. corr.
short cable run RZ?gzzl;)g g:g::ll —LQ digital data stream
4-- from tunnel to LLRF system conditioning processing /::h to LLRF system
phase corr.
may require multiple
Phase FB «q— Transverse Damper interleaved ADCs

<— Note: The non-linearities of the 197 MHz kick are not considered
The error (“banana”) introduced is ~12 % @ + 204,,~0.8% @ + 10y,
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EM Beam Pickup & Kicker: Lorentz Reciprocity

* Applying the Lorentz Reciprocity Theorem:

j dS (B x Hy — By x Fy) = j dvol (By J — By Jis)
S vol

— indices B: beam (pickup), K: kicker
— leads to the beam voltage: 7
0 - -
= VB=V=—_ deOl EK]B
2 Vi

> withtransittimeT = |V/Vy| = K, Vg/V, vol

— which is analyzed numerically: = kg (wave number)

L ‘ '
2Tf
Vix,y,f) =VoT = | dsE (s, f)exp lFS
s=0
*  Which finally leads to the long. impedance Z, ., * Kicker constant K|, anzd , ,
of a beam pickup electrode = transfer impedance Z,;,, shunt impedance R,T* are related: R T“ = Z; |K|]|
7 K 7 R.T2 — and are related to the beam voltage: |R T2| — VoT®
Zp elec(f) — 0™l (f) — \/ 07l (f) » with Z,: ch. impedance of the port(s) I 2
’ 2 2
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Beam Voltage and Pickup Transfer-impedance

 The Lorentz reciprocity method

Alternative / verification to line-charge stimulus
or particle tracking codes, e.g. particle-in-cell (PIC) solvers

Requires only a single numerical computation of the beam pickup structure

» Stimulus signal, e.g. in time-domain, feed into the pickup output port

» Recording of E- and H-fields vs. frequency for the entire volume,
or a sub-volume of interest

»  Computation with GPU support gives results quickly

»  Postprocessing needs to handle large data files

E-field integration along the beam path

 More details in:

DYNAMIC DEVICES
A PRIMER ON PICKUPS AND KICKERS

D.A. Goldberg and G.R. Lambertson
Lawrence Berkeley Laboratory, Berkeley California 94720

TABLE OF CONTENTS
A.INTRODUCTION
B. BASIC PRINCIPLES

: : . . .General ThEOTEMS . . . . . . . .« v v v vt e e 4
» Beam voltage — transfer impedance for a point charge with velocity Sc ! G:" "{;?;g;‘:‘gg{“;ien Kicker and Pickup Performance . . . . . . . . . 2
i - , i.LorentzReciprocity . . . . . . . . ... .o e
> LTI system — superposition principle applies i Green's Reciprocation Theorem . . . L .. .10 6
— The EM field in the volume holds all information of the beam pickup! b. Panofsky-Wenzel Theorem . . . .. ..o v e 7
2.TheBeamVoltage . . . . . . . . . . . . . . . . 9
§ 157‘ N T
= 3. Frequency Spectrum of a Charged-Particle Beam . . . . . . . . . . . }%
IR 2 a. Single-Particle Spectrum . . . . . . . . . . ... ... .
* Proof of principle N i. Longitudinal Spectrum . . . . . . ... 12
. . S a0l ] ii. Transverse Spectrum . . . . . . . . . . . . . 004 . 12
— Transfer impedance of a single, 5 10 b. Bunched-Beam Spectrum . . . . . . . . ... ... ... . 13
. . r Qrhnttluv Qrantrmim 14
0.9 m long stripline electrode &
g sl — analytical ]
g * numerical - nghly recommended!
g
s
ﬁ 07\ . L . . 1 L L \7
0.0 0.2 0.4 0.6 0.8 1.0
frequency [GHz]
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Summary

* The Electron-lon Collider project has many challenges,
here we highlighted just a few BPM examples

as well as in other particle accelerators under construction,
puts wakefield effects in the spotlight
— Valid for beam pickups and kickers, and for any other accelerator component
exposed to the EM-field of the bunched beam.
* The challenges at the EIC are not limited to technical or scientific aspects

— Funding, schedule, changes in the project scope, workforce, social and other aspects
may be even more challenging!!

Thaﬂ k y@u ! In memory of my mentor

Willi Radloff, RIP 2026
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!  The demand towards higher beam intensities in colliders,
i
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