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Beam Instrumentation
L ecture 4

High Resolution Beam Position Monitor

Cavity Beam Position Monitor (Cavity BPM )

- RF cavity based technology
- with nanometer resolution



Introduction

Basic Idea of Beam Measurement

Fundamental Relation of RF cavity
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Concept of Cavity BPM

Stripline BPM
- the position sensitive factor was defined by mechanical geometry
- zero position also produce the large signal for each electrode.
- large thermal noise for wide bandwidth ( a few 100MHz)

Difficult to get high resoultion r=5, Z_l‘:’}
1+F3

R o
2 s
Cavity BPM

- position is calculated with the dipole mode of cavity pickup
- no signal at zero position
- samll thermal noise for narrow bandwidth (a few MHz)

Possible to get high resolution
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TM110 mode for position measurement
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Monopole Mode ; Uniform to the transverse direction
Dipole Mode  ; No field at Center, 2 modes exists

We will use these modes for position measurement
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Q value of RF Cavity

Q value ( Loaded Q) ; The decay rate of the stored energy

wlU
Gy =—

P
Q, ; energy loss by the thermal loss
- defined by the cavity material and the surface condition

Qy = i Q. ; €nergy loss from signal pickup
~ Puan I - defined by the pickup port design
Cavity wl/
(:2-'::6{. = )
out

Q value consists of two component Q, and Q. -

y . B: Pou.f, _ QD
Coupling Constant ( ) ; = Poatt | Oezi

The ratio of Q, and Q

ext
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R/Q of RF Cavity

R/Q ; Relationship between the stored energy and electrical field

| [Eds|?
wlU

The interaction between beam and cavity is expressed with R/Q .

R/Q =

excC

The excitation voltage by the beamis v, = %(R/Q)q

r2
‘ e€ETC

Thereby, the beam induced energy is  ©/ Teze . Y(R/O)q?
y gy (R/Q) 7 (B/Q)g
The pickup voltage also is expressed with R/Q .
The output power from the portis FP... = L “ T _(R/Q)
Qe;rt 4(‘2€:rt
Thereby, the output voltage is Vowto = VZP = “ff\//%(/e/cg)

The external Q is Qext, the impedance is Z for the port .
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Signal from the RF Cavity

Pickup voltage fron the RF cavity

V =1 06_% sin(wt + ¢)

2T

(armplitut e 1/e)

Vout o

Initial voltage from the pickup port

w VA
":)‘u-!. (L - \/ (R/CQ)

2V Qext
Defined by R/Q, Q. and q

Signal decay time
QL _ Qo
W 2w f
Determined by the Q,

beam timing
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R/Q of the dipole mode of Pillbox Cavity

ol Electric Field of the dipole mode is

E, = Egcos ¢Jy(rk)e™"

3.83
; K110 = *‘-t-‘]m/(‘ e T
i
y R/Q is calculated with its definition
. B H;l?
z axis R/Q(z) = wl
A .L
V(iz) = / FE.dz
beam path 0

s 1 ;
|_| I U = 5/60|E;|3(ﬂ’
R/Q =505 x (=)°LT%"

~ sin 4X R/Q of dipole mode
b R is proportional to x2 .
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Beam Position Measurement
by measuring the dipole mode

Back to the relation of the pickup voltage ;

, = _ wq | L .,
Vouto = V4P -+ 2\/c26frt(R/Q)

R/Q = 50.5 x (%)SLT%Q
The pickup voltage is proportional to the position offset .

We can measure the beam position from the pickup voltage .
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Feature of the Pickup Signal
Effect of the finite bunch length

The bunch length distribution

= 1 52
e p - = eX_I_) —
V2no, ( 207 )

' ~finite length bunch

= By superposition of the longitudinal distribution,
the total excitation voltage is expressed as

20 it il
Viotaleze = Vo P COS (—N) =W exp | — Z
- e 202

oo

The excitation voltage is weaker by suppressing each other for o, << c/w.

We shuold better to select
lower RF frequency than bunch length.
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Feature of the Pickup Signal
Effect of the beam angle

{a) postion offzet (b} trajectory angle
//
1 L
position signal = Azv/L sin(wt) ﬁ angle signal = AI”%H % sin(w(t + L/4c))
—;-’1;1!’% \/gsin(w(t — L/4e))
Phase of angle signal is shifted m M LE B
by 90degrees from position signal P = gt \/E ain (ﬁ) cos(wt)
.7_1’ 2V 2 de
Angle sensitivity —= e
IS proportional to L2 . o

Small L is better. Dosition signal =5 »

4c

t 8y

angle signal L . (wL) e wl® g
sin
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Feature of the Pickup Signal
Effect of the bunch tilt

(a) q
; . (b) Oz g/2
0 l Vosfset = Aqosin(wt) :/9‘ -
T q/2

Ve = f"‘%% sin(w(t + 0./c))
Phase of angle signal is shifted

] i goa, .
by 90degrees from that of bunch tilt. V_ = —AE —-sin(w(t — 02/c))
T_he sensitiyity of the 2bunch tilt Vi = Vit Vo
Is proportional to o2 . Kiallis -
= rq‘ “ sin (w z)coswt
. 2 e
Small g, is better. N Aqgwgg |
C

Not only the amplitude, but also the phase detection
IS iImportant to the measurement .

Cavity Design



Selection of the RF frequency and Cavity Length

Beam induced voltage of dipole mode
Is a function of

Smm
- bunch length

e - frequency of dipole mode
Pet09 e r:‘ - 5 .;I II. : i _ CaVi ty gap

U{?SED

Iy 003
Ba+09 ; oo2 MR
et D015 gap length [m)

szl NP 1) Cavity voltage is set to be 8 mm .
( parameter of the accelerator )

2) Frequency is set to around 6GHz.

3) Cavity is as small as possible
to reduce the effect of the beam angle.

Cavity Design



Feature of the Pickup Signal

Effect of the tail of monopole mode

We must select the dipole frequency to separate the monopole mode.

reianve ampinuae
o

Mode Jo R/Q [Q] QL

010 1.03 GHz 14300 8000
020 0.25 GHz 0880 8000
110 6.43 GHz | 1.17 x10 *2 (Inm) | 6000

001t
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|

|l|

I\' al
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—
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TM110 (1nm offset)

0.0001 —
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4000

L 1
6000
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1200¢

frequency [MHz]

Since the amplitude of monopole mode
IS huge to the dipole mode,
the tail is affect to the dipole mode signal.

-Bandpah filetr
-Mode selectable coupler

Cavity Design



Dipole Mode Selectable Coupler 1

No couple to Y dipole and monopole

. 1
s T (A 8 -
xh‘-‘\“

magnetic field

X dipole mode
magnetic tield

No couple to X dlpole and monopole

Magnetic coupling with slot shape hole

Cavity Design



Dipole Mode Selectable Coupler 2

- i, Sy
sensor cavity
! aneany e,

P wave guide |
_.."' \ _anten
® 4 ® yq( ® o —
L %, ..-" b _.-"' alpciric
R ﬂ “aunires “eohaaant® fiplel
«+— beam pipe = — l{

coax, cable = F \
S antenna #N _.-"K@."‘-.‘

coupling slot wave guide

In order to be mode cleaning,
the coaxial cable is connected after the wave guide.

In order to minimize the electrical offset of the cavity,
the diagonal 4 output ports are put to the cavity.

Cavity Design
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Design of the Coupling of the Pickup Port

8

I
—>

5 decay lime (ATF2)

Qo~8000 (ATF2)

Q0~5000 (IP-BPM]

SN

\

S ; proportional to the
signal sensitivity of RF cavity

N : Thermal Noise

[aun qe] NS

decay time (IP-BEPM)

pry ~ KT fpw

VTN ~ \/4kTZfBW

Bandwidth is proportional to 1/z.

0

1 1.5

= CITEATL S SR, N S —
en

25 3 3.5

al 4

1 cupi

g 2 o

3 ki 2

38 3 B> 0.4 is better for the good S/N ratio.

Cavity Design



Resolution Limit of the Cavity BPM

SNR;,

Thermal Noise NEF ="
SJVRou.f.

pry  ~ KT fpw

SNRin | 1 SNRout
Vv~ VAKT'Z fpw electronics
system
For the bandwidth of 3MHz NF

S
pry|dBm| = =174 + 10log fpw = —109dBm N !?E‘.,Lﬂ. ;

This value corresponds to 4nm resolution
for the ATF beam condition.

NFiotal
Gitotal

But, the noise is amplified by the amplifier - - -
in the readout circuit to 12nm resolution . o = w [

. i NFy—1 NF;—1
N Ff.ot.ul = N Fl l v l Y v ot
G G:iGs

The first amp is the main noise source

Cavity Design



Cavity Assemble



RF Cavity Beam Position Monitor for ATF2

tuner

part part

s (o -
T T .
. . slot wave guide
cavity wave guide
-

RF cavity with slot Wave guide

Cavity Assemble



XY Isolation of the Dipole Mode Signal

(a) initial error (b) correction

|

iwo dipole modes

D

o g W . < . o —

XY isolation is tune
with the push-pull tuner
by keeping the dipole frequency.

opposite port

Spa(transverse)

l transverse port

D S¢ a(opposite)

Measurement is done
with network analyzer of S;, methode

Cavity Assemble



Offest Measuremnt

DT AMENTE BN ITRET

Electrical offset with respect to mechanical offset
Is measured offline analysis .

Electrical offset is evaluated =
by measuring the offset i
from both side of mechanical reference.

fpon

2nd selup

2
shactricsl cantar shift

The mechanical offset -
( including machining error)
was less than 10um . -

FRNSMeR50nN

7 S N P o S 7
EM&NTE ooSLon [mim)

Q.! T N ‘-'-ﬂ"ﬁil W = = o

Cavity Assemble



Measurement of the R/Q for the RF Cavity

Af _ —Jav€|lEPdV _ ¢|EP AV
Bead perturbation method To AW - AW

for R/Q measurement B2 - A
eAV fo
R | [ Eds |? | [ /| Af |ds |?
— — Q 2woW wfeeAV
. - G a2 00 T T T
ceramic bead W“""v‘,_ ,_.,»-"'""“:'“‘"
Ceramic bead is used for L
the off-center field measurement. S o wo
- no magnetic coupling 7 .
- with electric coupling ol ¥ S0IATE0p026x + 53758
= __B a A
=i -4 oy 0 2 4 6
x offset{mm)

Cavity Assemble



Readout Electronics

Introduction of two method
1) Homodyne Method ( developing by KEK)
2 ) Heterodyne Method ( developing by SLAC)



Readout Electronics of Cavity BPM

Frequency Conversion

i 4 canly
{monopole mode) % {dipote mode)

Frequency is converted to useful frequency for the readout

AL
5~ leos((wi = wa)t + (91 = 02))

—cos((wy + wa)t + (61 + ¢2))]

Asin(wrt + ¢1) X Bsin(wat + ¢o) =

Converted signal keeps the phase information of the initial RF.

Readout Electronics



-Frequency is directly converted to be O .

Homodyne Method

cavity

-Converted signal has amplitude information only.  gazsan-

beam posilion scan

Ref
Cavity

By
A00MHz.

o —{ore {50 —

b.426GHz

e :<j
¥ - et

Readout Electronics of Cavity BPM

G 2008
Bw
NF2dB  pomtor  400MMz

Lo.  (uryp———
5712GHz \__-

Position information
IS converted to

the amplitude information S
— ({7

Readout Electronics



Readout Electronics of Cavity BPM

Heterodyne Method £ o

LORn IF preamplifier  Amplfier
|

LC?1 Lo2
a b ilr ¢ d ¥ e f
—D—BPF _®_BPF _®_BPF =
noise signal
S | ;

s s e S e s E'-::'rf\“’;' 'ﬁ?&% e

¥ : & _ﬁ.eq mmn 12 mixer coupler ilker
" L01§ _. . L.n-.-t_argrsm?mm (C-rand section)

Miage i S - In this board
c | s image rejection mixer
Loz} | O |LPF [{o0°

. e - a b c
e | ‘| >_ Beariovmsimsi LO -+ BPF —=

; LPF
o _

noise\ Loy~ signal
a e
-Frequency is converted to lower frequency . :
-Converted signal has o
phase and amplitude information. 5

Readout Electronics



ADC readout

Readout Electronics of Cavity BPM
Heterodyne Method ( continued )

|
i

lnl

[T,

” IJnl'l -:“I||II!-1‘I|.FJ I'q'll-'llf'rWU INVASAN winr sunn
! im““

- ‘ 'J; |
1

'-\l |

f

Down converted signal

Is fitted by readout software.

V = Vo + Ae T gin(w(t — to) + )

Ay . ;
Iy = 1 Y sin(¢y — ORef)
fARef
Ay ; .
Qv = 3 cos(0y — Ope.f)
Ref

Position information is converted
to the amplitude information
by the readout software.

BPFM 1X Nermalized

Readout Electronics
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Characteristic Measurement with Beam
Position Sensitivity Measurement

gos g
d x ) | -Amplitude measurement with diode
x,; ' . | -Position was changed by beam steer
gb s = " | _calibrated with stripline BPM

204 *x: *

0 L L . . .
-4000 -3000 2000 1000 4] 1000 2000 A000 4000
beam posilion at the Cavities [um]

The position sensitivity is consistent with the design value.

The position sensitivity should be evaluated by comparing other BPM signal,
because the signal include the attenuation of the cable loss and so on .

Beam Test in ATF



Characteristic Measurement with Beam
Angle Sensitivity Measurement

2

=
8

:

Signal amplitude [Volt (for 50Q)]

: E

;- L

x X
¢ ‘ |
X X ]
*
S

0.0002 Kx

*

28 3mrad (sbim 2mm) »¢

0.0rnrad (shim Omm) %

E;:IT'-IT‘.II".U

; . .
GO0 -400 200

beam po%ﬂion at the BPmun

Measured angle sensitivity
10nm / nrad

Consistent with design

The beam angle
IS generated with shim .

beam

We can cancelled by using phase information.

Beam Test in ATF



Confirmation of XY Isolation

XY isolation was confirmed
by measuring Y signal,
when beam has X offset .

X ( with additional |
20dB attenuator)

Ref

offset in x 5mm, signal in Y-port < 50 um
< -40dB x-y isolation

Measure XY coupling was almost 40dB, consistent with the design .

Beam Test in ATF



Resolution Measurement

Position resolution measurement is done with 3 BPMs

The position resolution is evaluated by comparing
the masured BPM position
and the evaluated position from another 2 BPM position .

X1+X3
2

Oy12 + Oya2
o (X2-X2(X1,X3)) = 4/ G2+ g = 4/%@

X2(X1,X3) =

Beam Test in ATF



Resolution Measurement

We must stabilized the relative position of BPMs within nm level .

Setup of KEK cavity BPM Setup of SLAC cavity BPM
b T I8 ;

BPM support sfrut

Vgl hy :‘.."_‘
o N BPM position is stable
BPM position is stable by position feedback. by using mechanical stable stage.

Beam Test in ATF



The position resolution is evaluated
by comparing the Y2 signal and

BPM1

Achieved Resolution in ATF

Readout electronics is Homodyne type electronics.

BPM2

BPM3

the Y2 value evaluated from
BPM1 and BPM2 information.

ks converter =t eelsbedreem phase delector n=1,23
/nethy | 1 ADC
' iii’ﬁ? Lcnmbiner { eF | I OO we - Yni
_A'_‘;HYB.--?I' Im - !WT piitter | L
' ' ' ' {oerH > ':‘-;:"l:£| ~ YnQ
| wvei{eeri o (0053
. . marlnp;' | |
| =l = wab
et} ape - spmar [ | 7T [ e | REF
othar
channed ) _ / ™~ y .
—Jumno— > {err|— > dose | > - Xn
Y2I = ap+ayiy XYl +ays; X Y3l +ager X REF

+axy X X14+ax3 x X3+ayig X Y1Q +ay3g X Y3Q
tayira X Y1I? + ay3rz x Y3I?

A=Y21-Y2I (Y11,Y1Q,X1,Y31,Y3Q,X3)

Beam Test in ATF



measured with BPM2 [ADC ch]

Achieved Resolution in ATF

18000
16000 |-

14000 |

10000 |-
8000 |-

8000 |-

I

el e b a et Laca Lol

10 um

400

WL
4000

6000 BOOO 10000 12000 14000 16000 18000

prediction from BPM1 and 3 [ADC ch]

residual [ADC ch]

Continued ...

maover scan
b E- . o iy

" N TYY

3 v § 8] W

£ 1 1 1 1 . 1
50 500 750 1000 1250 1500 1750 2000 2

pulse number
calibration

:.7- E residual
_ | (measured - predicted)

s F ﬁs.‘tnm‘am.m

Calibration was done
by changing the BPM2 position.

1000 1200 1400

 [ADCch]

100 = n 1000000
- Entrien 1638
80 | v e .
- RMS of the residual
60 |- =21.2nm
40 | resolution of the BPM
20 :_ —J_ 2!3 XRMS
1050 1100 1150 1200
residual [ADC ch]
—=1220
S1200 F i ‘ ”
01]80 .-? .? -l-:’.::" g & ot h "
01160 | e hoatugaBa: s 0 edde e
S0 F iy AR st | r'i%'k-“*f
= : AR 7 UL AR e s
1120 E 31 3 g};‘ik._l{i ivgraary. 43 2
81100 F O BN D 1 8 TATEET A *2:" <
D080 B Fat 0% T8 P UM
=1060 F 1 IR T O W
1040:uw|||'||<||l|||||x|||4-|a|-|||||1|\
=1000 0 1000 2000 3000 4000 5000 6000

The 17.3nm resolution is achieved in ATF .

1 hour

pulse number

Beam Test in ATF



Some Comment of Cavity BPMs

The SLAC team achieved comparable resolution of the KEK team
with Heterodyne method .

In present, by using high gain, small aperture type BPM,
5nm resolution is achieved with Homodyne method .

Beam Test in ATF



Critical Performance Characteristics
of Cavity BPM

-Dynamic range;
- We can select the dynamic range by putting the attenuator
at the front of readout electronics.
( Imm - 100um for ATF2 )

-Resolution ;
- Determined by the thermal noise .
( 10nm for ATF2)

-Accuracy;
- We need online calibration for position sensitive factor .

- Electrical center is defined within 10m to mechanical center.
- Time response Is defined by cavity Q value .

-Large Impedance
- Used for transport line
- Possoble to use in the storage ring, but large impedance source .






