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Accelerator facility in the world
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Storage ring and free-electron laser x-ray light sources of the world.
Source: APS Science 2014 (https://doi.org/10.2172/1224995)



https://doi.org/10.2172/1224995

Accelerator facility in the world

3ld &4“‘ G Ioon :‘:.'“{:‘:,“,' -
Light Source e

PILS=[[

PAL XFEL

4GSR

. L 013 YA 7h 7]
U= KEK 7157 d2 — ALS at LBNL
4% Light Source

S ot Accelerators
& Collider;
i

Acc. Test facility

in the world




Accelerator facility in the world

4GSR project of Korea at Ochang
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High brilliance © Small beam size
=> Precise & stable orbit control ( sub um resolution)

" For the fourth generation storage ring, it's more precise,
more accurate, and fast processing beam diagnostic devices are required.



Introduction

. EQ3 A7 £oF U BAUXY:
— Accelerator physics — particle physics — RF technology — optics —
mechanics — electronics — software engineering — ...

Radiation (SEE, radiation ageing, activation)
— Many sources of measurement noise and background
 Place readout close to detector, but -> radiation
— RF heating by the beam
— Accessibility and maintenance
— Sometimes: cryogenic temperatures
— Mostly: must operate in vacuum and be UHV compatible
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Introduction

o FIEH B HRA:

| & T
U 2 HASHE ALAHO|D, 7h47| R W ST AHBED HH A2H| M5
lojct.

LT X HES ?leh 1:

MEI71%57] Y &2 Single pass «+ & &: multi pass
HX}: almost relativistic (B~1) « °“"xf/30|2. non-relativistic for Ekin < 1
GeV/u

HMA| & o {X| (beam particles x particle energy) low < high
CrQESH 4 Cf

DC beam or bunched beam additionally fill pattern
Non-intercepting < Intercepting < Destructive

A g AU

gu H| X|ct AHX| 7} B RS}

7t&719] chE=Ql 57tx| | ZTh oi2tolg R i SEl= F2 X
Hl o|x| BL|E| Gl YA EZLIAO| 27|

**Cavity BPM2| 7L 2 & ZdNX]|



7h=7] A+t o| gt gl

. 9 FpLTE A )2 SEEX QTP

o 9ff 8 XIC} XX 7} E @ of Xf?

. G ZFEZ(7) Bt SHO) 2} L2 B 8] XIEf XX 7 2 AE[=7p



2k Hel 715712 8k

Injector: Booster

Total # of BL: 52 (60)




7t=7] d3tel o| &t Sl

4GSR WALE 715710 A EE

__.—'—-—’—.-7
W ot - 1B w\ﬁ
"I'. . C' = -i e ‘ a
’:.5,3(1.-.’:'::’(0 N r‘.-:fs":‘h,&.‘l..: "'“j':,r, 4 T Z3.c0 Hig
\ R e Brov? AaneOSY L X et ,wttmu{‘m y ,

R -io-.-
l'ox» ap hﬁ oll_l’i i (P '_‘).'

s J}’“’P

l’ha'-mn Bl




- = N &
S&,<0) =




7h=7] d3te] o] it ¢l 2

& et X7 B2 5671 L #E 2l 0f 2!

3 Component tolerances and related random errors
J Environmental effects

®  Equipment fault

) Equipment set-up

®  Performance tuning and preservation

J Stupid things (Human error)



Component tolerances

and related random errors

® Finite precision of survey and alignment

® Finite accuracy of power supplies

®* Ripple of power supply

® Finite accuracy of magnet field measurement
®* Ripple of RF Amplitude

®* RF phase noise

® Dirifts (temperature, humidity, aging of component)



Component tolerances

and related random errors

Dipole
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purpose

beam deflection
& sometimes focusing

beam focusing

chromatic correction

unwanted, but some
how predictable side
effects

sextupole component
modifies chromaticity
reduces acceptance

dodecapole component
(usually negligible)

limits dynamic
acceptance

effect of excitation
errors and ripple

generates orbit errors
and chromaticity devi
ations

generate tune errors

generate chromaticity
errors

most critical alignment
issues

roll angle generates ver
tical orbit excursions an
d spurious vertical disp
ersion

transverse shifts ge
nerate orbit excursi
ons and spurious di
spersion

roll angle generates
X, y coupling

vertical shift destroys
beam polarisation

vertical displacement g
enerates x,y coupling

horizonal displacement
generates tuneshift




Environmental effects

« Subsiding of building(PLSII...)/tunnel foundation

» Mechanical vibrations induced by water flow, vacuum pumps, water pumps, ventilation
» Mechanical vibrations from nearby traffic or construction work

« Earth quake vibrations (KEK, J-PARC in JAPAN)

« Earth magnetic field

« Magnetic fields from electric currents induced on vacuum chamber

« Stray fields from permanent magnets in vacuum pumps and vacuum gauges

» Field distortions from magnetic materials in support structures, building and equipment

« Magnetic stray field from cables



Stupid things (Human error)

Total of 1158 BPMs

and =3000 BLMs
plus many special instruments

X 7 U AM 7|17 = 104!

Cleaning

CERN AC - HF267 - 04071997



Stupid things (Human error)

Stupid things !

®» O O 0 O O O

magnets connected with wrong polarity
cables connected to wrong equipment
wrong entries in control system database
calibration values mixed up

“nominal settings” from wrong optics file

kicker mounted in wrong direction
somebody stepped on beampipe to change neon tube

beer bottles in vacuum chamber




Stupid things (Human error)

Stupid things !
True or False?

http://blogs.nature.com/news/2009/11 a tale of two beer bottles 1.html

heer hottle

VPIF



http://blogs.nature.com/news/2009/11_a_tale_of_two_beer_bottles_1.html

Stupid things (Human error)

n ] '
Stupid things !
Zoom sur Quadrupole beer bottle 28 th November

Zoom sur Quadrupole 2019, CERN S. Myers LEP 30 Colloquium 52

beer bottle \\
o
o

g ,“\)e

VPIF

10 metres to the right beer bottle Unsociable
10 metres to the right sabotage: both bottles were empty!! 28 th November

_ 2019, CERN S. Myers LEP 30 Colloquium 53

beer bottle

Unsociable sabotage: both bottles were empty!!



MAGNET
QUADRANT

b !

- - L
CONTROL
ELECTRODES

ANALYZING
MAGNET

ION
SOURCE

ELECTROSTATIC
GENERATOR

Layout of an early proton synchrotron



Total of 1158 BPM

s and =3000 BLMs
plus many special instrument

Cleaning

CERN AC - HF267 - 04071997



Beam diagnostics, how much ?

- 4GSR WAL 71=57| & TITh =X

A 7Y
=& £4d
O] (2) (3) 4 (5)
1 BPM (BTN, STRL) Beam Position 3* 5* 50 6* 280
2 BPRM (YAG/OTR) 2D Profile, Emit., Energy 5 6 7
3 SX Diag. Hutch Beam Size, Emit. 1
4 VL Diag. Hutch Beam Size, Emit., Bunch 1
5 Compact VL IF Beam Size, Emittance 5 28
6 Turbo ICT (AC) Beam Current 2 1 1
7 NPCT (DC) Beam Current 1 1
8 FPM Filling Pattern Monitor 1
9 Streak Camera Bunch Profile, Pattern 1
10 New XBPM Photon Beam Position 20
" BLM Beam Loss 1 5 28
12 E Meas. Beam Energy (spin) 1 1
13 Tune Meas. Tune 1 1
Al E TR T 11 12 63 14 | 363

Injector: Booster

Total # of BL: 52 (60)

(1) LINAC, (2) LTB(Linac To Booster), (3) BOOSTER RING, (4) BTS(Beam Transport System), (5) STORAGE RING

* Single-pass 4 2t2!12 Button (BTN) Type LH4! Strip-line (STRL) Type BPMS A8 St}



4GSR beam diagnostics

571X chEX el & ufefo|E 3 S & & T SA

- & $X| (Beam Position) ©® & F|X| 2L|E{(Beam Position Monitor)
_HE, AXTE WAE, B ALK W AE B,

Cavity BPM Cavity BPM Button BPM Button BPM
electronics electronics

- & M|7] (Beam Intensity) & & F&F 2L|E (Beam Current Monitor)
_ DC &' MK HME, W K| Bo|ZEFY  HK| B,

ACCT



4GSR beam diagnostics

57tX| Xl & uotn|E 3 S

X (Beam Distribution) &
X B L|E{ (Beam Profile Monitor)

A gdd Al Zo| U | 2x, ofoE A,

Hl =4l (Beam loss) &

D L|E| (Beam loss Monitor)
C & &l HA] M7, & HX| 2fo|=E}Q] , HX|

2E,..

- H 04 X| (Beam Energy) <
81 0| {X| 2 L|E{ (Beam Energy Monitor)
MEIIE7) U HED 9 oHX| B,




Current and Transmission

@ destructive: Faraday cup

VOut
“Cup” electrode

» low energy particles stopped in material (— Bethe Bloch)

, very low intensities (down to 1 pA) can be measured

@ non destructive: current transformer
, beam acts as single turn pimary winding of transformer

, measuring AC component of beam current

High permeability

core
OUT
> R Vour
beam




Current and Transmission

Transformer: — measurement of the beam’s magnetic field

» Magnetic field is guided by a high p toroid

» Types: FCT — large bandwidth, I,,;,= 30 pA, BW = 10 kHz ... 500 MHz
[ACT: I, 0.3 pA, BW =10 Hz .... 1 MHz, used at proton LINACs ]
DCCT: two toroids + modulation, /,,;,~ 1 pA, BW = dc ... 20 kHz

» non-destructive, used for all beams
Faraday cup: - measurement of beam’s charge,

» low threshold by I/U-converter: I, ,.,, > 10 pA Resolution limit

» totally destructive, used for low energy beams only
Fast Transformer FCT  Active transformer ACT DC transformer DCCT

Company Bergoz




Transverse Emittance

@ principle -
» slit produces vertical slice in transverse phase space xm/’
» measure intensity as function of x’ -
» moving of slit — scan of phase space (N x Ny measurements) € A
- slit

@ 2-dimensional extension: Pepper pot

lon Beam (O,

Beam position
selecting slits

™

Trajectory angle
selecting slits

Faraday cup
with current
meter

M.P.Stockli, Proc. BIW 2006, p.25

Re,
0" Por
(0} 0 O(p/
0 0 o 0 0 %
[¢]

0

, monitor with x’ resolution instead of scan:

SEM, profile grid,...

— Ny measurements

P.Forck, Lecture Notes on Beam
Instrumentation and Diagnostics,
JUAS 2006

— 1 measurement

Ny x Ni<holes




Longitudinal Plane

@ momentum and momentum spread dipole magnet spectrometer (small rigidity Bp) tran
Detector

» sformation of momentum (spread)

+ into position (spread) Prs< Do /ST

» spatial resolving detector (screen, SEM,...)

Ax Ap — e AP

xO Po
— alternative method: time of flight (TOF)
@ bunch shape and time distribution

> bunch shape monitor (BSM)
, primary beam hits thin wire  (potential -10 keV) ¢ -y

Collimating slit

RF deflector, -6 kV focusing voltage is applied

Primary beam

Secondary electrons beam

/ /

CCD camera

, onversion of primary hadron beam into low energy Inren/ry

secondary electrons S I Phisphor screen

accelerating voltage is e}
applied .
AU, +U e sin(not + ¢,)

> RF deflector converts time into space coordinates

AU ,-steering voltage Uy sin(not + @) -deflecting voltage

spatial resolving detector R.Pardo, RIA Diagnostics Development at Argonne



Button & Stripline BPMs
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Introduction / Cavity BPM

. Principle Generates dipole (TM110) and monopole (TM010) modes

sensor cavity

«— beam pipe

R \ ’ooax.cable

i S~ antenna

coupling slot wave guide
Dipole mode selectable coupler

,—E-field TM110 A

Dipole mode ~ g-&x

beam
L i

signal level

"\—E-field TMO10 |
Monople mode ~ g l _ >
fo10 /110 frequency

Needs monopole mode(TM110) suppression!

1. Small thermal noise due to narrow band width (~ MHz).

2. No signal at zero position.

3. Position is calculated with the dipole mode of cavity pickup
4. Normalization from different signal (monopole mode).



Resources and References

» Peter Forck: Lecture on Beam Instrumentation and Diagnostics at the
Joint University Accelerator School (JUAS),

— see also the extended Bibliography. http://www-bd.gsi.de/conf/juas/juas.html

« CERN Accelerator Schools (CAS): https://cas.web.cern.ch/previous-schools
and http://cas.web.cern.ch/cas/CAS_Proceedings.html

— Rhodri Jones and Hermann Schmickler: Introduction to Beam Instrumentation and
Diagnostics, CERN-2006-002.

— Daniel Brandt (Ed.), 2008 CAS on Beam Diagnostics for Accelerators, Dourdan,
CERN-2009-005 (2009).

— Heribert Koziol, Beam Diagnostic for Accelerators, Loutraki, Greece (2000), CERN/PS
2001-012 (DR), see also extended Bibliography.

— Jacques Bosser (Ed.), Beam Instrumentation, CERN-PE-ED 001-92, Rev. 1994

— Kay Wittenburg (DESY), Beam diagnostic instruments at 3rd and 4th generation
light sources, Tuusula, Finland, 2008 CAS.



Why do we need beam diagnostics ?

Beam Parameters and Diagnostics
Several type of beam diagnostics instrumentation.

More detailed things about Beam Position Monitor
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01. INTRODUCTION
OF BEAM POSITION MONITOR



General Idea: Detection of Wall Charges

The image current at the vacuum wall is monitored on a high frequency basis
1.e. the ac-part given by the bunched beam.

Iimage(t) -1, ® Beam Position Monitor BPM
equals Pick-Up PU

image charges

@ 0O 000 O O O

N\ [E v Z beam()
@'r@ CECISIONS, @E—>

N

S

beam pipe v

For relativistic velocities, the electric field is mainly transversal: £, ,,,(£) =y - E ,,(f)




Usage of BPMs

A BPM is an non-destructive device

It has a low cut-off frequency i.e. dc-beam behavior can not be monitored
(exception: Schottky spectra, here the physics is due to finite number of particles)

—Usage with bunched beams!
It delivers information about:

1. The center of the beam
» Closed orbit
1.e. central orbit averaged over a period much longer than a betatron oscillation
» Bunch position on a large time scale: bunch-by-bunch — turn-by-turn — averaged position
» Single bunch position — determination of parameters like tune, chromaticity, B-function
» Time evolution of a single bunch can be compared to ‘macro-particle tracking’ calculations
» Feedback: fast bunch-by-bunch damping — precise (and slow) closed orbit correction
2. Longitudinal bunch shapes

» Bunch behavior during storage and acceleration
» For proton LINACs: the beam velocity can be determined by two BPMs
» Low current relative measurement down to 10 nA.



Model for Signal Treatment of

capacitive BPMs

The wall current is monitored by a plate or ring inserted in the beam pipe:

amp
Iim(t) D; ; | |
R equlvalent circuit

beam pipe I ___Lground A
pickup_ | _ \'\; C : Iim(t) @ L _ R[] Uim(t)
{ —
Y
— ground

| A:area of plate

I

] 1
I I 1
I 1

The image current I at the plate is given by the beam current and geometry:

L () =dQ, /dt = A/mal - dQy,,,.(Y)/dt = A/mall/Bc - dl, . /dt = A/wa 1/Bciwly,,,, ()
Using a relation for Fourier transformation: I, ,,, = Ioeia’t =dly At =il



Principle of Position

Determination with BPM

The difference between plates gives the beam’s center-of-mass

—most frequent application

‘Proximity’ effect leads to different voltages at the plates:

U -U beam pipe
y=k, (o) down o\ § (@) LI
v, +U pick up

down

T R

Uup

y from U A= U up U down

v,

o o =

yUZ > &

~U
x=k (o) Urig Y+ 5 (w)

right + left

‘ It is at least:

U, <Uy/10

Sometimes the transverse transfer impedance is defined via U= Z.1(w) * xI,,,,,

It can be assumed: Z, (w,x)=k(w,x)"Z/(w)

with k(w,x) or S(w,x)=1/k(w,x) called displacement sensitivity
They are geometry dependent, non-linear function, which have to be optimized.

Units: k~=[mm] and S=[%/mm] or S=[dB/mm)]
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Shoe-box BPMs

Shoe-box BPMs used at low 3 proton & ion synchrotron for 1MHz < ];f< 10MHz.
Example: HIT cancer therapy synchrotron 0.8 MHz <, <5 MHz
Aperture 180x70 mm?

horizontal
vertical

beam

guard rings on
ground potential




Shoe-box BPM for Proton or

lon Svnchrotron

Frequency range: 1 MHz<f <10 MHz = bunch-length >> BPM length.

Signal is proportional to actual plate length:
lright = (a + x) : tanaa lleﬂ - (a -

[ -1 X
— right  “left -
lright +hy a

In ideal case: linear reading -°---

U left

X)-tana

: beam
iiiE Size: 200x70 mm?

_ Uright - Uleft _ A
x=a- =q-—
04
034 @ Hor (y=-20)
' W Hor (y=0)
024 | A Hor (y=+20)
0,14 - | W Ver (y=-20)
I B Ve (y=0)
2 @ Ver (y=+20)
01
024
03 g P e g
_0.4 ; Ll L] Al ; Al L '
80 60 40 -20 0 20 40 60 8

beam position [mm]

5 vertica
E Urighl
!q—'—u'

d beam

Shoe-box BPM:

horizontal

guard rings on
ground potential

Advantage: Very linear, low frequency dependence

Disadvantage: Large size, complex mechanics

high capacitance



Button BPM for short Bunches

LINACs, e-synchrotrons: 100 MHz < f - < 3 GHz — bunch length ~ BPM length

— 50 Q signal path to prevent reflections

Button BPM with 50 Q = U, (f)=R- A Al comnezror N\ -
dt

Pc - ma

BeCu CENTER
CONDUCTOR

MOLYBDENUM
CENTER PIN

ALUMINA

Example: LHC-type inside cryostat:
24 mm, half aperture a=25 mm, C=8 pF
= f =400MHz,Z =13 Q:

cut




Button BPM for short Bunches

‘Proximity effect’: larger signal for closer plate
Ideal 2-dim case: Cylindrical pipe — image current density

via ‘image charge method’ for ‘pensile’ beam:

2 2
a —r

a’ +r° —2ar-cos(¢—0)

. — Ibeam
sz(¢) - 27z'a

al2
Image current: Integration of finite BPM size: [, = J‘ / Jin (9)do
2

—-a
1.0 T T . T T . 1.5 | 1
aperture a=25 mm a=256mm,0=0°a=30° '
= A 10 - —— AU .»"
= 08 r=2mm RS _ R
-'E ----- r=5mm ,:' '\‘ ----- AU/EU . :
g ——-r=10mm } 05 - log(Urlght/Uleit .494’ —
V08 ----- r=15mm | 4 . = e
[ ! \ o L
= o £ 0.0 -
= 1/ N .’Eﬂ
2 0.4 - Y A - 7!
5 { e, \ -05 -
= Y PO
PR
02 : ........ :—/’//,’ \\\‘\';': ------ __ —1.0 - —
0.0 I | . ! . | T 15 o ! | !
—180 -90 0 90 180 —20 —10 0 10 20

¢ [degree] real beam position [mm]



Button BPM for short Bunches

Ideal 2-dim model: Non-linear behavior and hor-vert coupling:
Sensitivity: x=k-4/2 =1/S'4/~X with k [mm], S [%/mm] or [dB/mm]
For this example: center part S=7.4%/mm < k=1/S=14mm

T 1 T b ;
button — : ;
1.0 fa=25mm, a=30° ® [P I i SR S
..... — (1] : 000
05 | 6=20 R 100
'a' —-—-a=45° o o S eeopdeoo0o
& --- 6=60° = DO SO Shb3 SRSE
-y . . Al 1 v A4 - . N
m 0.0 - (1] S -G cofeeeeetead
w % §~:cf3.'¢'o:e¢za0'vp'poc-g
~ i oo «:-',"..-'_c' > e EE n;,:..!.:..;. oo
< " loooBHgoédoduioooi |
—0.5 7] '10‘f\‘\‘fv‘&'{ﬁﬁ??.ﬁ{.&%ooj.
: 00 Q OO CPAV'C VO QOO O .
: : o EEEEE :
fooo0bdoocdhocodo oo !
10 F d T — T St
: , . A B I N
—-20 -10 0 ! 10 20 -30 -20 -10 0 10 20 30
real beam position [mm] x [mm]

Current density can also be calculated by Laplace equation for Fourier components

Ly = Lyuam ) ¥ 2(Lyoam ) O A, cOs(nayt)  for Gaussian bunches: 4, = exp(-n’®’o; /2)
n=1

In addition, frequency dependence can be calculated by this method.



Button BPM at Synchrotron

Light Sources

The button BPM can be rotated by 45

Example: Booster of ALS, Berkeley
to avoid exposure by synchrotron light: 2

Frequently used at boosters for light sources

&

. button

\(Ul

1 . (Ul +U4)_(U2 +U3)

U +U,+U;+U,
l.(U1+U2)_(U3+U4)
S U+U,+U,;+U,

horizontal : x =

vertical: y=




Button BPM at Synchrotron

Light Sources

Due to synchrotron radiation, the button insulation might be destroyed
—>buttons only in vertical plane possible = increased non-linearity

Optimization: horizontal distance and size of buttons 08 .
e R
.o 06 + * e .
MR it & o,
e s ’. * 4 o : o?
”00062:::00”
> +0-0—0—o0 *—- 00
15 1 w5 HP ¢ *o5 1 115
:’.: gi !? . .0”00
‘.0.0. ._0.6 P .0.°
L 7S . *®
Oz -0.8 :.

»Beam position swept with 2 mm steps
»Non-linear and inter-plane dependent sensitivity
> At center S,=8.5%/mm in this case

1 .(U2+U4)_(U1+U3)
. U +U,+U,+U,
1 .(U1+U2)_(U3+U4)
U+U,+U,+U,

horizontal : x =

vertical: y =
From S. Varnasseri, SESAME, DIPAC 2005 Y




Button BPM at Synchrotron
Light Sources

. 08 | .
Por 06 - R ; /
% . b ¥ 0N i
*% ©43 o Jo .
s 99 & Vue® X
e * #29 ¢ * ol ' S
L 2SS A o
> s 0 ¢ &0 ¢ 4000 ‘
15 1 es0Be 5D Y Seme ‘
L ] *
.o'° 0. da S .o ‘.:
OIS B Result: 06 1 .
R 3 oe horizontal
) » Hori. S_,=8.5%/mm 4
1 X X (mm)
X

> Vertical S,=5.6%/mm d,p=24 mm

» x&y dependent
polynomial fit possible

Sy.dy




Button BPM at Synchrotron
Light Sources

* 08 <
o 06 - P, fef
** % o § o e Vot
e.” o WA 3 . . \
% ¢ 5 o %, \
. * #29 ¢ d *
ME IR T SPGB e
= . 04 4 09 4 o000 - & - ~-—-—;:.:...t|:4 i g
15 1 .006‘_’ 1? . * 5, 1 T L:'ﬂ!::,f‘
* ¢2 * o
~ s 54 ;E * o ®es e D
* . . * S K
%t Y] T Sete Result:
3™ ' s
° 0.8 B . . A0 O
i Distance d, 5 influences the sensitivity

Larger d, 5 has the effect:

» higher sensitivity in x-direction
» lower sensitivity in y-direction
> linearity in influenced

5

= Numerical optimization required




Comparison Shoe-Box and Button BPM

Shoe-Box BPM

Button BPM

Precaution Bunches longer than BPM Bunch length comparable to BPM
Shape Rectangular, cut cylinder Orthogonal or in-plane orientation
BPM length (typical) 10 to 20 cm length per plane @1 to 3 cm per button
Bandwidth (typical) 0.1 to 100 MHz 100 MHz to 5 GHz

Coupling 1 MQ or =1kQ (transformer) | 50 Q

Cutoff frequency (typical)

0.01... 10 MHz (C=30...100pF)

0.3... 1 GHz (C=2...10pF)

Linearity Very good, no x-y coupling Non-linear, x-y coupling

Sensitivity Good, care: plate cross talk Good, care signal matching

Usage At (low energy) proton All electron acc., proton Linacs,
synchrotrons

high energy synchrotrons

horizontal

guard rings on
ground potential




Stripline BPM: General Idea

For short bunches, the capacitive button deforms the signal
— Relativistic beam f~I = field of bunches nearly TEM wave
— Bunch'’s electro-magnetic field induces a traveling pulse at the strips

— Assumption: Bunch shorter than BPM, Z,,;,=R;=R,=50 Q and v}, =C1,.,
N AImp LHC stripline BPM, /=12 cm
L/
port 1 R, Dorl 2 R,
—
o .
1 ! beam €2 - L, ZSU'IP
~~

beam pipeI Rl R ,
Namp
I/

From C. Boccard, CERN



Stripline BPM: General Idea

For relativistic beam with B~1 and short bunches:
— Bunch’s Electro-magnetic field induces a traveling pulse at the strip

— Assumption: Iy, <<l Z,;,=R;=R,=50 Q and v}, =Ci
Signal treatment at upstream port 1:
t=0: Beam induced charges at port 1:  no net signal! (=2%/¢
— half to R, half toward port 2 >
t=l/c: Beam induced charges.at port 2 port 1 R port 9) R
— halfto R,, but due to different sign, I ] | 2
it cancels with the signal from port 1 — -
— half signal reflected [\ —p
T, f b h tition=2l/c ==z
t=2-l/c: reflected signal reaches port 1 \ beam =B < f bunch repetition

(t—21/c))

eani

l «a
- Ul (t) = 5 ) E ) Zstrip (Ibeam (t) B Ib

If beam repetition time equals 2-l/c: reflected preceding port 2 signal cancels the new one:
— no net signal at port 1

Signal at downstream port 2: Beam induced charges cancels with traveling charge from port 1
= Signal depends direction <> directional coupler: e.g. can distinguish between e” and " in collider



Stripline BPM: Transfer Impedance

The signal from port 1 and the reflection from port 2 can cancel => minima in Z,
For short bunches I,,,,,(9) - Ne - &9): Z (0)=Z, @ i(z/2-allc)

e sin(awl/c)-e
2z
g mplinellengthtis J0lcmNo=102

- | ~ —— 0,=0.01ns

|
AN
oo ©

B short bunch é{t) T L .

= =
o ()]
! I T T
| |
Voltage

=
w

transfer imp. |Z| [2] phase ¢ [°]

nnnnnnnnnnnnnnnnnnnnnnnn

00 05 10 16 20 25 30 0 1 g 3
frequency f [GHz] time [ns]

» Z, show maximum at /=c/4f=A/4 i.e. ‘quarter wave coupler’ for bunch train
=> [ has to be matched to v,
» No signal for [=c/2f=1/2 i.e. destructive interference with subsequent bunch
» Around maximum of |Z: phase shift =0 i.e. direct image of bunch
> feenter=1/4 - ¢/l - (2n-1). For firstlope: £y, =1/2f o ptors Thigh=3/2 * foenter 1-€- bandwidth =1/2:f, ..\,

» Precise matching at feed-through required t o preserve 50 Q2 matching.

=
o



Stripline BPM: Finite Bunch Length

-t? /207

The signal at port 1 for a finite bunch of lengtho: [, (¢)=1,-e

2 2 .
:>Zt(a))=Zsm_p-%.e_a’ o /2-sin(a)l/c)-e’(”/2“"”c)

S : o - 2/1952  _(t—1/cV2 /2 a2
:>1nt1medoma1n:Ul.m(t)=Zsmp._.(e (t+l/e)*/20% _ —(t=l/c)*/20 ).10

Stripline length /=30 cm, 0=10°.

Ne}
(>

5 [ | . —— 0,=00ins

s

s OF - . — 0¢,=0.1ns

E, - ¢=03ns

A—90 e — o,=1ns

— 2.0 short bunch 6&(t) 7

=3 Lo long bunch ¢,=0.1ns o

N 15 T long bunch o, =1ns | g |

Q'., | 2\ AN Al AN AN o)

E 1ot | Caution: Z, depends on beam’s bunch length o i

&~

g e " \ II\\ | ~ ]

fos \/ \/ \/\/ : __
00 L I\'\ lllllllllllll \ " » .\"I. » ?\ ) | ) | ) | ) _ , |

00 05 10 156 20 25 30 0 1 R 3 4 5

frequency f [GHz]| time [ns]
» Z(w) decreases for higher frequencies
» If total bunch is too long (+30,>[) destructive interference leads to signal damping

Cure: length of stripline has to be matched to bunch length



2-dim Model for Stripline BPM

‘Proximity effect’: larger signal for closer plate
2-dim case: Cylindrical pipe — image current density:

2

3 _ Ibeam a ~ r2
.]im(¢) - 2ma \a’+7r*— 2ar-cos(g—0)

al2
Image current of finite BPM size: [ = I Jim (P)do
-al2
1.0 — T T T 15 , ] [
aperture a=25 mm a=25mm,0=0°a=30°
b 0.8 r=2mm l’l\\l n 1.0 - - AU ..'.'
fZ TTorTmm o 1AU/[2JU 5 T
] n I 05 F - 0] rd -
D06 F - r=15mm | “. - &( right/ lefj‘)_.;-”
g ': \ E ‘r"
= ‘.‘/"\ \\ g:ﬂ 0.0 o _
2 04 ;‘/ \‘\ I ﬁ 'l
5 / \
1. Sl T .\\ -0.5 1
~ / w\‘
g 0.2 W Pras
B It B R0l -
00 —__"—.- | . | | _. _____
—180 -90 0 90 18¢ —15 ' ' :

a* o
real beam position [mm]
Impedance Zg; ;=500 p @h lf‘) l \'/\\d

Comparable formula as for PCB micro-strip —>dependence on d and a




A fabricated Stripline BPM

20 cm stripline BPM at TTF2 (chamber @34mm
And 12 cm LHC type:

From . S. Wilkins, D. Nélle (DESY), C. Boccard (CERN)



Comparison: Stripline and Button

TTF2 BPM inside quadrupole

simplified
Stripline Button
Idea traveling wave electro-static
Requirement | Careful Z,; =50Q
matching
Signal quality Less deformation of Deformation by
bunch signal finite size and
capacitance
Bandwidth Broadband, Highpass,
but minima but /., <1 GHz
Signal Large Small
strength Large longitudinal and | Size <@3cm,
transverse coverage to prevent signal
possible deformation
Mechanics Complex Simple
Installation Inside quadrupole Compact insertion
possible
—>improving accuracy
Directivity YES No

From . S. Wilkins,

D. Nélle (DESY)



Cavity BPM

High resolution on ps time scale can be achieved by excitation of a dipole mode:
Application: small e” beams For pill box the resonator modes given by geometry:

» monopole TM; with f;
— maximum at beam center = strong excitation

— minimum at center = excitation by beam offset
= Detection of dipole mode amplitude

(phase relative to monopole gives sign of displacement)

| _—E-field TM110

|

‘ antenna 1—/ beam

N O T #_- -

| dx}

|

| E-field .

. S E-field TM010
From beam | antenna 2

|

M. Wendt (FNAL)



Cavity BPM

Basic consideration for detection of eigen-frequency amplitudes: % A
»Monopole mode f); ; should differ from frf é
»Dipole mode f; ; separated from monopole mode E
due to finite quality factor Q = Af=f/Q
» Waveguide house the antennas
(task: suppression of TM); mode signal) A tenna for
»Frequency range f;;90~1...10G ipole mode | | -
~—E-field TM1 1 Cavity Foro ¢, frequency
Waveguide input FNAL BPM develop.
S bczfr(r)lr dipole mode Cavity: 9 113 mm
e # | Gap length 15 mm
— -_3?-’—7@‘: Mono. f;9=1.12 GHz
- I Dipole. f;;,=1.47 GHz
Qload ~600
S "\ E-field TMOI With comparable BPM

Antenna fo
dipole mode

=0.1 pm resolution
monopole mode within 1 ps

From M. Wendt (FNAL)



Comparison of BPM Types

simplified
Type Usage Precaution Advantage Disadvantage
Shoe-box | p-Synch. Long bunches | Very linear Complex mechanics
fr<10 MHz No x-y coupling | Capacitive coupling
Sensitive between plates
For broad beams
Button p-Linacs, f.~10 MHz Simple Non-linear, x-y coupling
all e-acc. mechanics Possible signal
deformation
Stipline colliders best for f~1, Directivity Complex 50 Q matching
p-Linacs short bunches ‘Clean’ signals | Complex mechanics
all e~ acc. Large Signal
Ind. WCM | all non Broadband Complex, long insertion
Cavity e Linacs Short bunches | Very sensitive | Very complex,
(e.g. FEL) | Special appl. high frequency

Remark: Other types are also some time used, e.g. inductive antenna based,
BPMs with external resonator, slotted wave-guides for stochastic cooling etc.




 General Idea of BPM

 Several type of BPM
— Shoe box
— Button BPM
— Stripline BPM
— Cavity BPM
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Characteristics for Position

Measurement

Sensitivity: Factor between position calculation and signal quantity (A/Z, logU,/U, etc)
Accuracy: Ability for position reading relative to a mechanical fix-point (‘absolute position’)

» influenced by mechanical tolerances and alignment accuracy

» for cryogenic installations: reproducibility after cryogenic cycles

» by electronics: e.g. amplifier drifts, electronic interference, ADC granularity
Resolution: Ability to determine small displacement variation (‘relative position’)

» typically: single bunch: 1073 of aperture ~ 100 pm

averaged: 107 of aperture ~1 um, with dedicated methods ~0.1 um

» in most case much better than accuracy!

» electronics has to match the requirements e.g. bandwidth, ADC granularity...
Bandwidth: Frequency range available for measurement

»has to be chosen with respect to required resolution via analog or digital filtering
Signal-to-noise: Ratio of wanted signal to unwanted background

» influenced by thermal and circuit noise, electronic interference

» can be matched by bandwidth limitation
Dynamic range: Range of beam currents the system has to respond

» position reading should not depend on input amplitude
Sional sensitivity = detection threshold: minimum beam current for measurement



General: Noise Consideration

1. Signal voltage givenby: U, (f) = Z,(f) 1,00 (f)
2. Position information from voltage difference: x oc k-U A

3. Thermal noise voltage given by: Ueﬁr (R,Af) = \/ 4k, -T-R-Af

= Signal-to-noise U;,,/U, 4 is influenced by: _ s Examplle’ GSI'LH\{AC Wlith frfT 36 MHz

= 100 - =
» Input signal amplitude E _:§
—> large or matched Zt 700 0 20 40 5(:: _ !EU | 100 120 140
» Thermal noise at R=50Q for 7=300K , e ,
(for shoe box R=1kQ) ...IMQ) 20 e FFT of bunch signal
] 3,0 L fa af, 8 MHz bandwidth -
> Bandwidth Af 5. | af_ 51, Bf, |
= Restriction of frequency width @ ",

. = 08 = af 7
because the power is concentrated 54 | ° gt |
on the harmonics of 1, Bz L J I " 1o0f, _

0.0 UJ k_l,./ ] A4 A
0 100 200 300 400 500

frequency [MHz]
Remark: Additional contribution by non-perfect electronics typically a factor 2
Pick-up by electro-magnetic interference can contribute = good shielding required



Comparison: Filtered Signal <

Single Turn

Example GSI Synchr.: u’3t, E;,i=11.5 MeV/u— 250 MeV/u within 0.5 s, 10? ions

E‘ 1.0
E 0gl | » Position resolution <20 um
£ 0'6 : (BPM half aperture a=40 mm)
. 1000 turn average for closed orbit { > average over 1000 turns
3 0471 o _ | corresponding to ~0.3 ms
. 0.2 Variation < 20 pm (sufficient for appl.) 1 or ~1 kHz bandwidth
= N T T
P 0'00 1 2 3 4
turn *10°

» Turn-by-turn data have
much larger variation

Single turn e.g. for tune
Variation = 150 pm

Beam position [mm]
o0 0 oo -
oOnN D oD O

o

1 2 3 4
turn *10°

However: not only noise contributes but additionally beam movement by betatron oscillation
= broadband processing i.e. turn-by-turn readout for tune determination



General Idea: Broadband

Processing
amp./att. lowpass ADC
Broadband processing rx,| diff or left
AY,
Y,

> e /NG| A

sum or right

@
Y
CE

beam

amp./att. trigger

» Hybrid or transformer close to beam pipe for analog U, & Uy generation or U & Uright

» Attenuator/amplifier

» Filter to get the wanted harmonics and to suppress stray signals

» ADC.: digitalization of U /Uy or calculation from Uj 4 & Uright

Advantage: Bunch-by-bunch possible, versatile post-processing possible

Disadvantage: Resolution down to ~ 100 um for shoe box type , i.e. =0.1% of aperture,
resolution is worse than narrowband processing.



General Idea: Logarithmic

Am

Input
-80..0dBm
Max.

500 MHz

» Signal is ‘comprgsed’ by a logarithmic amplifier,
filtered and applied to a differential amplifier.

lifier Schematics

LP

¥

Filter

- LP
Filter

Y

LP
Filter

Typically ~1 MHz

¥

Typically 500 MHz

LP
Filter

¥

» Typical video bandwidth ~r1MHz

» Position: x = k-[log(4/B)] =k-[log(4)-log(B)] = k'V,

Signal

ut

Advantage: Improved linearity for button, broadband

Position = K ’1‘.5V°uf

1.0

0.5

0.0

0.5

—-15

—20

T T T
a=25mm,08=0°%a=30°

- —— AU

----- AU/ZU

-
-

.
. 1 | |

T log(Uright/ U1eft24r"/

—-10 0 10

real beam position [mm]

robust electronics, large *90 dB dynamics range without gain switching

Disadvantage: limited linearity and accuracy, possible temperature dependence
Log-amp card ready for BPM use is commercially available!

20



General Idea: Narrowband

Processing
. acc. frequency + offset
Narrowband processing synchronous
/ band pass detector ADC
amp./att. LO
l\ RF, 2\(3 4>{ left
IF [~
mixer
X right
Y
Y *>|

trigger

acc. frequency + offset

Narrowband processing equals heterodyne receiver (e.g. at AM-radios or spectrum analyzer)
» Attenuator/amplifier

» Mixing with accelerating frequency f = signal with sum and difference frequency
» Bandpass filter of the mixed signal (e.g at 10.7 MHz)
» Rectifier: synchronous detector

» ADC: digital calculation of AU/ZU

Advantage: spatial resolution about 100 time better than broadband processing.
Disadvantage: No turn-by-turn diagnosis, due to mixing = ’long averaging time’

For non-relativistic p-synchrotron — variable f ¢ leads via mixing to constant intermediate freq.



Narrowband Processing with

Multiplexinc

Dedicated analog electronics for narrowband processing on one card (commercially available):

PLL
Synchr. detector

BP
Filter

% Mixer

BP
Filter

Idea: narrowband processing, all buttons at same path = multiplexing of single electronics chain
Multiplexing within *~1ms: = only one button is processed = minimal drifts contribution

Processing chain: Buttons — multiplexer — filter — linear amplifier with fine gain steps

— mixing with £, -— narrow intermediate frequency filter BW 0.1 ....1 MHz
— synchronous dgtector for rectification — de-multiplexer — slow and precise ADC

Advantage:High accuracy, high resolution, high dynamic range by automated gain control AGC
Disadvantage: Multiplexing = only for stable beams >> 10 ms, narrowband = no turn-by-turn
Remark: ‘Stable’ beam e.g. at synch. light source, but not at accelerating synchrotrons!



Analog versus Digital Signal

Processing

Modem instrumentation uses digital techniques with extended functionality.

Traditional analog processing

BPM analog | Analog frequency Analog demodulator digital
—_—> >

signal translator And filter output
Analog

Digital Digital processing (triggered by telecommunication development)

BPM analo Analog fr Digital Digital digital

g alog frequency | | | Digita .1g1 a g

signal translator filter Signal Proc. | output

Digital receiver as modern successor of heterodyne receiver

» Basic functionality is preserved but implementation is very different
» Digital transition just after the amplifier&filter or mixing unit

» Signal conditioning (filter, decimation, averaging) on FPGA

Advantage of DSP: Stable operation, flexible adoption without hardware modification
Disadvantage of DSP: non, good engineering skill requires for development, expensive



Digital Signal Processing
Realization

bultan button
data ¢ & % & cata

| M2 <
5 5

B—s 2 | RFB —» ADCB » 3 [— DDCB —*{ LPFIB » LPF2B > B
3 3
i [ & g

c—{ & = rRrC —{ ADCC >< » £ —f pocc — LPFIC o LPF2C > C
3 - 8

! 4
D — »[ RFD |—{ ADCD >< > — DDCD —{ LPFID o[ LPF2D > D
Wizdeband Narowband l
A

Gain and gain equalization control

From I-Tech LIBERA Specification



LIBERA Digital BPM Readout:

Analog Part and Diqitalization

Timing for Synchrotron Light Source: Crossbar multiplexing of
f£=352 or 500 MHz, revolution f ., ~1 MHz all channels at ~13 kHz (analog)
- Automatic gain control by 0...31 dB
T ' _LJ attenuators
A — » RFA » ADCA | ———
4 Filter BW 10 MHz@f ¢ (analog)
2l M2
5 B C e e .
8 — 3 [ RFB<DCB | >< N o Digitalization with 117 MHz
g . 2 matched to sub-harmonics of f ¢
B E S —> Undersampling: every 4t bunch
c—-§=RFC » ADCC | >< * &
Digital compensation of channel variation
| 4
o— o reo = moco (S-S5 Digital de-multiplexing
button butten
data & ¢ % & cala $ 99 V¥
Gain and gain equalization control




LIBERA Digital BPM Readout:

Digital Signal Processinc

Digital Down Conversion .. .
_ Timing for Synchrotron Light Source:
for data reduction
N frj=3 52 or 500 MHz, revolution f,.,, ~1 MHz
Digital Low Pass Filter
A — | — output for turn-by-turn data | |- o DDCA bl LPFIA fepepl LPF2A > A
=
—> fast out with ~10 kHz rate ‘\\
s —{| e.g. forclosed orbit feedback | |, 5 || pocs | Lpris o LPF2B > B
3
Digital Low Pass Filter 3
I s—_.}
¢ —1| — slow out with #10 Hz — & [ DbCC [ LPFIC * LPF2C > C
5
Turn-by-turn acquisition:
© | Triggering ADC with frey?1MHzZ — *| DBCD = LPFID *| LPF2D * D
Wideband Narmowband
'—I button button
data & & & & cata 'R R
Gain and gain equalization control

Remark: For p-synchrotrons direct ‘baseband’ digitalization with 125 MS/s due to f.<10 MHz



Amplitude-to-Time Normalizer

Schematics

Zero
crossing
detect

Filter Delay=0 | C=A+B(T))

=B+A (Ty)

Zero
crossing
detect

A

'.'.'I.\

Remark: Design for LHC with f ~40 MHz and ~900 locations
Partlv combparable to traditional AM/PM modulation



Amplitude-to-Time Normalizer

Description

General functionality for Amplitude-to-time Normalizer:

» Bipolar signals A, B are split into two branches

» One branch is delayed by T

» The delayed signal of A is added to the direct branch of B and vice versa

» The zero crossing time depends on the signals ratio and varies in opposite directions for
two branches; it can vary up to a maximum of T

» Zero-crossing detector converts to time — start of logical pulse <> zero crossing
» Delay of channel D by T

» AND produces time overlap of channel C and D

» Position information is given by At =2*T, [(A-B )/(A+B)] + T,

» Requirement: Bunch separation > T;+T,

Advantage: reduction of 2 channels and cables, high input dynamics, auto-trigger

Disadvantage: requires specialized and tightly time-adjusted electronics, no intensity signal
Remark:



Comparison of BPM Readout

Electronics (sim

lified

Type Usage | Precaution | Advantage Disadvantage
Broadband p-sychr. | Long bunches | Bunch structure signal Resolution limited by noise
Post-processing possible
Required for fast feedback
Log-amp all Bunch train Robust electronics No bunch-by-bunch
>10ps High dynamics Possible drifts (dc, Temp.)
Good for industrial appl. Medium accuracy
Narrowband | all Stable beams High resolution No turn-by-turn
synchr. | >100 rf-periods Complex electronics
Narrowband | all Stable beams Highest resolution No turn-by-turn, complex
+Multiplexing | synchr. |>10ms Only for stable storage
Digital Signal | all Several bunches | Very flexible Limited time resolution
Processing ADC 125 MS/s | High resolution by ADC — undersampling
Trendsetting technology | (complex or expensive)
for future demands
Ampl.-to-Time | (all) Limited £ ¢ Only 2 channels Special electronics
Normal. Low bunching | High dynamics No intensity signal
factor A bit exotic

and AM—-PM




With BPMs the center in the transverse plane is determined for bunched beams.

Coupling beam — detector given by the transfer impedance Z(w) signal estimation Iy, ,,,— U;,,
Different type of BPM:
Shoe box = linear cut: for p-synchrotrons with f <10 MHz

Advantage: very linear. Disadvantage: complex mechanics
Button: Most frequently used at all accelerators, best for f..>10 MHz

Advantage: compact mechanics. Disadvantage: non-linear, low signal
Stripline: Taking traveling wave behavior into account, best for short bunches

Advantage: precise signal. Disadvantage: Complex mechanics for 502, non-linear
Cavity BPM: dipole mode excitation — high resolution 1pum@1us < spatial application
Electronics used for BPMs:
Basics: Resolution in space <> resolution in time i.e. the bandwidth has to match the application
Broadband processing: Full information available, but lower resolution, for fast feedback
Log-amp: robust electronics, high dynamics, but less precise
Analog narrowband processing: high resolution, but not for fast beam variation
Digital processing: very flexible, but limited ADC speed, more complex



Resources and References

« Peter Forck: Lecture on Beam Instrumentation and Diagnostics at the
Joint University Accelerator School (JUAS),
see also the extended Bibliography
http://www-bd.gsi.de/conf/juas/juas.html

e« CERN Accelerator Schools (CAS):
http://cas.web.cern.ch/cas/CAS%20Welcome/Previous%20Schools.htm and

http://cas.web.cern.ch/cas/CAS_Proceedings.html

— Rhodri Jones and Hermann Schmickler: Introduction to Beam Instrumentation and
Diagnostics, CERN-2006-002.

— Daniel Brandt (Ed.), 2008 CAS on Beam Diagnostics for Accelerators, Dourdan,
CERN-2009-005 (2009).

— Heribert Koziol, Beam Diagnostic for Acclerators, Univ. Jyvaskyla, Finland, CERN 94-
01, http://schools.web.cern.ch/Schools/CAS/CAS Proceedings.html (1993).

« Jacques Bosser (Ed.), Beam Instrumentation, CERN-PE-ED 001-92, Rev.
1994


http://www-bd.gsi.de/conf/juas/juas.html
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How to decide a BPM type?

X
\S-band Linac \Q
/ . ¥ Lwaedao.d /[ Transport
High Energy Accelerators Research Organization (KEK) Damping Ring 1 e s e

LINAC and transport lines vs Synchrotron ? 1. Beam transport line!
Protons/lons/electron? 2. Electron!
Total Beam Energy? 3. 1.3 GeV!
Non-destructive or Destructive? 4. Non-destructive!
How precise, accurate, resolution? 5. Nano meter level~! And ns decay time!
Space for installation? 6. Inside vacuum chamber!

7

Bunch spacing? . 150ns!

Nounhkwh=

Button
or
Stripline BPM

Cavity BPM
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How to decide a BPM type?

] 50
=
High Energy Accelera(orsResearchOrgi:\?zaa':?o:(i::;) ; B;mplng Ring 3 :“:__f“:ﬂ ZMM

LINAC and transport lines vs Synchrotron ? 1. Beam transport line!
Protons/lons/electron? 2. Electron!
Total Beam Energy? 3. 1.3 GeV
Non-destructive or Destructive? 4. Non-destructive!
How precise, accurate, resolution? 5. Nano meter level~! And ns decay time!
Space for installation? 6. Inside vacuum chamber!

Decision

Cavity BPM




Introduction / Cavity BPM

° Principle Generates dipole (TM110) and monopole (TM010) modes

— A
2
Dipole mode ~ q-6x 2
beam gﬁ
~ - '
ox}
e, S99
N\—E-field TMO10 |
y | Monople mode ~ q 1 >
/&—h _ fo10 frequency

Needs monopole mode(TM110) suppression!

v
it
i‘lw
gl

«— beam pipe

1. Small thermal noise due to narrow band width (~ MHz).

5 ,\ .. 2.No signal at zero position.
v i <™ 3. Position is calculated with the dipole mode of cavity pickup
(" .——— lpl rienn . . . .
' i 4. Normalization from different signal (monopole mode).
coupling slot v>ve guide

Dipole mode selectable coupler



Introduction / Cavity BPM

Position
=2 nm

* Principle of the position measurement

TM(110) field

&= \
—_
R .
s
-
—
F 3
= Detector
/ 4 /
s v Low-Q IP-BPM2]
LOW_Q IP-BPM %10 \l .// E t|I:! ‘?‘I xI Eﬁl'o'" III'%
S 4 -
2Ny Hoto| et
N = 0.674mV/nm
0—10 0 10 20 30
Mover Position[um]




Introduction / Cavity BPM

Parameters for cavity BPM

Vv
out o 211/0)
/
t
e Edsin(jwl + @)
Vouto
U U 1 1 1 1 _oU
QO = QGXt =— = = + Q. = p
Pwall Pout wT QL QO Qext
7N, " OX g SNRin
S: VoutO = V Zl)out — %\/Q (R/Q) ks SN [1)0111
v SNRin - SNRout
Where RIQ=— V= J E-dz electronics
olU system NE ‘ .

N: V,,, =+/4k,T - BW



Design of Low-Q IP-BPM

The rectangular design is determined since fO for TM210 or TM120, which is
mainly determined by cavity size in X and Y direction, a and b. From
simulation and measurements of test cavities, a = 60.88 mm and b = 48.57
mm were determined.

., 60.88 R
/ N §_§ 30
X direction (= a) 60.88 R=3 i]/ RT“ )
Y direction (= b) 48.57 ““'57.#> C_}( 8
Z direction (= L) 5.8 N
»{«1.5
X-beam pipe 12 DIM-S -
Y-beam pipe 6 N 5% S R

Figure 1: Dimension of cavity

The cavity length L has to be shortened in order to reduce angle sensitivity. However, shorter L
decreases R/Q which reduces position sensitivity also. To recover position sensitivity, Rp is
required to be small, in order to prevent leakage of the field from the cavity.



11cm Low-Q IP-BPM design

* 11cm Low-Q IP-BPM drawings of HFSS

Designed frequency
X-port: 5.712 GHz

> Y-port: 6.426 GHz

Full size : T1Tcmx11cm
(to install IP-Chamber)
Light weight:

1 kg (Single)

2 kg (Double)

Wave guide

Antenna

50 100 (mm)

0 50 100 (mm)



11cm Low-Q IP-BPM sensor cavity design

« Electric field mapping of HFSS simulation

Mono-pole mode X-dipole mode Y-dipole mode
:3.9808 GHz :5.7127 GHz : 6.4280 GHz



Results of HFSS simulation

11cm AL ver.

Port | f, (GH2) B Qo Qext Q T (ns)
X-port 5.7127 5.684 4959.29 872.42 741.91 18.72
Y-port 6.4280 5.684 4670.43 821.61 698.70 17.23
Output signal for Y-port (11cm AL ver.)

Paramete V .
alue | Unit
. r
> 5 =1
=, 2nm offset = ol q (charge) | ~ 1.6 nC
S 0 2o
S = gl Beam
3 s S 3 energy | 13 | GV
0 50 100 150 200 250 300 a2 0 2 4 Bunch
8 mm
Time [ns] Beam offset [nm] length




Tested Double block IP-BPM

* Made by Aluminum (2kg for double block)
— Precise surface machining within 4um.




IP-BPM RF measurement

V_out
Port fo B Q Q Q T (ns) (uVi2nm)
Designed Y-port 6.4280 5.684 4670.43 821.61 698.70 17.23 7.448

Double_1 Y-port 6.4099 0.668 845.66 1266.7 6.010

IP-BPM A Y-port 6.4079 1.140 1231.64 1079.99 575.42 14.29 ﬂ

Double_2 Y-port 6.4097 0.641 834.70 1302.5

IP-BPM B Y-port 6.4080 1.268 1188.69 937.154 524.02 13.02 6.829

Single_1 Y-port 6.4089 0.986 1238.0 1255.9

IP-BPM C Y-port 6.4075 1.206 1318.40 1093.43 597.71 14.85

I :Previous measurements results (6.4095GHz)
:Re-measurements results in the IP-chamber at July 2013

Average frequency: Y-port 6.4078GHz ‘ The reference cavity frequency!

The Average voltage was 6.248uV/2nm that means 3.124uV/nm for 1.6nC! However, we only
used 1-port signals so that the out voltage correspond to 1.562uV/nm for 1.6nC!




Reference cavity BPM design

« Cavity shape for HFSS simulation

Antenna

X- Ref. cavity

Y- Ref. cavity
Port fo (GHz) | Aim f, B
X-port | 57107 @ 56978 | 0.00964
Y-port 6.4148 6.4078 0.01528

Qo
1201.20

1228.83

- Cavity size :

42.95mm, 38.65mm

- Beam Pipe radius:

8 mm (circular pipe)

- Material of BPM:
Stainless steel (SUS304)

Output signal strength

= 22 ~ 5dB (1.6nC ~ 0.32nC)

This output strength too
strong to connect LO input.
So, we add 20dB attenuator.

Qext Q T (ns)
124578 | 1189.73 | 33.157
80421.2 @ 1210.34 = 30.029




Reference cavity BPM

0000-d23-NNX
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Up & down
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can control
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ofo|=mnle] H=_153—202(Mitutoyo)
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Test scheme @ end of Linac

 Distance between each elements

— In this test, we used two BPMs (Double block).

— Beam test performed during two shift
— The beam position at Low-Q IP-BPM was estimated by using
two strip-line BPMs.

Linac-Chamber

ZH1P ZV1P ZH?2P Z\/ 2P For linac test
Steering Steering Steering Steering M L2 P M L3 P
magnet magnet magnet magnet Strip-line BPM Strip-line BPM /\

<€ > € —> € —> € > € > €

68cm 68cm 68cm 68cm 313cm 154cm



Results of Nov. beam test

- Calibration Run was made under 40 dB, 30 dB, 20 dB attenuation
cases. This is to enlarge dynamic range of the electronics, in order

not to saturate while sweeping the beam.

0900 900 1000 1100 1200 1300 1400 0 500

1.4 2.0 T T T 1.0
1.2 20dB 1.5} 30dB 0.8/

1.0 g’ﬁ * gﬁ 40dB
g”o.s 8 1.0t 8 0.6}
BPM1 2 06 E ) E 0.4}
Y-port ™ 0.5 0.2}

0.2
0.0 0.0
1000 1500 2000 0 500 1000 1500 2000

Mover Position[um]
Mover Position[um] Mover Position[um]
2.0 2.0 1'2
. 1.0}
1§ 20dB o 1.5 30dB
BPM2 501.0\#\ éﬂ 1.0} gﬁ gﬁ 40dB
Y-port = s = 0.
05 0.5} - 0.4
0.2
0.

0.0 . : : :
0 wow0 100 a0 0 500 1000 1500 2000

Mover Position[um] Mover Position[um]

0.0

O N N N N
0 500 1000 1500 2000

Mover Position[um)]



Results of IP-BPM y-port sensitivity
At November beam test

- IP-BPM sensitivity

(For y-port)

= 2.2558[mV/um]

(one-port measurements of BPM1)

= 2.22996[mV/um]

(one-port measurements of BPM?2)

Designed sensitivity

- 3.005 [mV/um] (BPM1)
- 2.964 [mV/um] (BPM2)

ICT monitor: 0.36~0.38 *10710 (at LNE)

3.5

Voltage

120014001600180020002200

3.0¢
2.5}
2.0}

3.5/ |
3.0
2.5

Voltage

Mover Position[um]

2.0}

15t
120014001600180020002200

Mover Position[um]



IPBPM electronics Specification

Stage Function  |Gain [dB]| NF [dB] | P1dB [dBm] | Power Part # | [mA]

1 Ring Coupler | -3.0 3.0 100000000 | -63.0 MS

2 LNA 19.0 1.8 15 -44 | HMC902LP3E 80

3 Ring Coupler | -3.0 3.0 100000000 | -47 MS

4 DA 19.0 1.8 15 -28 | HMC902LP3E 80

5 Attem / Filter -3.0 3.0 100000000 | -31

6 DA 19.0 1.8 15 -12 | HMC902LP3E 80

7 Hybrid -3.0 3.0 100000000 | -15 MS

8 Mixer -71.0 7.0 0 -22 | HMC129LC4

9 LPF -1.0 1.0 100000000 | -23 SXLP-40+

10 OPAMP 16.0 15.0 | 100000000 -7 OPA847 40
Total Gain 53.0 4.88 -7 Toal Current 280

LO#

LNA - Power

BPF "
Atten Atten shifter divider

RF-»

RF -

‘ Power

divider

LPF
BW:40MHz OPAMP

IF1(1)

IF1(Q)

KNU Electronics

BW of LPF 40MHz
Gain 54dB~ 45dB
Thermal Noise (by calculation) -96dBm
Estimated Resoluti_on 1nm
due to thermal noise
Cascaded NF 1.88dB
Estimated Resolution Tnm
considering NF (NF 1.88dB)
Estimated Latency 25ns




Y-port electronics linearity test

The IPB-Y electronics performance was checked. The linearity test was performed due to

different RF input power. The linear range for Y-port electronics was checked from -
94.68dBm to -46.85dBm.

The conversion gain was measured from 53 to 54dBm within RF working range.

10 T T T T T T T T I T [ ! [
Upper limit of total system: 6 [dBm]
4 T |Equation y=a+b’x [ 7
Adj.R-Square = 0.99942
Value Standard Error
0 — C Intercept | 51.56792 0.54515 —
C Slope 0.97259 0.00706
T f—_‘—i’Measured data T
410 - Linear Fitting a

LO input: 0 [dBm]

LO Freq. : 6.436 GHz

-20 4 RFFreq. : 6.426 GHz
Oscilloscope: 20MHz BW

The Y-port electronics
dynamic range.

-94.68dBm ~ -46.85dBm .

Measured IF signhal power [dBm]

Noise of total system: -40.52 [dBm]

| | | | | | |
-100 -90 -80 -70 -60 -50 -40

Input RF signal power [dBm]



Installation of IP-BPM system
with alignment check

n




Installation of IP-BPM system

atfop7@tc-op9:/mntivtrak/atf-users/userhome/atfop?

__/
Pitch correctign
N

3075

dit View Search Jerminal Help

108

!

[ 5, Shims —s¢

IP-chamber re-align
by using IP-BPMs

< (@ 2010709

Tektronix

@ ooV o

Firefoxv [ (] Tektronix DPO3000 ¢ |4 Log20131031d < ATFlogboo... 3¢ | M Dear Oscar - lovesiwony@g...

ADC system

check
(C009-H)

3 | [ UPEG Image, 3264 x 1840 pi... 3¢ | <

rElE oI w & O
IPBPMMovercControl (on atfsv1.atf-local) x
Cedrat Mover (-1V ~ 7V) Temp  29.12
Read Wite
Horizontal Mover
sl 6.034 v 6.000 | V| Set |
Vertical Mover 1 “set |
el 0,077 v 0.000 | v Set |
vertical Mover 2
(Mover3) 0.017 v 0.000 |V Set |
Vertical Mover 3 “set |
) -0.013 v 0.000 || set |
PIMover ( OV~ 10V) Temp  29.66
Read Wite
Horizontal Mover
T 5.938 v 6.000 | V| set |
Vertical Mover 1
prbsimiye -0.003 v 0,000 |V set |
Vertical Mover 2 “Set |
e -0.005 v 0.000 | V| Set |
Vertical Mover 3 10.005 v 0.000 | v set |

(Mover E)

IP-mover
control
program
with
I-Q tuning



IP-BPM beam test
Experimental scheme

 Cable connection

= IPBPM Y-port
— V.Att to elec.
Ref. Y-port
—— Splitter to elec.
Splitter to diode
Half inch cables

oscillo Variable

scope remote
att.

splitter

Outside tunnel Inside tunnel



Bema position resolution measurements
of Low-Q IP-BPM

« 1-Q tuning

BPM1 BPM2 BPMS3

i — il
) % st I-Q.tuning was performed by using
W i - . oscilloscope. When | signal shows the
Beam - e A maximum position, Q signal was set to
B SO minimum position by using phase shifter.

(a) Before alignment

BPM1 BPM2  BPM3
e 4
Beam ﬂ ﬂ H B - = e Yal

tY1O .
I-signal

Y2Q
Y3Q

LLL

b) Beam angle corrected .
b) d Q-signal

BPM1  BPM2 BPM3
=3l |

QUL ==

Y2Q
Y3Q

LLL

- Spacer

(c) Cavity height aligned



Bema position resolution measurements
of Low-Q IP-BPM

IP-BPM calibration beam test

0.674 V/um
beam
@_ - Estimate  Standard Error t Statistic P-Value
a53 | 0.673998 0.0264348 25.4966 8.65262x10~*
bS53 | -3.79521 0.220476 -17.2137 3.0282x 107

c53 10.931853 0.282349 3.30036 0.0013518

10 0 10 20 30
Mover Position[um]



Calibration run of IPBPM

« We performed calibration run under the 0dB.
— The used optics was 100 x 1000 beta optics, which optics has Tum level jitter.
— The QDOFF was set to IP waist.
— The data was taken at 150619 day shift.
— The used method was integration method from #53 to #63 sample numbers.
— Also I’ and Q' does normalized by Ref_Y signal with same sample points region.

« The Calibration factor was calculated by (All the signal was integrated),
I' = (I*CosX + Q*SinX ) [counts], Q" = ( Q*CosX - I*SinX ) [counts]
Calibration factor = ( A I' [coounts] )/( A Mover position [um])

« All the | and Q signal was not performed a mean subtract calculation.
Because we installed C-band region band pass filters.



I'/ref, Q'/ref

-1.0
-1.35 l'

I'/ref, Q'/ref

= &
=)

Calibration test

| B

by using Low-Q IP-BPM

1.0

P

0.5

IPA

.~

0.0

Y

e |

s

-82 —-80 -78
mover position [um]

-76

.
S}

=
=

IPC

&
)

-108

-106
mover position [um]

-104

I'/ref, Q'/ref

A
1 //
IPB j
0 /’/
//
= ef. Y [ADC counts]-
=8188.65 counts
=
: -84 —82; -80 78 76
mover position [um]
Calibration Norm.
Channel factor Calibration
of BPM [ADC factor
counts/um] [/um]
IPA-YIQ 2618.96 0.3198
IPB-YIQ 2489.56 0.3040
IPC-YIQ 1040.60 0.1271



The method to calculate the
residual of IP-BPMs

We take an extrapolating method by using geometrical relation between thr

—__ce |P-BPMs,

_Jo _ o _ o
h=2w "= 2y P=12,
d fU d fo dfo
= Zs3, =-713, — =
oL~ 7 oL oL
Residuals are expressed by ;

Af? L3 (22 [ o o}
Afy |={Z?2 1 (P =4
A ) \@P P 1)\ 73

(eometrical factor

20135 118 85 &%E

(Interpolated by IPBPM-B and C)

0.531065

Differences are expressed by ; P ' 1
1 AL*I"'B

_ vy — 1322  IZas — a2+ I3Z12 : 177
h=h-— = Z Tl o
23 23 ¥ ] } 1 ¥
1 1 1 1 1 1
I3Zvg+ I1Zyy  —DhZys+ IyZhy — 137 [ [ [
f) I, - 7 = 7 1 1 1 1 1 1
13 13 ——— -—— -——

fo= Iy 22— hZn  hZn-bhlist B2y Beam position measurement and prediction

S Zyy Zyy
fo=hZy — L+ 137, [PBPM-A [PBPM-B

(Interpolated by IPBPM-A and C)

0.802629

IP chamber
side figure

Shintake monitor
Laser part

. —] Y U4
\ U4
IPB S 4
79.2mm4 £ 79.2mm |
Since det A is zero, 01=0y=03=0 = AW
4 \
Zn VAD) \/ Za3., Zy., \/Zzs AT
- A 2202 Af (B 41+ (222 = Afy)y [ By 4 (23)2 41
o= ARG Doy < apy [y 1 P2 = gy [y Doy

(Interpolated by IPBPM-A and B)




Resolution calculation: 0dB

We performed resolution run under the 0dB
— The used optics was 100 x 1000 beta optics, which optics has Tum level.
— The QDOFF was set to IP waist.
— The data was taken at 150619 day shift.
— The used method was integration method from #53 to #63 sample numbers.
— Also I' and Q' does normalized by Ref_Y signal with same sample points region.
— The beam was set to few um offset position.

The Calibration factor was calculated by (All the signal was integrated),
I' = (1*CosX + Q*SinX ) [counts], Q" = ( Q*CosX - I*SinX ) [counts]
Calibration factor = ( A I’ [counts] )/( A Mover position [um])

All the | and Q signal was not performed a mean subtract calculation.

Predicted position(ADC counts) for IPA was calculated as follow equation,
— Predicted position of IPA-YI' = a1*IPB-YI'+ a2*IPB-YQ'+a3*IPC-YI'+ a4*IPC-YQ'+ a5*Ref-Y
+a6*IPA-XI'+ a7*IPA-XQ’ +a8*IPB-XI'+ a9*IPB-XQ’'+a10*IPC-XI'+ a11*IPC-XQ'+ a12*Ref-X+a13

— Residual of IPC-YI' = Measured IPC-YI’ - Predicted IPC-YI



The results of IPBPM resolution test
at June 2015 in ATF2

1

Beam position prediction

<]
¥

|

Beam position

measuremen@
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& 55 R
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Measured Position[um]

Convert to
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0.10
= 0.05) N .
. . L - A
5 A |lig i L
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E —0.05 1
= Residual value |
& —0.10 = measured position — predicted position
0 100 200 300 400 500
Pulse number [Arb. unit]
Measured resolution e
60l = 26.8664nm e
=
= Measured beam chargé / ]
g 40r = 0.2945x1.6nC .
s ~30% beam charge
E=
20+
0 L ———— ; ; o 1 - 4
—0.10 —0.05 0.00 0.05 0.10
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RMS of residual Measured charge

Norm. Resolution = Geo. factorx
Calibration factor Nominal charge

X

7.9nm



IPBPM orbit feedback study

X

% X
st
1< Bunch IPBPM-B IPBPM-C

FONT
Read Orbit and calculate kick angle

2"d Bunch

IPBPM-B IPBPM-C

Feedback ON



IPBPM orbit feedback study

Attenuation QDOFF Feedback | K1B2 offset
O dB 137.4 A On -500

ff: jit 0.4 um Off: jit 0.41 um |
n: jit 0.37 um 6 On: jit 0.067 um |

)
)

Position (um

Trigger number Trigger number




IPBPM orbit feedback study

K1B2offsetScan1_-500

Attenuation: 0 dB IPE (¥) bunch 1

W
4]

AQF7FF(Y): -950um S
QDOFF: 137.4A '522
o 1
K1B2 offset: -500 DAC £ 1o
5
IP feedback: On o, MU |
Position (um)
IPB (Y) bunch 2
25 =Off: 0.41 um
o On: 0.067 um
Feedback off beam jitter: ;gf:
370nm. J o
Feedback on beam jitter: 67nm 5
~82% beam jitter was reduced °
0

And well focused orbit . 5
feedback. osition (um)
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