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Measurement of closed orbit and/or betatron orbit with BPMs
around accelerators gives beam optics parameters (4(s), #(s), n(s) etc) .

Wideband BPM system measures betatron orbit:
x(s) =~/gf(s) cosv{p(s) — ¢y}

Narrow band BPM system measures closed orbit:
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Electrostatic pickup of BPM

- Beam induced charge on pickup electrode -



 The most popular BPM pickup consists of
electrostatic induction pickup electrodes.

hadron machine (long bunch)
---- a pair of parallel plates
triangle cut pickup electrodes
diagonal cut cylindrical electrodes
etc.

electron machine (short bunch)
---- button electrodes (2 buttons, 4 buttons)



Beam induced charge on the cylindrical pipe

Charge distribution on the pipe surface can be calculated by using mirror charge.
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Beam induced charge on BPM electrodes with
opening angle of ¢,

Induced charge on parallel-plate electrodes:

dy!2
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~dy /2

A s L7 gin"
- zn{¢0+4,§1n(]€j sin( )cosn@} Bearm %

chamber

Ty /2
9.= | o(R @RS
T—¢y /2

__A c1(r %
= 2ﬂ{¢0+4%n(Rj sin{n(z + )}cosn@}

beam charge

Induced signal voltages are expected to be : Electrostatic

electrode
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A/Z ratio of signals of parallel pickup electrodes
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Calculation of beam induced charge with
finite boundary element method

For the case of the beam chamber with arbitrary shape cross section, the
charge distribution induced on the chamber surface by the charged beam
can be calculated using the finite boundary element method.

The two dimensional potential ¢(r) in the beam chamber is given by

1 1
H(r) = <j> h{‘r - r,(S)JJ(S)dS + Zln(‘r - VOJ

surface

A :line density of the beam charge (pencil beam) at r,
o(s) : surface density of beam induced charge on the beam chamber

o(s) is given by solving the equation for ¢(r) =0 on the chamber surface.



Finite boundary element method (1)

for calculation of induced charge distribution

<_f> ln[ 1, ja(s)dsz—/iln[ 1 ]
chmaber ‘l’ -r (S)‘ ‘I" o I’O‘

surface

The line integral is performed on the closed line along the cross section
of the inner surface of the beam pipe.
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A :line charge density of pencil beam

o : surface charge density on j-th element of the wall



Beam induced charge on the rectangular
beam chamber
(finite boundary element method)
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Beam Induced charge on triangle cut BPM

q; = U o(s)dsdz

electrode—i

dr — 4L _*
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Finite boundary element method (2)

Induced harge distribution o(s) and BPM chamber
pickup electrode potential V, can be Pickup electrode-k
obtained simultaneously with finaite

boundary element method.

For RC >> 1, (bunch length in time),

1 1
(j) In —— |o(s)ds =-A1In (r : chamber surface)
r=r'(s) r=n|

chmber

CJS In l, o(s)ds+ Aln S 2rggV,  (r:k-thelectrode surface)
‘r—r(s)‘ ‘r—ro‘

electrode-k

v
(JS o(s)ds = _Fk (V} : electrode potential)

electrode-k

» o(s), V, are determined by finite boundary element method



When we have gap between electrode and chamber,

K becomes smaller than 2sin(¢/2)/(R¢/2)
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Beam induced charge on diagonal cut cylinder

Surface density of the beam induced charge
on the inner surface of the cylinder

A a® —r?

2a g* +r* —2arcos(¢ - 0)

o(a,$)=-

Induced charge on each diagonal cut electrode
has linear dependence on the beam position x (or y).

27

g, (x,v) = j atan O(1 £ cosd)o(a, d;x, y)dd
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Coupling between electrodes
(diagonal cut BPM/J-Parc) T. Toyama

CLR
| |

S Mesured capacitance matrix (pF)

Vo Vi 197.535 —7.457 —0.004 —0.018

(€)= —7.457 205.356 —-0.020 -0.066
L—R 7771 ~0.004 —0.020 207.689 —7.301
Frequency dependendce Of K ( = K')C) —0.018 -0.066 —7.301 210.604
. L+R o
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o14 Wire calibration o o1a Calculation
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pacitive coupling
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Charge distribution in the KEKB BPM pickup
(BPM wi |
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Calculated charge distribution by
finite boundary element method
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Mapping of KEKB BPM calculated
by finite boundary method

x=-10mm LER94 & «=10mm HERracetrack
_ \ /
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BPM calibration stand (wire method)
(J‘Pa I'C MR) T. Toyama

s [
| — Wire _________].|._. \ ...... S
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Impedante-matct

Transfofmer
l L L Att.
. o —{ }— AMP
Weight Portl Ports Port3 Port4 PEE

Network-analyzer
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BPM electrode signal at wire calibration
(diagonal cut BPM) T. Toyama

Stretched wire current is not equivalent to the beam.

FPORT1 signal PORT!1 signal

Vu Vr Q/ s
d N N

INPIRS
-

e
o
=

Y [mm]
x [mm] 60 -40 -20 20 40 60

Signal of a diagonal cut electrode (upper electrode)

1+
Vi (x,y)=V > 2“ — Capacitance between wire and
| T ta —(x +y ) the pickup electrodes.
cosh o Canselled in A/%.
w
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NA -

Correspondence between beam position and
u ignal : Mapping
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Antenna position x=F,(h,v)
(beam position) y = Fy (h,v)

2 3

F.(h,v)=ay+ah+a,v+ a3h2 +ashv+asv” + a6h3 + a7h2v+ azghv2 +agy” +---

F,(h,v) =Dy +byh+byv+b3h” + byhv + bsv® + bh® + byh®v + bghv® + by ++--

a,, b, are determined by least squares to fit the measured mapping data.
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Signal processing



Pickup res

onse

BPM pickup

JoCR Q(w)

Viw)=
1+ joCR C

Same response as HPF

Button electrode signal of KEKB BPM
(R=Z,: cable impedance)
Equivalent circuit (observed through 100m coax cable)

¢ \Y

dQ/dt C’D C=—= R §

Q : induced charge on pickup
electrode

IBIC2012, Tsukuba 25



Capacitance of button electrode (KEKB)

V

dQ/dtCD C== RZ

Single bunch beam
ja)CR e—a)ZO'ZZ/CZ

V(w)~———=
(@) 1+ joCR
w<<clo,
wCR
(@)~

J1+ @*C?R?

C can be estimated from the
signal spectrum obtained by
single bunch operation.

IBIC2012, Tsukuba

Calculated spectrum([dB]

Calculated spectrumrdB)

M. Tejima
KEKB/LER BPM
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Resonance problem of signal cable

BPM pickup damping resistor

A

R

coax. Cable (Z,)

(3.8m) YV ‘ (1 kQ)
Capacitance between

electrode and chamber - V()= G(o) O(w)
including external capacitor C

To reproduce bunch shape in the observed signal V, R, is required
to be R C>> (bunch length in time) for electrostatic pickup.

High R, causes signal cable resonance.

R connecting between the pickup electrode and the cable is effective
to damp the resonance (R=50-100€2 for Z,=5002).



Resonance by
C and the reactance

of the cable loaded _—

with R, and C,.

IBIC2012, Tsukuba
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A/Z processing at PEPII

C. Roberto et al.

BPF I/Q demodulator LPF (20MHz)

| \

\
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\ A
~ l {att. driver |——
AU eI [Py
th D
] | %ﬂ-b -
A P
button | cal = — [sw.driver]|
signals LA- Qﬂé
T D>
| 5o Y — St e
RF 1&Q demodulator (1 of 2) -

Baseband processor

Signal bandwidth is designed to be 20 MHz for turn-by-turn measurement
with 20 nsec sampling.
Measurement bandwidth is programable by DSP.



A/Z processing at KEKB
(narrow bandwidth)

The signal frequency is down converted to the IF by a super-heterodyne.

In order to avoid errors caused by analog processing to detect signal amplitude,
IF signal is directly digitized and the spectrum amplitude of the beam signal

is detected by FFT in the DSP.
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MR

BPM
pickup
signal

A/2 processing at Jparc
(wide bandwidth: 10MHz)

CPU

RF trans.  Att. Buffer LPF Amp. ADC Data
10,20,30dB |V, |<2V  5-h x2,5,10,  14bit  buffer DSP
10MHz  20,50,100 80MS/s
> Att > > ;Qtj > >
> Al > > ;:<:j > >
> At > > ;:E:j > > )
> Att > > ;:itj > > )

-

Each electrode signal is directly digitized.
The spectrum amplitude of the beam signal is detected by FFT
in the DSP.

High
Level
CNTL
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Figure 2. The log-ratio circuit block diagram.

NORMALIZED OUTPUT (dB)
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Figure 4, Log-ratio circuit transfer function

curves for 60 MHz rf input signals.
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Figure 6. Error and normalized output curves
for the 6-dB line of Figure 3.

ERROR (dB)
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F. D. Wells et al.

 Output signal is more linear than
A/IZ for parallel electrode pickup.

* Normalized beam position signal is
obtained in real time.
---- Available for real time feedback

* Gain ripple of the log-amplifier
against the input signal level
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‘E .B M. Tejima

Log-ratio BPM at

/ I— LogB-LogD !
9 l__ + LogD Trigger

A — wr | eer F%% > LogA
/ I—»f LogA-LogC
- K
’ " c —f r | eer F%% [ > LogC
/ hSum
B — tpF || epF I—%% - LogB
>

D —{ wF | BPF |

X =log(A/C)-log(B/ D), Y =1og(A/C)+log(B/D)

BPM mapping (KEKB/HER BPM)
AT Log-ratio

Mappdrg far HER BPH
Mapping for HER EFM

o0s _

o4

Improved nonlinearity
by log-ratio processing.
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PO R P A R LI PR 0z
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AM-PM conversion processing

phasor

0-3 ‘ o
A— BPF 0 . OUTPUT
INPUTS : LPF —
0-3 0-:
B— BPF @ \
DETECTOR
SPLITTERS COMBINERS LIMITTERS
Im
S 0= tan_l(A/B)
\6
Re 1. A—B
/0 V.. =Vo(20—7/2) =2V, tan 1(m)
S¥

Big technical difficulty to make the system with high precision.
Large dynamic range and high real-time bandwidth can be expected.
(R. E. Shafer)
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Beam based characterization
of BPMs



Beam based alignment (BBA) of BPM

QM,,

BPM._ BPM,
X - Bk X,

Yo, T —
Closed orbit —
|| (offset) (monitoring
orbit change)
Ax, =-a,, (x, —0x,)AK, (

PP cos(v g, - )

nm ~— .
2sin v

Beam orbit x,, at BPM,, changes for x_#0 by changing QM strength AK....
Find out the beam orbit x,, unchanged by AK_, with steering magnets.
The beam orbit unchanged by AK_, is the center orbit of the QM,...

The measured beam position by BPM, is the BPM,, offset 6x,,.
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Figure 7: Result of the Beam Based Alignment. (a) analysed using BPM89 only, (b) using all BPM's.
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BPM offsets measured by BBA

M. Tejima

KEKB LER & HER

QOFFSET by BEA @LER
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COD change by BBA (KEKB/LER)

COD_06_04_1999_07:39:29
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Beam based pickup gain calibration
of 4 button pickups (KEKB)

Vo Vi
Button signal response for the beam position (x,y) : TN
F(x.y)=1+ax+byy [
+a, (x2=y%)+ by (2xy) P
+ay (x3 — 3x2y) + by (3xy2 — y3)
+a4(x4—6x2y2+y4)+b4(x3y—xy3) Vs e Va

P g/g1

1.4 ‘
F. = F (- F =F (-x,— S I ' .
{ 2 (X, y) l( X, y)a 3 (xa y) 1( X, y) 5 (.Ig; Wﬂ%‘ﬁj ! lﬁ'%w*‘w' L['Hﬂ[ml]i l}

Fy(x,y) = F(x,~y)
i-th button signal at j-th measurement :

o |

V=g By {0 oy I W T ol | |
j =8N J=1,m . T VW Ty
Lz 2 3:&45 + I d
i=1 j=1 1 10 20 301 101
Least squares of J give : "g‘”gl o T T T ]

{gz/gl,---,gﬂgl ™
Ao s ms X155 Xpys V1" Vi ::[ \ I'| “ I ' I" l '_ '_ | ‘ ]

o 1 T BPM No. a0
IBIC2012, Tsukuba



3
D
Q)
(0p)
C wn
Q_
o
<
9V
v,
>
=
T
=
9V
-
i
0
520
:|:
:UU'

M. Tejima
After gain correction, offset by BEBA @ LER

£ B X
& By
-2.0 -158 =10 -05 0.0 0ha 1.0 1.5
Oftset[mm]
After gain correction, offset by BBA @ HER
100
a0
~ G0
5 B X
[=]
@
40 Y
20
=20 -15 -1.0 -0h 0o 0h 1.0 15
IBIC2012, Tsukuba Offsstimm]

41



BPM offsets by imbalance of pickup electrode gains(KEKB)

BPM offset (w/o beam based gain calibration)

LER(horizontal/vertical)  HER(horizontal/vertical)

average 0.110/-0.025 mm -0.097/-0.085 mm
c 0.49/0.43 mm 0.34/0.40 mm

¥

BPM offset (w/ beam based gain calibration)

LER(horizontal/vertical)  HER(horizontal/vertical)

average -0.026/-0.034 mm -0.005/-0.052 mm
c 0.374/0.254 mm 0.272/0.254 mm




Beam based gain calibration of

Vu

3]

diagonal cut BPM (J-Parc) T. Toyama
Vin The equation is written by
Ax=b
Ve Vur Vo Via

VLj - VRJ +
Zr gu
VRI VUI VDI
Vi ViV
- VRm VUm VDm

IBIC2012, Tsukuba

i)

Ver Via

Vi Vs Y,
2 TP x=|Vgy |, b=

. 0 0 1/gD .
_VRn VUn VDn VL

A and b have errors — Total least squares method

Least squares solution :

xro=(AT 14T

Total least squares solution
xXps =(A' A—oy 1) A'b

o, is the smallest singular valure of [4 b]

*Good reproduction of gain erros with TLS is

confermed by simulation.
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Beam based gain calibration with LS and TLS.

Table 2: Test of Beam Based Gain Calibrations

BPMO01 g2 £3 g4
TLS 1.0062 1.0024 0.9873
LS 1.0103 1.0045 0.9892
BPMO002 2, g3 24
TLS 0.9568 0.9811 0.9463
LS 0.9617 0.9838 0.9487
BPMO0O1 BPMO002
- i
|
] [ b o '
- .‘ » .- ] L
_ o . . "
QPN R S
T 8 P P S R e e | &l & |®
L1 s
-y

r— X[mm]

Figure 5: Reconstructed mapping data. Red: (x, y)
without correction, Black: (x, y) with TLS.

IBIC2012, Tsukuba



Resolution of BPM system
(3-BPM correlation method) 7 Toyama

A, B, C are determind by minimizing
F? = g = (Axy s + By + Oy
i

X3 =Ax1 +BX2 +C

Assuming same resolution of 3 BPMs,
the resolution is given by

BPM1 BPM2 BPM3 . |
_\/ 1 Zi {x3; = (Ax); + Bxy; + C)}
N -1 1+ A2 " B2

10 -
| fgéa- | bt o
X3 e I

10 _‘_.;i;’i*!-‘_.g;__ﬂ N

-15 |

20 0
25 -
-0.5
0
0.5

1.5
. BPH#154 [mm]
X2

%-q’:e:; ?g- -3
o
‘BPH#LG4 [ : . PHELGS [ ] e

Xy X4

EPH#153 [mm]



Measured BPM resolution of J-Parc MR

T. Toyama

Measured resolution in normal mode (narrow bandwidth)

0.15f"

—_ i

=

E 0.10 R R s LU gy y § aguatt ponet ettty Wity Ty g

b_#\ O '05 T LR [T g pogee’ hn L oy, .“.ll "IL“ oile tapd I
00— 10 130 200

BPMH

Resolution in single-pass mode (wide bandwidth)

bpm-20120827165228-n11-shot 478361, bgz ; Yer BPM=3.5,6: =igma=0,1E1

[
[= BN = -

' 3bpn—y.dat BFM-addr
-0,282374%x+0, 518275 *yy+—0, E290]
0,25 T
o : : : 'reso.dat’ u 133 ——
& ‘;:‘ At T . % |:|+3 ............... e e AT e -
o \3‘“ = ; .
i C OO e ARRLY R O 1| A B X T S -
7, = . . .
o 2 02 Py PR SURERE L R
5 = . ; !
CEERVI L el O TSV U S W 0 NS W ANE T (VR 1R JPP [N (A6 T R 1[4 A -
o : : 1 ; 1.
i ok L e N IR L 4
0,05 M M M M
0 50 100 150 200 250

BPM-addr
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Measured BPM
resolution of KEKB
(3 BPMs mehod)

Resolution] 1 m] Resolution] nm] Resolution[ 1 m]

Resolution[ pm]

N
o

-
[é,]

10

20

15

10

Resolution(X) of HER BPMs

Mean 1.9 um

FYWS INPNE FNENE RWNTL

0 50 100 150 200 250 300 350 400
BPM No.
Resolution(Y) of HER BPMs Mean 3.2 um
é i
- -
. 3
? e ® ot ®. . - © a? . : :
SR O K PP T Y PR Y X Aty :
e I Rl AP e VRIS R PRAFRY
0 50 100 150 200 250 300 350 400
BPM No.
Resolution(X) of LER BPMs .. 5050000 Mean4.2 um

Resolution(Y) of LER BPMs  11:22:40 5/25/2000

Mean 3.1 pm

100 200

300




Coupling impedance of
BPM pickups



BPM impedance reduction (KEK 12GeV PS)
BPM impedance affected the instability T. Toyama

Electrostatic-type BPM with 4 electrodes

eGP Old BPM
[ wall-current-type

m‘c - @KEK 12GeV-PS l O

Replaced

| Co

’ (1997) Measured transmission S,, with coaxial-line
f=0-1.8 GHz, 10dB/div

Cavity structure e

Resonant impedance (measured/calculation) of WCM-type BPM

/27 Q Rshunt R/Q
(GHz) (D) (9)

BPM [ 0.636/0.667 | 77/2650 | 1.5x10%/2.6x10* | 19.4/9.8
1.498/1.377 |230/8222 |5.3x103/3.3x10* 23/40

1B1C2012, Ko Kakayama et al. Phys. Rev. Lett. 78 (1997) p.871 D. Arakawa, in KEK Proceedings 98-1 (Japanese)



Replacement of wall-current-type BPMs to electrostatic-type BPMs
improved longitudinal emittance blow-up. (KEK 12GeV PS)

7"""'
- O Experiment before summer f i

-—e— Simulation ‘0 o |

- a4 Experiment after summer |

28

repilaced§ BPM

Emittance Blow-up Ratio
.S
|

0 g
—

T | R R G (0 T OO0 (S A TN () e oy S 8,

0 1 2 3 4 5} 6 7 8
N/bunch(x10"")

Longitudinal emittance vs. beam intensity

IBIC2012, Tsukuba
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P ’.P
_u_.@ =
Z
¥

L.
Simulation results by CST PARTICLE STUDIO(R)

5 . . | ‘ I Re[ZL]
4 I = 1Im[Z]
H T — 1Z,|
3 mQ\
g , 035"
| - . 0 & ‘.- .
{ } l“.l l...-‘.- ..
0 °l3 _,3::.,0,::3'::::::.::.._'... '..._ .-.-.n.-.-._.o. .-. .-. )
-l 0 500 1000 1500 200.0
f [MHz]

Y. Hashimoto

No significant resonance, |Z, /n| < 0.35 x 186 mQ =65 mQ << 9 Q .. (Keil-Schnell criterion)

Y.Shobuda
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Coupling impedance of SLAL PEPII BPM

C.-K. Ng et al.

3D EM field calculation with MAFIA _
PEPII BPM with 15mm¢ buttons

Energy loss by beam 126 W

Power out of one cable 9W (37 W)*
Transfer impedance at 1 GHz | 0.65

Broad-band impedance, |Z/n| | 0.008 2 (11 nH)
Narrow-band MAFIA | 6.5 k2 at ~ 6.8 GHz
impedance: accepted | 3.4 kQ2

SMA
CONNECTOR

EXTRUDED -
COPPER
CHAMBER

COOLING
BAR

Resonant impedance of a BPM
30.

25._:
6.8 GHz

20.

15.

10. J

Abs [Z (£} ]/Ohm

Acceptable impedance is determined so that [ ~ '
fche maximum growth rate of coupleq-punch P s Brequency £/¢ /(1) 10-0
instabilities does not exceed the radiation

damping rate.

IBIC2012, Tsukuba 52



Resonan

Reference plane

Button electrode
40
== __j-
%) 195 Ru1ii10

ance

N. Akasaka
K. Shibata

of KEKB BPMs

Growth rate of multibunch instability
-1 eal

tu =

_ S ) o@D Re Z( o)
2ETwsle[p p(af I RefZ (i)}

~of ) p(aff ) Re{Z(@f )}

Z(w)=NR,/{1+iQ(wp | 0—w/wp)}

7

T_l

< r,}l (damping rate by SR)
# Acceptable beam current |

max

Acceptable current

(by 4-buckets filling)

Calculate |mpedance with MAFIA

30 i i _____ I‘?eal part :
LER | 761 8.1 3.6 137 1.6 g, MR ST S W Y S
HER | 757 | 174 | 77 91 2.4 -2 R N R ]
Broad-band impedance |Z,/n| : 0.0014 Q (LER) 20 —
0.004 Q (HER) 0 ; ; |
0 5 10 15 20

(N. Akasaka, K. Shibata)
IBIC2012, Tsukuba

f[GHz]
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Displacement of BPM pickups
by thermal distortion of beam
chambers (KEKB)



Displacement sensors for BPM pickups

Ver. sensor
Hor. sensor

8 Sextupole

BPM displacement sensors attached to the sextupole magnet

IBIC2012, Tsukuba
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Displacement [mm]

* BPM chambers are displaced from the setting position by beam pipe

deformation due to the heating by strong irradiation of synchrotron

radiation.

Displacement of bending chamber

DIII._I
b J R ———r——1——— 4000
— LUpstream E
I —— Downstream
25 . . Without Support e
0.8 mm -> 0.5 mm -« 3
2 19 mm -> 0.8 mm 3000
15 2500
1 WP m 1 2000
0.5 444 w 1500
0 + 1000
-05 [ {4 500

IBIC2012, Tsukuba

-1 IRINERARRERIFIRTAINETRIRAEA] ] ALLARIRTATANA NI AP RED AFIR 8 LLAL ARRMARLIALA 0
0 1000 2000 3000 4000 5000 6000 7000 8OOO

time[sec]

[yw] ueund ¥3H

DCCTALife

Movement of BPM pickup

QDSE movement 26,/ &pr/ 2004

1 s e e 2
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i ) St et s e s R i s B S 135
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IS i S R R o, e EE TR 1.7
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700 4 .
650 | 11
600 4 =
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i 1.5
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300 4 F1.25
ggg 12
g 3 115
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JIE SEEE - - sozzczz-zaoof 106
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—GIDSE 47
= (ID5E 47H
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Tune change by BPM displacement (KEKB)

H. Fukuma
Displacement of BPM pickups _
mm mA
ST — " [ demaeme—
085 EH»)TEFZ”‘ e .02r -
8000
*qc'; 000 o | red: change of tune
08 .
8 075 5000 " / WWM\' !
a : 4000 T i
D -0,01 } _ h fi tad
A {3000 green: tune change estima
| by using BPM offset change
ags L 1 2000 0,02
pw 1 T~ beam _—
o 20 100 100 2000 250 3000 3500 abort
time x 10 sec _0‘040 5(;0 10I00 15I00 20I00 25I00 3().00 E)

\ - g

BPM displacement occurs tune change.
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Concluding remarks

 We have many issues to be considered for design and construction of the
BPM system.

* Itis one of the difficult problems to guarantee the precise measurement
of beam positions for different operations of accelerators.

For example the operation condition of accelerators at the commissioning
stage or the machine study is very different from the routine operation.

 To guarantee the accuracy of the beam position measurements at various
operation conditions, it is important to fully understand the beam
diagnostic devices and also the accelerator facility.
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