RF beam diagnostics

» Basics of beam monitoring with RF cavities
» Example devices
» Quantitative analysis

» Measuring rms bunch length
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Basics of RF cavities for beam measurements

RF front end ) ——> operator

Field probe B.P. converts HF to LF ~

couples RF field to filter L~
electronic LF signal

conditioning

———> feedback
systems

Data acquisition
system

Depending on cavity field pattern
and receiver electronics this allows

Charged particle retrieving information on

Beam * Bunch intensity

* Bunch phase (longitudinal position)
* Transverse bunch position

E-field of resonant modes « Bunch length
couples to particle charge



Energy transfer from beam to cavity

Electric field of a resonant cavity mode E(X,t)= AE(X )e™"
: : dw dX =/.\ iot
Power flow between cavity and a traversing charge dtq =( i E(x)e @
15 0
Beamsare in good approximation paraxial d—::( ~| 0
v
dW %z
1=|E (X)e v dz=V
e L
dW_ = —-dwW



Energy transfer from beam to cavity

Voltage induced by charge av _ _dv_dw,,

dg dw,, dg

» 2
' y: U EZ(X’)e'VZdzj
W, W, 25[[[E®V

2
E,(X)e ¥ dz
dv_vz_Ra)U() J

shunt _

Definition loss factor

I(oss = - o o -
2 AW, 4Q, g, [[[E(X)*dv

Voltage induced by traversing charge V =2k, .

Energy deposited in empty cavity W =k,_..q°

k. . depends only on field distribution E (X),

loss

beam position and particle velocity v!



Energy transfer for finite bunchlength

For a particle bunch of finite length with Z—? =i, (t)=q, f (1)
each time slice contributes with different phase to the

induced voltage of a resonant mode with frequency o

The induced voltage is in this case V =2k .0, F

and the energy deposited in an initially empty cavity W =k,.q,°F’°

with the "bunch Formfactor" F, = U (1) eimtdt‘
For a gaussian bunch with i () = 0, exp —t?
’ N2ro, 20,°
- (020' ?
F, :exp( 5 : )

Example: w=2mn 3 GHz, ,=10 ps = F,=0.982



Dissipation of energy in cavity

R
Power lossin RF cavity P, =— ﬁBZdS

2#02 S
with R, =t [
o)) 20
Cavity quality factor Q, = COPW
C

W (t) =W (0) exp| — -2t
(t) ()exp( o j
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— kIoss qb2 sz exp(_ Qtj
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Energy flow

Measurement
Field probe P.= signal power electronic
couples RF field to
electronic

P.= ohmic losses in cavity wall

Charged particl
Beam

RF cavity
E-field of resonant modes
couples to particle charge




Dissipation of energy in cavity and external measurement electronic

Dissipated power P=P. +P.
: P,
coupling factor f=-FE
I:)C
Loaded quality factor Q=2 — S
P.+P. 1+p

W (t) =W (0) exp[—Qﬂtj — Ky F exp(— ”“Q* ) t]

L 0

Signal power P (1) =

a)W(ti :a)k|05(3c|b2Fb2 ﬂexp{—‘”(“ p) tj
L 1+— ’
Q(+ﬁJ

0



Cavity driven by continuous bunch train

Steady state voltage in cavity V = Ronn 1o Py _ 4 Ko 1o

1+ ) 60(1+,3)

P = RShunthZsz 1 ﬂﬂ)z = Qs kIOSS Iszbzﬁ
+ w +

External signal power

An error between bunch frequency @ and resonant cavity frequency a,

: : -2
leads to a phase error i of the induced voltage with tany = Q @-a,
1+ o,
P RShunt Ibe
a reduced voltage amplitude V=—"M0225 cosy
(1+ /)
and a reduced external signal power P. = gz P cos’y

= Rgpune s w7



Signal power vs. coupling factor f for c.w. beams

2= 2 p _ 4QO kIoss | 2|:2 p

External signal power P. =Ry, 1, F

"1+ p)? @ P 1+ B

0.25[
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Beam measurement types

Measurement of beam intensity @wrement of beam position \

or beam timing/phase relative to some external
RF reference <i
b
= =
é.
-— beam >
_J
<— beam > -> —
S, —>
< R
— =
é
Cavity mode with rotational symmetry Cavity mode with Zero electric field on axis,
and electric field maximum on beam axis azimuthal field dependence like Cos(6)
and field strength dependence on
beam position approximately linear
with displacement r

“Monopole mode”, “TM,,, like mode” Qipole mode”, “TM, 4" like mode /




Signal path in RF frontend

Field probe
couples RF field to
electronic

Charged particl
Beam

B.P.
filter

w, reference
sync. with
beam

NI
O L

Phase shifter @

Mode with
Resonance at w,

> Digitizer

N




Example of RF monitors in MAMI

intensity = SV | position
monitor =" monitor

4.9 GHz Phase and Position Resonators in MAMI double sided Microtron (at Mainz University)

Courtesy H. Euteneuer and O. Chubarov



MAMI monitors cont.

5.0
“36.9

mc:.:l[.- spacer, @3.0 !_IE}'

Drawing of a similar cavity
(but at 9.8GHz)



RF electronic for 9.8 GHz RF BPM'’s in MAMI

’ ’ 245 GHzin, +16 dBm
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Example of RF front with 1Q demodulation and switchable gain

Beam
T—83"'+17dBm

RF RF
switch ~ dttenuator o ieh
tree ., MY tree .
S E—

==

|Q demodulator

Y

A L EAlmp
v

|

____________________________________

—-60, -40, -20 and 0dB

Baseba

R
i

RF-/BPM
4760MHz @

—6dB

Y

0dB

+50~+10dBm

—

nd
Q

—

To ADC
238MSPS

LO
4760MHz

Schematic from SCSS/Spring8



Properties of “Pillbox” cavity TM  ,modes

/ E,=AJ_(kr)cos(m9) e \

B, _a=l; (kr)sin(m3) e'*
or

B, = A (3, ,(kr)-J, ,(kr))cos(mg) e

with k=2 | w=—"""and J_(X_)=0
\_ ¢ -




Properties of “Pillbox” cavity TM_ ,modes cont.

4 o
V(9= [E(Xe dz
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Properties of “Pillbox” cavity TM_ ,modes cont.

Power lossin RF cavity P, =

with RSurf
Cavity quality factor Qo

Qo:

Shunt impedance

Shunt impedance

RShunt -

RShunt -

R

Surf 2
B°dS
2/”02 i?f
_ 1 | Ho®
oo 20
oW
PC
H, o dR
2 Ry, d+R
4 v? Jo(kr) S"ﬁ(fz
e, ’¢? Ry @ R(d +R) J,(X,,) 2v

8 v’ J (kr)y

‘)

72'802C2 Rsurf a)ZR(d + R) ‘]m—l(an)' J
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for m=0
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Pillbox cavity with beam pipe, monopole mode

d
R -
D .
< E,~AJ(kr) e
—J -
E, ="
N E,~AJ,(Kkr) e




Energy transfer for off axis beam, monopole modes

E,(r,z,t) = [Alk,) o(k,r) e “dk,

k, =k’ —k,2 with k=2

= TA(k

<
—~

-
~

I

=8 =8 (=8 =3
|

Il
/_L\
<8

c

z)Jo( /koz _kzz . eikzz—wtdkz

5

A\ /
2\ /

RN /
AN 5(X) 4
v NN

= ~

"3 o C ‘]O(X) T 2 3

valid for arbitrary cavity geometries
with rotational symmetry :

-
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\V (r) =const., k(r)=const., for g= 1/




Pillbox cavity with beam pipe, dipole mode

E,~+AJ(k,r) e




Energy transfer for off axis beam, dipole modes

E,(r,4,z,t)= TA(kZ)Jl(krr)cos(S) el 3 ‘ /
—o 2
,(X) /
=’k with k=2 1 i( )/
- TA(kZ)Jl(w/kO2 —k,? r) cos(J) e**“*dk, 0
h T J1(X)
o

\'

—0

E,(r,%,21t)dz = T Ez(r,g,z,i) dz o //
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Loss factors for Pillbox cavities with beam aperture gp=2a

C2
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Scaling of Cavity properties with frequency

Monopole mode cavities

kIoss oC W

I:QShunt o \/5

Dipole mode cavities
oc wr’
3
2

k

loss

r.2

RShunt o w
Quality Factor
1

roﬁ

Always stay below cut-off
frequency of lowest waveguide

mode in beam-pipe (TE,,)
! 1.841c¢
<
R

Example: Ryeampine=2 €M
= stay well below 4.4GHz

beampipe



Optimum cavity length for single bunch BPM

. [0 L
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I:QShunt oC

Optimum cavity length for c.w. beam BPM
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Numerical example

_wﬂ+ﬂ%}

2 2
Position resolution and measurement P.(t) =wk'05(3¢':bﬁexp( 5
0

range of a 3GHz RF BPM °

with a=15mm, d=25mm, B=5 R =%X11 = ms.%l?l: 61mm
Material copper 0=5.88-107 »
4v? J(kay Sinz(z\/dj r2
: : k= 1 —-cos*(mY
forlsc;gglée bunch beam with o 7 e, R2a? 34(X4,)- 3,(X,) d a2 (m5)
q=100p _ 2 ,
0,=3ps 4c? —Jl(Z”:ZGHZBmmj sinz(”s)fl_IZZSmmj i’
T=100 MeV (v=c). " 7, 61°mm’w’” J,(3.83171)- J,(3.83171) 25mm 152mm?>
_ \4 2
RF front end can resolve Kioss =950 pC - m? X
P, =-50dBm.
— 2 2 —_— . . 2
F, =exp e = exp (27 - 3GHz - 3ps) =0.998, Ry, = Fho®
2 2 20
Q, My @ dR _ Mo 27 -3GHz 25mm-61mm 14795

2 Ry, d+R 2 \/4;:-10‘7-27z~3(3Hz 25mm + 61mm
2.5.88-10'Sm™

2

131ns

10—50dBm /10 )
Xmin =\ “goaw | LoHm

J

P. (t) = 60.3W x? exp[




Measurement troubles
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«— X-position
D
<_ ________________________________________________________________
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R e e L L PP In X- direction
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Sensitivity to beam angle

5

Reasons:
4 e Beam comes with an angle
V] . e Cavity s tilted
@
3 S
\ g Remedies
_H QI . .
5 \ < * Improve cavity angle alignment
> * Shorten cavity length
z;.‘z’ (at the expense of reduced sensitivity)
) ' §’ e Useit as a feature
-— Y | (requires 1Q demodulation)
_ T4 2 0 2 4
X-position
4 =
£
Moving beam | Movine i
In X- direction ov;\ng In X

90° out of

|| phase signal
> from beam
—_— angle
| Re V
—_ ,




Common mode signal from monopol signals
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Remedies: \ gy/
 Symmetric coupling with 180° Hybrid ’ R

* Mode selective couplers 2
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RF-BPM (similar designs for SCSS, European-XFEL, SwissFEL)

Reference cavity
(1 connector):

Dual-resonator, 3.3GHz signal

coaxial connectors, ~ bunch charge
mode-selective
(E-XFEL, 3.3GHz)

Position cavity
(4 connectors) :
3.3GHz signal
~ position * charge

on SCSS deS|gn _
Mode-selective couplers

suppress undesired
other modes

Visible: Vacuum,
couplers

Beam Position = K * (Vpys cav/ Vret cav)- Factor k: Not fixed, variable via attenuator.

Courtesy B. Keil/PSI



Reject Monopole Mode

T. Shintake
1997

Coupling
~  Slot

Beam

Ref: V. Vogel B

Nanobeam 2005 M Magnetic
I'T1 .
i Field
i Electric
i Field

Coupling waveguides couples
to TM,;, mode, not to TM,,,

33
Courtesy D. Lipka/DESY



Reject Monopole Mode

Type
Honitor
Component
Haximum-3d
Frequency
Phase

Courtesy D. Lipka/DESY

Monopole Mode

E-Field (peak)
e-field (F=3.88) [pic]
Hormal

1.17338e+087 U/m at -3.5 7 3.5 /|8
3.88

8 degrees

Type
HMonitor
Component
Haximum-3d
Frequency
Phase

Dipole Mode

E-Field (peak)
e-field (f=5.65) [pic]
Hormal

639869 U/m at 8 f 2 / @
5.65

8 degrees

* propagation of dipole mode in waveguide

* monopole mode no propagation in waveguide

D. Lipka, MDI, DESY Hamburg

34



PSI Cavity BPM Electronics for Eu-XFEL and SwissFEL

CMARARELLLL CavitylBiu CavityJEEM
" e v Pickup 1 Pickup 2
EEtases s rrnaans

Modular BPM Unit

:
o e in
O ket S D oo %
Ir (®)

BPM Unit (PSI
Design): 2-4
RFFEs, 1
FPGA Board.

6x16bit

160Msps
ADC FPGA
Mezzanine Mezzarune
Carrier
Board
(IBFB
version)

Courtesy B. Keil/PSI



Cavity BPM Electronics: RFFE

Reference
(81.25MHz, 100MHz

Ax or Ay

cavity outputs

mixer

Al

X

input BPF switch I | switch Splitter
- % - Range 2 _\_
L W - attenuator Y
A
T
Range control
1.0 phase control

o HHERE—(~)

lm—

Buffer/Phase shifter PLL multiplier

KR .
>—> 3%
trafo
driver amplifier 1LPF1 In
> .
X 3%
oP
kplitter
3 RF Channels / RFFE

CCLK phase control

I CCLK gen/RFFE

y
[>—]oos —»@
Buffer/Phase shifter PLL multiplier

Courtesy B. Keil/PSI

M. Stadler




Cavity BPM Electronics: ADC Mezzanine Board

500pol. High
Speed Connector
(Carrier Board
FPGA Interface)

Six 16-bit 160Msps ADCs

o

LS

25V

Courtesy B. Keil/PSI

-

-l==f“|| 0 L

Control Unit

Differential
Inputs

Low Jitter Clock
Distribution (80fs)

On-Board Gain
and Offset
Calibration

M. Roggli




BPM Electronics: Digital/FPGA Carrier Board

---------------------------------------------------------------------------------------------------------------------------------

PSI Maintenance Link
XFEL Control Sys. Link

BPM data A
i _ processing &
LVDS (0.5-1 Gbps) LVDS (0.51 Gbps) Storagg,
.................................................................................................... RFFE tuning,
2 SFP ] calibration,
o el B e B ey E N
FPGA 1 Optic [AREE) 2 FPGA | :
(Virtexb *XT) FaaE s (Virtexb *XT) I P \
| - : S Control system
gmpactl > interface
System __Eloel—2—" :
Backplan /N
A w FPG;\FE VME, VXS, or
" 1 Tex \R
(“Low Cost") , , r : front-panel
IBFB Link IBFB Link 3 . .
Us ' ' = 64' 7 f_|— : fiber optic links
er . X/ cess H
: Defined SR P CIL Transceivers RAM (Ethernet, " -
SR Br<ioc SR NN N O o .I. PowerPC in
grersssmimsnisssnsnsn gy @ VMEbus FPGA can run
[ Serial Bus Transceivers | : g_% % VXS (1-5 Gbps) u KLinUX/EP|CS-j
Tereernrn s ! 3 2 Rocket IOs
RFFE Control (Gain,PLL Freq.,..) & ™

Courtesy B. Keil/PSI



Comparison of different BPM types

Pickup Transformer Button Matched Stripline RF Cavity
Spectrum R \

E(h) " E(h) M EO () e

ﬂ ﬂ )\ /o) °
' f " P

Monopole . : :
Modep Modal (hybrid) / Modal (hybrid) / Modal (hybrid) / Modal (coupler),
Suppression electronics electronics electronics frequency,
Typical RMS
Noise, 10pC, >50um >100um ~60um <luym
*20mm pipe*
Typical
Electronics 0.1...200MHz 300...800MHz 300...800MHz 1-12GHz
Frequency

Pictures




Comparison of different BPM types cont.

Transformer Button Stripline RF Cavity
flexibility bunch
spacing, train length, ++ + - -
bunch length
recision &
brecsie + + + ++
resolution
sensitivity for low
Y + - + ++
charges
difficulty of calibration + + + -
impedance + + +
(collective instabilities) B
complexity of
p ex.l y 0 + + + _
electronics
size - ++ + +




Measurement methods for short bunch length

Time Domain Methods

Frequency Domain Methods

streak camera RF deflector spectrometer
conversion
into photons
time dependent

v acceleration

conversion
(nto electron

deflection with time dispersive
dependent field bend
detection of transverse
electron distribution

microwave spectroscopy coherent radiation

conversion
into photons

bunch induced
RF field

frequency
selective
element

inverse Fourier transform
+

assumptions on distribution




Bunch Length Measurements with RF methods

For beam intensity and position measurement the bunch length affects the signal
in proportion with bunch form factor

Induced voltage V =2k, F,
Energy deposited W =KipseOy~ Fy”

i (t)-etdt]  |[i,(t)- et
with "bunch Formfactor* F, = U ’ ‘ = U B ‘

[is (t) dt 05

By sampling F,, at different frequencies information of bunch length and shape can be obtained !



Relation bunch spectrum / r.m.s. bunch length

Three bunch shapes with same g, and o,

Fb(a))l -I

0, A o
// I
AN

1O

4 2 0 2 4 0 0.2 0.4 0.6 0.8 1
t wl27

F(0)=—|i I )e'dt| =

f 1+|a)t—

2
F.(0)~ i(l— —armszJ for low frequencies



Best frequency choice for 6, determination

_ q, —t? —
Ib(t):\/Zﬂ'O' oXP 20, di
*’ ’ Fy(w)
%% -o’oy, 081
F = e
» (@) N Xp[ > ]
06
2
d Fb (260) -0 = Dy = i
de % 04|
Best frequency for maximum sensitivity 0.2}

o/ 21=0.159/0,,



Range of microwave methods

1000
Wopd 2 00 K Quasi optical
[GHZ] systems
200 \\
N VAN
100 \\
N ,
50 N wave guide
systems
N
20 q
\

0.5 1 2 5 10 20

Oopt [PS]



Choose rectangular waveguide with w_ ~w
Detector will measure integrated spectrum integrated above W s

<>
NR
N~

A very simple system

opt

rectangular
waveguide with
diode power
detector

beampipe

— |8

oscilloscope

1=
Fo(w)
0.8}

0.6
04}

0.2}

. Connect waveguide to beampipe.

\
\
\,
O'b+ 20%\\\

-~
-
R —

\-‘
= -

0.1

0.2 0.3

cutoff



Different configurations for coupling the electron bunch field

coax. cable > detector

or waveguide, | i

antenina

PhD thesis C.Martinez

(7)) CERN-THESIS-2009-011
"f‘-,{fllk 01/ 09,/7999



Wacuum

s it oy

ALz

Waveguide pick-up system design

Wave guide
WHZE ~1-2m

2x Hom Askwna

S

CLBPROZI0
CI.BPRO4TE

capton foil

but your vacuum group will kill you!

Courtesy L. Sg

is better

by, CERN

Eox on side
of girder

FF dekcior
ShaA,

(:HU_\/E {E HolR

®

ALZ
153300

DC block to protect RF detector against
beam induced



Waveguide pick-up of CTF3 at CERN

Non intercepting bunch length monitor

2 X Horn
Antenna
Wave guide attei(l)g?ion R
Vacuum ‘ ‘ WR28 ~1-2m p—— .| detector |smA
window 2008 ] F @ @ 12dB
AL, O, \ L
CL.BPR0290
CL.BPR0475
CT. BPR0532
CR.BPR0532
CC.BPR0915

<—— RFin

Shorter bunches
means more power

Courtesy L. Sgby, CERN



A more sophisticated system
CTF3(CERN) mm-wave spectrometer

Signal <410 dB s
from the . \\." ]
't II % +
beam 2-14 10 dB
. GHz
74.5 |
GHz
Filter
74 GHZ Receiving E-
band horn
Receiving K- band
horn
Filter
142 GHz /
Recemng S — Filter
D-band 40 GHz
norn 157 Recewmg E-band horn

~ GHz

_GRz 56.5
2-14 GHz
GHz

- 2-14 |
+10d GHz -
|lllll

Courtesy A. Dabrowski, CERN



Filter for mm-wave

HPS720A 50 MHz . 40 GHz
------------ - 00000
g SMA cable Nas
S
oUT IN
v, o SMA cable

Hom Filter  Hom

|:| WE28
e

Jem 3em waveguide
Measurement of Measurement of
‘o _ reflectionfacter _ _ _ . - o _ . Dessmissionfactor -7
Reflection=low pass Transmission=high pass

1 Imnm

2.8y

48,0 mm

70 mm

19 B mmm

a) Front view b) lateral view

Figure 3.27: Filter with cut-off frequency at 26.5 GHz and conical edges at an angle of

PhD thesis C.Martinez 200

, T CERN-THESIS-2009-011
Yol 0109/ 1999



Example CTF3 mm-wave spectrometer

Example of one down mixing stage - RF-pickup

Example:
1. 33 GHz beam harmonic (11t of 3 GHz)

2. ADC is 2 GS/s, typically use 4000 points, 2 micro second time window, delta t = 0.5 ns

3. Depending on the period of the bunch length variations along the pulse & parasitic noise
optimize the choice of the second LO mixing stage
4. choose to down mix to a high frequency LO signal, choose 716 MHz
Beam Beam Beam Fixed first Variable IF
acceleration | harmonic # harmonic Mixing Mixing (measured)
2.99855 GHz 32.984 GHz 26.5 GHz 7.2 GHz 716 MHz 735 MHz
Example Schema K- Variable 2 GS/s
band down mixing Local oscillator] 1€Xas Instruments 4 oo
WR=28 | oscillator -l BW 1 GH
scheme T receiving| 76,5 GHy | |2 1*CHZ 0 db ‘ 10 bit
mitting horn - : ‘ dt Acgiris DC282 ADC
RF signal 1om | | [ | amplifier
from bunch ﬁ ﬁ / E‘g
WR-28 IF IF CC50 50 MHz
waveguide p o hass 0-13.5 GHz 0-750 MHz cable  high pass
) brass filter SMA cable ~ SMA cable 20m filter
Courtesy A. Da browski, CERN (26.5 GHz)




Example CTF3 mm-wave spectrometer

Power supplies for
the 3 mixing
stages & 4
amplifiers

4 Amplifier Channels

Courtesy A. Dabrowski, CERN
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Self consistent calibration of spectral bunch length measurment

Measure RF signal S; and S, at two frequencies w; and w,
Change machine setting to obtain a different (yet unknown) bunch-length
Measure again RF signal S; and S, at two frequencies @, and w,
Compute response function R; and R, at w; and w, and bunch-lengths o, and o for the
two machine settings from knowledge of spectral shape ;
Store R; and R, for future measurements F.(o)
0.8}
0.6
w'c w,'c "
Sa=R|1 % S;a=R, 1_% 02!
o oy w, 0y
— 1 B — 2 B Of, . . . - . :
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@ @
2 2
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1 2 2
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R2 — (SlASZB 1B~2A

_ )
o, —w, XSZA SZB)

Sn)

(a)l - X SlB)

\/zszs(sm Sig) a)z2 —25,5(S,4 —S5g) a)lz
2 2
(S1aS,5 — Si55,4) @ @,



Spectrum of bunch trains

Fy(w)
0.8 _-

06}

04/

02!

Line spacing=1/bunch spacing J




Thank you for your attention !

& Have fun measuring your beam parameters!
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