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Beam Instrumentation DevicesBeam Instrumentation Devices

What do you want to measure ?
- Beam Position  

B C t- Beam Current  
- Beam Profile, Beam Size, Beam Emittance 
- Bunch LengthBunch Length 

Where to put the instrumentation devices ?
- In storage ring 

nondestructive, low impedance 
At b t t li- At beam transport line 

single path or accumulated the signal with short gated

Introduction



Critical Performance CharacteristicsCritical Performance Characteristics 
for Beam Instrumentation Devices 

-Dynamic range; 
better to be widebetter to be wide

-Resolution ;
better to be small bette to be s all

-Offset ;
better to be small 

-Stability and Accuracy;
better to be stable and accurate

-Destructive
destructive monitor is used only for the transport liney f p

Introduction
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1-1. Stripline Beam Position Monitorp

Stripline BPM
Beam position monitor p
with wall current.

What is the wall current ??

Picture of the stripline BPM  in ATF .

Stripline Beam Position Monitor



Wall Current 
Field Distribution in the Beam Pipe

Field Distribution for Point Charge
( Electron Rest Frame )

Charge moves along the pipe.

finite electric field, 
no magnetic field

“Wall Current”Wall Current
The Distribution of the electric filed is roughly 

Stripline Beam Position Monitor



Wall current of the off-center line chargeWall current of the off center line charge

Electrical potential on the pipe p p p
is the sum of the line charge and image charge.

Wall current distribution of the line charge can be driven 

Expressed 
with image charge

f g
by the derivative of the electrical potential

Image 
Charge

Stripline Beam Position Monitor



Wall current of the off-center line charge 2

The wall current can be driven by

Wall current of the off center line charge 2

The wall current can be driven by

x

When the line charge has horizontal offset,
large difference between horizontal off-diagonal signal,
no difference between vertical off-diagonal signal .

We can use the wall current as the position monitor.

Stripline Beam Position Monitor

Wall current induced each electrode.



The basic Idea of beam position measurement 
with wall current 

r << R

The differences of the off diagonal position ( Δ / Σ ) are

The ( Δ / Σ ) are proportional to the line charge position.
Stripline Beam Position Monitor



Position Sensitive Factor
for the Electrode with Finite Opening Angle 

Angle width of the electrode is αAngle width of the electrode is α .

Position Sensitive Factor

Stripline Beam Position Monitor



Mapping of the Stripline SignalMapping of the Stripline Signal 

The nonlinear effect is calibrated offline analysis.ff ff y

-BPM is moved by mover.
-Induced voltage is measured for each electrode.
Th li lib ti f t i d-The nonlinear calibration factor is measured 

by the mapping procedure. 

Linear region is roughly +/- R/4

Even though we can use the nonlinear region for the beam position with calibration curve,
since signal induced one electrode is too small to make the accurate measurement, 

d fi th d i f t i li BPM d +/ R/4we define the dynamic range of stripline BPM as around +/-R/4.   

Stripline Beam Position Monitor



The readout of the stripline BPMe eadout of t e st ipli e

A

N i l t t

B

I

Iw /2 Iw /2

No signal output 
for downstream pickup 

Iw
- Iw /2

- Iw /2

I

-Iw

IbA B

Stripline Beam Position Monitor



Application to e+ e- RingApplication to e  e Ring

I th + iIn the e+ e- ring, 
the both electron and positron beams are stored in the same ring.

Since the beam directions are opposite direction,Since the beam directions are opposite direction,
we can measured the beam position for electron and positron beams.

pick up only the electron information pick up only the positron information

e- e+

Stripline Beam Position Monitor



R l ti Li it f th St i li BPMResolution Limit of the Stripline BPM 

( around the center )

The signal is propotional to the current 
Δφ Z I

4 π
Δφ Z Ib

The noise is defined by thermal noise

V =

δV =      4kT (BW) Z

( BW ) ; bandwidth defined by the electorode

Stripline Beam Position Monitor

for 10cm stripline,



R h E ti ti f th P iti R l ti
For the storage ring, the signal is propotional to the beam current 

Rough Estimation of the Position Resolution

4 π
Δφ Z IbV =

) R 15 Δφ 30 d V = 104mVi.e.)   R = 15mm,  Δφ = 30 degrees, 
Ib = 50mA  ( for sampling frequency of readout  )

V   104mV

The noise is defined by thermal noise

δV =      4kT (BW) Z

i.e. )  for 10cm stripline,

( BW ) =              = 750MHz 4L
c

δV = 0.025mV

δx = 1 3 μm

Therefore, the resolution limit is roughly 

Thi i th th ti l li itδx = 1.3 μm

Stripline Beam Position Monitor

This is the theoretical limit .



Readout of the Stripline BPMReadout of the Stripline BPM 
Noise Amplification in Readout Electronics

The noise is also amplified in the amplifier of readout electronics.

Comments for the beam transport line
The first amplifier is dominant noise source . 

Since the beam position signal is single path, the signal must be gated.

In generally, the resolution in transport line is not good
to that in storage ring for its large amplification factor of the electronics. 

Stripline Beam Position Monitor



Readout of the Stripline BPMReadout of the Stripline BPM 
Introduction of the ATF readout electronics 

ATF readout electronics is the single path readout.
- we can measure the beam position with this electronics

not only for the storage ring, but also for the beam transport line.

- we can measure the beam position at the first turn of injection, 
the first turn information is very helpful for the injection tuning. f f y pf f j g

ATF readout electronics is using diode clipping circuit .

Low BPM signal

Low pass filter

Integrated by charged ADCIntegrated by charged ADC

Stripline Beam Position Monitor



Readout of the Stripline BPMReadout of the Stripline BPM 
Performance of the ATF readout electronics 

P iti R l tiSignal Response of the circuit Position Resolution

Th iti l ti i d 10
This nonlinear effect is calibrated  and corrected . 

The position resolutio is around 10 μm
at 1e10 beam intensity.

Stripline Beam Position Monitor



Beam orbit measurement 
in ATF with Stripline BPM 

Beam orbit measurement in ATF extraction line.Beam orbit measurement in ATF extraction line.  

Beam orbit measurement in ATF damping ring. 
the ATF damping ring has 96 BPMsthe ATF damping ring has 96 BPMs. 

Stripline Beam Position Monitor



Application of the Stripline Beam Position Monitorpplicatio of t e St ipli e ea ositio o ito
Beam Kicker 

+ I

B
Charged Particle

- I

The electrode of the stripline kicker is used for the beam kicker .
- Possible to very fast response kick ! 

The current should be opposite direction to the beam .The current should be opposite direction to the beam .
- In e+e- ring, only one beam can be kicked ! 

Stripline Beam Position Monitor



Summary of Stripline Beam Position Monitor 
-Dynamic range; 

- limited by the vacuum chamber diameter ( +/- r / 4 )

Resolution ;-Resolution ;
- defined by the thermal noise 

and the first amplifier of readout electronics
f h i 1for the storage ring   ;  1μm 
for the transport line ; 10μm 

-Accuracy and Offset ;-Accuracy and Offset ;
- with thermal drift ( around micron level ) 
- necessary for the offset calibration. 

f th lib ti f th h t i ti f d t l t i- necessary of the calibration of the characteristics of readout electronics 

-Nondestructive Monitor
- both for the storage ring and the beam transport linebot fo t e sto age i g a d t e bea t a spo t li e

- Application to ILC
- can use for the injector BPM
- difficult to use in the transport line after RTML for their poor resolution
- difficult to use in damping ring for their large impedance

Stripline Beam Position Monitor



Button type BPM yp
Pickup voltage is determined by the capacitance of the electrode. 

V = q/CV = q/C

By making the electrode with small impedance, we can use the BPM in the damping ring.

But the pickup voltage is small for their small impedanceBut, the pickup voltage is small for their small impedance,
and the resolution is limited by the impedance 

Button type Beam Position Monitor



Readout electronics of BPM in the storage ringf g g

By accumulated ti the many turn of position data ( around 500,000 ),
we can measure the beam position with the resolution of 800 nm in the storage ring.

Furthermore, by removing modes with horizontal and vertical correlation,, y g ,
we can measure the beam position with the resolution of 200 nm in the storage ring.

Button type Beam Position Monitor



Beam Position Readout vs. Beam IntensityBeam Position Readout vs. Beam Intensity

Single Shot Readout

M lti t R d t

Stored Beam – 10 minute time scale; 

Multi-turn Readout

ATF lifetime ~ few minutes

W d h b i i i h ll i i d d i h l i d

Single shot readout is useful for the injection tuning, but small accuracy. 

We can read the beam position with small intensity dependence with multi-turn readout,
the accurate and the high resolution readout is useful for the fine ring tuning.

Button type Beam Position Monitor



Summary of Button type Beam Position Monitor 

-Dynamic range; 
- limited by the vacuum chamber diameter ( +/- r / 4 )

-Resolution ;
- depends on the readout electronics

f th i l h t t 20for the single shot measurement   ;  20μm 
for the multi-turn measurement    ; 800nm online, 200nm offline 

-Accuracy and Offset ;-Accuracy and Offset ;
- good for the multi-turn measurement
- no good for the single shot measurement.

-Nondestructive Monitor with Small Impedance
- both for the storage ring and the beam transport line

A li ti t ILC- Application to ILC
- can use for the injector BPM  ( Stripline BPM can get higher resolution)
- can use in damping ring
- difficult to use in the transport line after RTML for their poor resolution

Button type Beam Position Monitor



1-3. Cavity Beam Position Monitor
Concept of Cavity BPM

y

Stripline and Button type BPM
- the position sensitive factor  was defined by mechanical geometryp f f y g y
- zero position also produce the large signal for each electrode.
- large thermal noise for wide bandwidth ( a few 100MHz ) 

Difficult to get high resoultion

Cavity BPMCavity BPM
- position is calculated with the dipole mode of cavity pickup
- no signal at zero position

ll h l i f b d id h ( f MH )- samll thermal noise for narrow bandwidth ( a few MHz )

Possible to get high resolution

Cavity Beam Position Monitor



TM110 d f iti tTM110 mode for position measurement 

Monopole Mode ; Uniform to the transverse directionMonopole Mode ; Uniform to the transverse direction  
Dipole Mode       ; No field at Center, 2 modes exists 

We will use these modes for position measurement 

Cavity Beam Position Monitor



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

Q f y

Q0 ; energy loss by the thermal loss
- defined by the cavity material and the surface condition

Qext ; energy loss from signal pickup
- defined by the pickup port design

Cavity

Q value consists of two component Q0 and Qext . 

C li C ( β )Coupling Constant ( β ) ; 

The ratio of Q0 and Qext

Cavity Beam Position Monitor



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

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

The excitation voltage by the beam is

Thereby the beam induced energy isThereby, the beam induced energy is

The pickup voltage also is expressed with R/Q .p p g p Q

The output power from the port is  

Thereby, the output voltage is

The external Q is Qext, the impedance is Z for the port . 

Cavity Beam Position Monitor



Signal from the RF CavitySignal from the RF Cavity 

Pi k lt f th RF itPickup voltage fron the RF cavity 

Initial voltage from the pickup port 

Defined by R/Q, Qext and q 

Signal decay time

Determined by the QL

Cavity Beam Position Monitor



R/Q of the dipole mode of Pillbox CavityR/Q of the dipole mode of Pillbox Cavity 

Electric Field of the dipole mode isElectric Field of the dipole mode is

R/Q is calculated with its definition 

R/Q of dipole mode 
is proportional to x2is proportional to x .

Cavity Beam Position Monitor



Beam Position MeasurementBeam Position Measurement
by measuring the dipole mode 

Back to the relation of the pickup voltage ;

Th i k l i i l h i i ffThe pickup voltage is proportional to the position offset . 

We can measure the beam position from the pickup voltage . 

Cavity Beam Position Monitor



Feature of the Pickup Signalf p g
Effect of the finite bunch length

The bunch length distribution

B iti f th l it di l di t ib tiBy superposition of the longitudinal distribution,
the total excitation voltage is expressed as

The excitation voltage is weaker by suppressing each other for σz << c/ω .  

We shuold better to select 
lower RF frequency than bunch length.  

Cavity Beam Position Monitor



Feature of the Pickup Signal
Effect of the beam angle

Phase of angle signal is shifted 
by 90degrees from position signalby 90degrees from position signal

Angle sensitivity 
is proportional to L2 . p p

Small L is better. 

Cavity Beam Position Monitor



Feature of the Pickup Signal
Eff f h b h ilEffect of the bunch tilt  

Phase of angle signal is shifted 
b 90d f th t f b h tiltby 90degrees from that of bunch tilt. 

The sensitivity of the bunch tilt   
is proportional to σ 2is proportional to σz . 

Small σz is better. 

Not only the amplitude, but also the phase detection 
is important to the measurementis important to the measurement .

Cavity Beam Position Monitor



Selection of the RF frequency and Cavity LengthSelection of the RF frequency and Cavity Length 

Beam induced voltage of dipole mode
is a function of 

- bunch length 
- frequency of dipole mode
- cavity gapcavity gap 

1) C i l i b 81) Cavity voltage is set to be 8 mm .
( parameter of the accelerator )

2) F i t t d 6GH2) Frequency is set to around 6GHz.

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

Cavity Beam Position Monitor



Feature of the Pickup Signalf p g
Effect of the tail of monopole mode

l h di l f h l dWe must select the dipole frequency to separate the monopole mode.

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

-Bandpah filetr

-Mode selectable coupler 

Cavity Beam Position Monitor



Dipole Mode Selectable Coupler 1Dipole Mode Selectable Coupler 1 

No couple to Y dipole and monopole

Magnetic coupling with slot shape hole

No couple to X dipole and monopole

Magnetic coupling with slot shape hole

Cavity Beam Position Monitor



Dipole Mode Selectable Coupler 2Dipole Mode Selectable Coupler 2 

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.  g p p p y

Cavity Beam Position Monitor



Design of the Coupling of the Pickup PortDesign of the Coupling of the Pickup Port 

S ; proportional to the
signal sensitivity of RF cavity

N ; Thermal Noise 

Bandwidth is proportional to 1/τ .

β > 0.4 is better for the good S/N ratio.

Cavity Beam Position Monitor



Resolution Limit of the Cavity BPM

Thermal Noise

Resolution Limit of the Cavity BPM 

For the bandwidth of 3MHz

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

But, the noise is amplified by the amplifier 
in the readout circuit to 12nm resolution .

The first amp is the main noise source

Cavity Beam Position Monitor



Readout Electronics of Cavity BPM 
Frequency Conversion 

Frequency is converted to useful frequency for the readoutFrequency is converted to useful frequency for the readout

Converted signal keeps the phase information of the initial RF.

Cavity Beam Position Monitor



Readout Electronics of Cavity BPM 
Homodyne Method 

-Frequency is directly converted to be 0 .
-Converted signal has amplitude information only.

Position informationf
is converted to 
the amplitude information

Cavity Beam Position Monitor



Readout Electronics of Cavity BPM 
Heterodyne Method 

-Frequency is converted to lower frequency .
-Converted signal has 

phase and amplitude information.p p f

Cavity Beam Position Monitor



Readout Electronics of Cavity BPM 
Heterodyne Method ( continued ) 

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

Down converted signal 
is fitted by readout software. 

Cavity Beam Position Monitor



Resolution MeasurementResolution Measurement 

Position resolution measurement is done with 3 BPMs 

The position resolution is evaluated by comparing 
the masured BPM positionthe masured BPM position 

and the evaluated position from another 2 BPM position .

X2(X1 X3) =
X1+X3

X2(X1,X3) =  2

σ (X2–X2(X1,X3)) = σX2
2 +   4

σX1
2 + σX3

2

=
2
3 σX

Cavity Beam Position Monitor



Achieved Resolution in ATF 

Readout electronics is Homodyne type electronics. 

BPM1 BPM2 BPM3

The position resolution is evaluated 
by comparing the Y2 signal and y p g g
the Y2 value evaluated from
BPM1 and BPM2 information. 

Δ = Y2I – Y2I (Y1I,Y1Q,X1,Y3I,Y3Q,X3)

Cavity Beam Position Monitor



Achieved Resolution in ATF 
Continued …

The 8.72 +-0.28(stat) +-0.35(sys) nm resolution is achieved in ATF .
@0.7x10^10 e/bunch, dynamic range: 5 micron.

electronics noise limit: 
5nm@0.7x10^10 e/bunch

Cavity Beam Position Monitor

unknown noise: 7 nm ( vibration measured by laser interferometer: 4nm )



ILC Main Linac BPMILC Main Linac BPM

Requirements:

• High resolution ( < 1µm for single pass ).

• Big beam-pipe aperture ( 78mm diameter ).

• HPR washable and cleanness required• HPR washable and cleanness required.

• Need to withstand wide thermal excursion without vacuum leak.

• Bunch-to-bunch signal acquisition required ( low QL ).

• No interference with acc. cavity HOM  ( 1.6-1.9GHz and > 2.3GHz ).

Cavity Beam Position Monitor



Candidate of the ILC Main Linac BPMCandidate of the ILC Main Linac BPM
Design selection:

Cavity BPM with 4 slots coupled.y p
high resolution, good fiducialization, withstand to thermal excursion.

Use 2nd higher mode
match to big beam pipe easy to get low Q

Calculation by HFSS

match to big beam pipe, easy to get low QL.

4 slots open to beam pipe
HPR washable.

E field

H field

Used mode TM120

Resonance freq. 2.04GHz

Loaded Q 260Loaded Q 260

Bandwidth 8MHz

Cavity Beam Position Monitor



Summary of Cavity BPM
- Dynamic range
- We can adjust the dynamic range by putting the attenuator

h f f d l i ( 1 100 f A 2 )at the front of readout electronics (  1mm - 100μm for ATF2  ).

-Resolution 
Determined by the thermal noise- Determined by the thermal noise .

- 8.7nm was achieved in ATF. 

-Accuracy;y;
- We need online calibration for position sensitive factor .
- Time response is defined by cavity Q value . 

- Nondestructive Monitor with Large Impedance
- only for the beam transport line

Application to ILC- Application to ILC
- can use in the transport line after RTML for their poor resolution, 

including main linac
diffi l i d i i- difficult to use in damping ring

Cavity Beam Position Monitor



Session 2
Beam Current Monitors

2-1. Wall Current Monitor 

2-2. Integrated Current Transformer (ICT)



2-1. Wall Current Monitor 
Wall current is used not only the position measurement,
but also beam current measurement

Mechanism of  the Beam Current Measurement

but also beam current measurement. 

V
with Wall Current

resisterIw Al2O3 + SiO2

Insulator 
MaterialMaterial 

Wall Current Monitor 



Equivalent Circuit of WCM 
Equivalent Circuit of WCM

Capacitor of Insulator

For the first step,
the leakage inductance is 0.

Equivalent Circuit as Voltage Source

Leakage Inductance

= 0

time domain ( defined by Laplace Transform ) 

frequency domain

Wall Current Monitor 



Response Function of the Equivalent Circuitp f q
Response Function for Step Pulse

When we defined by

OvershootingOvershooting

ringing

Wall Current Monitor 



Position Dependence of Pickup Signalp f p g

x

B i i i h V(0) 0 V’(0) 0By integration, with V(0)=0, V’(0)=0

For the high frequency,
the output signal has 
the large position dependence.

In order to use WCM as the current monitorIn order to use WCM as the current monitor,
outputs of 4 connectors must be superposed . 

Wall Current Monitor 



Signal Pickup of Wall Current Monitor g p f
Equivalent circult with several pickups.

x

Wall Current Monitor 



Response of Pickup Signalp f p g

WCM i ATF
Small reflection

WCM in ATF 

Beam current for 2.8ns bunch separation was measured .
However, it is difficult to measure the absolute bunch charge . 

Wall Current Monitor 



Summary of Wall Current Monitor y f

- Resolution ;- Resolution ;
- The time resolution is defined by the readout frequency.

- Accuracy and Offset ; y ff ;
- Strongly depends on the external noise .
- For the high frequency, large position dependence exists .
- with thermal driftwith thermal drift

- Nondestructive Monitor
- both for beam transport line and storage ring

- Application to ILC
- can use both in the transport line and damping ring 

f th b h t b h di t ib ti tfor the bunch to bunch distribution measurement .

Wall Current Monitor 



2-2. Integrating Current Transformerg g f
The Integrating Current Transformer (ICT) is a capacitively shorted transformer
and a fast readout transformer in a common magnetic circuit f f g
designed to measure the charge in a very short pulse with high accuracy. 

Wall current
bypass line

Ceramic ChamberCe amic Chambe

VToroidal CoreToroidal Core 

Integrating Current Transformer



Measured Waveform of ICT f f

Bunch Structure
measured by WCM 

Bunch Current 
measured by ICT 

The total bunch charge can be measured.

Integrating Current Transformer



Critical Performance CharacteristicsCritical Performance Characteristics 
of Integrating Current Transformer

- Resolution ;
- The time resolution is defined by the time constant of toroidal core.

- Accuracy and Offset ; 
- Linearity error is less than 0.1% .

Off i i i i i i ll ( 0 01%/ )- Off-center position sensitivity is small ( 0.01%/mm )
- Small effect of the external noise .

- Nondestructive Monitor- Nondestructive Monitor
- both for beam transport line and storage ring

- Application to ILCpp
- can use as the bunch to bunch distribution measurement  after damping ring
- can use as the beam current monitor for all of the ILC  

Integrating Current Transformer



S i 3Session 3
Beam Profile Beam Size Monitors

3-1. Fluorescent Screen Beam Profile Monitor

Beam Profile, Beam Size Monitors
3 1. Fluorescent Screen Beam Profile Monitor 

3-2. Optical Transition Radiation Monitor

3-3. Wire Scanner Beam Profile Monitor 

3 5 Synchrotron Radiation Monitor

3-4. Laser Wire Scanner 

3-5. Synchrotron Radiation Monitor

3-6. X-ray Synchrotron Radiation Monitory y



3-1. Fluorescent Screen Beam Profile Monitor
fluorescent screen

The alumina fluorescent screen 
i i t d t b liis inserted to beam line 
at the profile measurement. 

Gated CCD Camera

Fluorescent Screen Beam Profile Monitor

The gate timing of CCD camera
is synchronized to the beam timing. 



Picture of Screen Monitor in ATFf
Vacuum chamber 
with fluorescent screenwith fluorescent screen

Measured Beam Profilef

Gated CCD Camera
with Telescope

Fluorescent Screen Beam Profile Monitor



Measurable Limit of Fluorescent Screen Monitor

M d b i i l th th t l b i

Measurable Limit of Fluorescent Screen Monitor 

Measured beam size is larger than the actual beam size 
by the thermal diffusion of the screen material.

Measured Beam Size

Actual Beam Size

Since the amount of the thermal diffusion is comparable to the screen thickness,
The measured beam size is limited by the screen thickness ( ～100μm ).

Fluorescent Screen Beam Profile Monitor



Summary of Fluorescent Screen Monitory f

-Dynamic range; 
- around 10mm ( defined by the screen size and range of CCD )

Resolution ;
>> 100 ( d fi d b th thi k d th i l i f CCD )- >> 100μm ( defined by the screen thickness and the pixel size of CCD )

Offset ;
- around 1mm ( defined by the initial setting errors )around 1mm ( defined by the initial setting errors )

Stability and Accuracy;
- Single shot ; very stable.

-Destructive
- Only for the beam transport line .

- Application to ILC
- can use for the beam commissioning, especially for the injector

Fluorescent Screen Beam Profile Monitor



3-2. Optical Transition Radiation Monitorp
Optical transition radiation is produced by relativistic charged particles 
when they cross the interface of two materials of different dielectric constants.y f f f ff

Relativistic
Forward OTRBackward OTR

Relativistic
Charged Particle

OTR target for using beam instrumentation

Forward OTR
Relativistic
Charged Particle

OTR Target ( Stainless Plate )
Backward OTR

OTR Monitor

This light is used for the beam measurement.

The radiation is emitted just the surface of the material and no diffusion !



Angular Distribution of the OTR Light

Angular Distribution of OTR light

Angular Distribution of the OTR Light

Angular Distribution of OTR light
Large tail 

typical distribution is 1/γtypical distribution is 1/γ

By correcting the large angular light with large aperture lens,
h ll b i i h OTRwe can measure the small beam size with OTR. 

OTR Monitor



Measurable Limit of OTR Beam Profile MonitorMeasurable Limit of OTR Beam Profile Monitor

CCD Camera

LensLens Resolution of the beam size measurement
is limited by the diffraction limit .

Δ λ/4 Δθ
Δθ

Δx > λ/4π Δθ

The large aperture lens makes the measurement of the small beam size.

OTR Monitor



Example of the Wide Aperture Lens System in ATFExample of the Wide Aperture Lens System in ATF 

Minimum measured beam size is 10 μm
by the OTR monitorby the OTR monitor

OTR Monitor



Damage of the OTR TargetDamage of the OTR Target 

The problem is the damage of the OTR target 

0 000.00

The OTR target should be selected to the small damage target .

OTR Monitor



Summary of OTR Beam Profile Monitor
-Dynamic range; 

0.1mm - 1mm
( defined by the magnification of the telescope of CCD camera )f y g f f p f

-Resolution ;
10μm beam size was measured in ATF.

-Offset ;
around 1mm ( defined by the initial setting errors )

-Accuracy;
- Calibration of the magnification ratio of the telescope.
- Aberration of the lens systemf y
- Imperfection of the focal length adjustment    

-Destructive
Only for the beam transport line .

- Application to ILC
difficult to use

OTR Monitor

-difficult to use, 
but have possibility to the small beam size measurement for commissioning



3-3. Wire Scanner Beam Profile Monitor 

When the beam is hit to the wire,

f

,
the bremsstrahlung photons are emitted.

Photon Detector

Wire position is moved by the mover stage.

Photon 
Detector
Signal

By taking the detector signal dependence 
of the mover position, beam profile was measured.Signal

Mover Position

of the mover position, beam profile was measured.

Mover Position

Wire Scanner Beam Profile Monitor 



Wire Scanner in ATF 

Wire Scanning System

Cherenkov light 

Mover Stage
is generated.

Li ht G id
Vacuum Chamber
Wire mount is in the Chamber

Light Guide

Gamma-ray detector

Air Cherenkov Detector was used

PMT

Air Cherenkov Detector was used
for the Gamma Detector

Wire Scanner Beam Profile Monitor 



Air Cherenkov Detector  

Ch k R di ti
Background Distribution

For the air, n=1.0003 ,

Cherenkov Radiation 
is emitted when β > 1/n.

, ,
the threshold is E > 21 MeV.

Cherenkov 
Radiation

cos θ = 1 /βn
Electromagnetic Field

cos θ = 1 /βn

Charged Particle

Wire Scanner Beam Profile Monitor 



Measured Profile by Wire Scanner 
Wires are mounted to horizontal and vertical direction 
and tiled wires for measuring the beam coupling.  

f y

We can measure the horizontal and vertical beam size 
and their coupling with single stage.  

Wire Scanner Beam Profile Monitor 



Limit of the Measured Beam Size

Measured Profile by Wire Scannner

Limit of the Measured Beam Size 

The measured beam size by wire scanners 
are expressed as the second order moment

Diameter of wire ; d

are expressed as the second order moment
of the convoluted shape
of the gaussian function to the round shape. 

σ  =     σ0
2 + ( d /4 ) 2Beam profile

The limit of the measurable beam size is d/4 .The limit of the measurable beam size is d/4 .

In the ATF, since 10μm wire was used for the beam size measurement,
the limit of the beam size measurement is 2 5μmthe limit of the beam size measurement is 2.5μm .

Wire Scanner Beam Profile Monitor 



Summary of Wire Scanner Beam Profile Monitor 
-Dynamic range; 

- For large profile, PMT HV gain is increased .
( 1 f ATF )( 1mm for ATF ) 

-Resolution ;
d/4 is the mechanical limit of the measurementd/4 is the mechanical limit of the measurement .

( 2.5μm for ATF )

-Accuracy;y;
Since wire scanner is multi-path measurement, 

the beam fluctuation affect to the beam size measurement.

-Partly destructive Monitor
- Since the beam loss is  0.01% order,

we can use the beam with the beam size measurement.
- But, only for the beam transport line .

- Application to ILC
f h i j

Wire Scanner Beam Profile Monitor 

- can use for the injector 



3-4. Laser Wire Scanner 

Laser Compton Scattering
When electron beam collide to laser light,
the gamma ray is generated by Compton scattering 

Laser Compton Scattering 

Laser Light

Mechanism of the Compton scattering
is defined by Klein-Nishina Formulais defined by Klein-Nishina Formula. 

Laser Wire Scanner



Klein-Nishina Formula 
Compton scattering is described by the elastic scattering

of electron and photon in electron rest frame.

Differential Cross Section of Compton ScatteringDifferential Cross Section of Compton Scattering

Laser Wire Scanner



Energy Shift for High Energy Electron Collision

For collision with low energy electron beam

Energy Shift for High Energy Electron Collision

For collision with low energy electron beam 

mc2
γ ω / 2 = 2.9keV for ATF for 532nm 

Photon energy in electron rest frame is quite smaller than electron mass.
Electron do not move after scattering.

For collision with high energy electron beam 
2

Photon energy in electron rest frame is comparable to electron mass

mc2
γ ω / 2= 0.55MeV for 532nm

Photon energy in electron rest frame is comparable to electron mass.
Electron move after scattering.
Then the scattered photon energy is shifted to be low.

Laser Wire Scanner



Differential Cross Section of Compton ScatteringDifferential Cross Section of Compton Scattering  
For ATF beam For ILCBDS

Scattering angle is ultra forward direction.
Photon energy is shifted for high energy beamPhoton energy is shifted for high energy beam.

Laser Wire Scanner



Total Cross Section of Compton ScatteringTotal Cross Section of Compton Scattering  
The total cross secion depends on the energy of electron beam.
But, the dependence is small .But, the dependence is small . 

Rough estimation of the signalRough estimation of the signal
When we have 1000 photons per a collision for 10μm beam,
the requirement of the peak laser power is 10MW.

Laser Wire Scanner



Concept of Pulsed Laser Wire
Pulsed Laser Wire Scanner 

Concept of Pulsed Laser Wire

When we measure the small beam size or high intensity beam, 
material wire was cut by thermal stress !material wire was cut by thermal stress !

Not destroyed wire ;
Small diameter wire ;;

Laser Wire

Laser Wire Scanner



Gaussian Beam  
Laser beam is ideally Gaussian beam  

I ll l li h i TM dIn generally, laser light is TM00 mode 

Laser Wire Scanner



Lens Design for Injection Systemg f j y
Transportation of Light

In order to make a small laser wire,,
the injection lens system is very important .  

Linear transportation of laser system is defined by Transfer MatrixLinear transportation of laser system is defined by Transfer Matrix 

Laser Wire Scanner



Spherical Aberration p
The difference from linear system
with the spherical lenswith the spherical lens

The focal point is different
by injection positiony j p

The larger aberration for larger offset

The amount of the beam emittance
is evaluated by

Spherical aberration is large for small focal length lens .

Laser Wire Scanner



Design Concept of the Focus LensDesign Concept of the Focus Lens

Beam size is defined by

- diffraction limit

Performance of Laser

diffraction limit

Smaller F# is better 

- spherical aberration 

For the single lens, 
small F# makes spherical aberration large

If we design the lens without spherical aberration by F#,
the measured beam size is expressed by

small F# makes spherical aberration large.

the measured beam size is expressed by  

Laser Wire Scanner



Lens Design for ATF2 Laser Wire ScannerLens Design for ATF2 Laser Wire Scanner 

F#=2 LensF#=2 Lens
Lens without spherical aberration by F#=2

D i t b l t th f l i tDesign to be close to the focal point

T k f h l d i d dDesign by simulation code ( ZEMAX) Take care of the lens and window damage
from reflection light. 

Design by simulation code ( ZEMAX)

Laser Wire Scanner



Beam Experiment in ATF Beamlinep

F th li i t t

At transport line  

Laser wire chamber in ATF extraction line

For the preliminary test,
laser wire system was installed in ATF extraction line with F#=10 lens.

Stripline BPM

Injection lens systemInjection lens system 
is in the box.

Laser extraction port

Laser position is changed by the mirror in the injection system.

Laser Wire Scanner



Preliminary Results of Laser Wire in ATFy f

Collision with micron order beam ( 2μm ).

Training of the collision timing adjustment

Test of photon detector ( silica aerogel Cherenkov )
Index 1 017 Threshold 2 8MeVIndex 1.017,  Threshold 2.8MeV 

3.84μm beam size was achieved.
( ILC requirement is 1μm. )( q μ )

Laser Wire Scanner



Summary of Pulsed Laser Wire ScannerSummary of Pulsed Laser Wire Scanner

- Dynamic range; y g ;
- defined by signal to noise ratio ( 100μm for ATF2  )

- Resolution ;
- determined by the laser waist ( 1μm for ILC requirement ) 

- Accuracy;
laser waist and waist position should be stabilized-laser waist and waist position should be stabilized

the laser improvement , focus lens development 
- affect to the beam jitter 

- Partly destructive
- We can use in both storage ring and transport line.

- Application to ILC
- major candidate in the main linac 

Laser Wire Scanner



C f C i b d L Wi
Cavity based Laser Wire Scanner 

Concept of Cavity based Laser Wire

The peak power of CW laser is small,
b h CW l b lifi i i i l ibut we can use the CW laser by amplification in optical cavity. 

The advantage of the cavity based laser wire is laser wire stability ( position and waist )
by well stability of CW laser and mode cleaning effect in the optical cavity .

Laser Wire Scanner



Laser Cavity Resonator  y

Laser Wire Scanner



Laser Resonance in Optical CavityLaser Resonance in Optical Cavity  

When cavity length is mλ / 2 ,
the laser power is expressed by  

Transmittance

Reflectivity

Stored PowerStored Power

Injected laser light is enhanced 
by optical cavity with high reflection mirror T2 = 1 – R2

Laser Wire Scanner



Finess of the Optical CavityFiness of the Optical Cavity 

Finess is the power enhancement factor in the opticsl cavity .
- defined by the reflectivity of the optical cavity- defined by the reflectivity of the optical cavity .
- corresponds to the resonance width .

because for the high refrectivity mirror ,
the requirement of the laser phase shift is tight .the requirement of the laser phase shift is tight .

Laser Wire Scanner



Beam Waist and Optical MatchingBeam Waist and Optical Matching
Condition of injection matching

Wavefront is same to mirror surface. 

Beam waist is defined by 

Mode cleaning effect

2ρ – L is very important numberρ y p
to defined the beam size.

For small beam waist, 
- The divergence is large to affect the spherical aberration of lens in injection system.
Th f th i j ti ffi i i t dTherefore, the injection efficincy is not good .

- The Rayleigh length is short. Beam waist is limited around 10μm

Laser Wire Scanner



Experimental Setup of the p p f
Cavity based Laser Wire in ATF 

Laser wire system is located 
at the straight line of ATF damping ringat the straight line of ATF damping ring 

We have two laser path
to make the horizontal 
and vertical laser wire.

Laser Wire Scanner



Optical Table of ATF Laser Wire ScannersOptical Table of ATF Laser Wire Scanners

Vacuum chamber for horizontal measurement

All of the apparatus 
th t bl i d bon the table is moved by

stepping moter.

Vacuum chamber for vertical measurement50mW Nd:YAG CW laser 

Laser Wire Scanner



Optical Resonance Cavity for ATF Laser WireOptical Resonance Cavity for ATF Laser Wire

O ti l it ith 2 iOptical cavity with 2 mirrors

We use 0.997% mirror,
F = 1000

Smooth pipe to reduce impedance C i L h i ll dSmooth pipe to reduce impedance Cavity Length is controlled
by piezo actuator 

Laser Wire Scanner



Laser Control at Beam Size MeasurementLaser Control at Beam Size Measurement 
Cavity length is modulated with piezo actuator
to make laser on and off signal continuously .to make laser on and off signal continuously .

Laser Wire Scanner



Measured Signal with CsI ScintillatorMeasured Signal with CsI Scintillator 
Since laser beam collision is occurred by 1 collision per 1000turn,
we can measure the each photon energy .we can measure the each photon energy .

Collision rate
in energy window

Energy distribution
gy

We can measure the on/off signal dependence

Laser Wire Scanner



Beam Size MeasurementBeam Size Measurement 
Since Rayleigh length is short (0.59mm for 5μm waist),
we must adjust the beam center to the laser waist center.we must adjust the beam center to the laser waist center.

Measured profile should subtractp f
the effect of the laser wire waist. 

Measured minimum beam size is
5μm with 5μm rms. laser wire. 

Laser Wire Scanner



Further Applicationpp
Beam damping measurement with time gate

Multibanch beam measurement with arrival time difference to the detector.

We observed beam size enhancement
by fast ion effect.

Comment
We believe this is not beam size enhancement,
but the dipole oscillation .

Comment

Laser Wire Scanner



Summary of Cavity based Laser Wire Scannery f y

-Dynamic range; 
- defined by signal to noise ratio ( 100μm in ATF  )

-Resolution ;
d t i d b th l i t ( 5 i ATF )- determined by the laser waist ( 5μm in ATF ) 

-Accuracy;
-laser waist and waist position is stablelaser waist and waist position is stable 

by mode cleaning effect in optical cavity. 
- affect to the beam jitter,

and not to separate the beam jitter and beam size growthand not to separate the beam jitter and beam size growth.

-Partly destructive
- used in storage ring, because of the small collision rate.g g, f

- Application to ILC
- can use in the damping ring

Laser Wire Scanner



3-5. Synchrotron Radiation Monitory

Beam profile (beam size) measurement in the storage ringp f ( z ) g g

- Cannot use the material target for the large beam loss

- Utilizing the special feature of storage ring – synchrotron radiation

The synchrotron radiation monitor is useful 
for the beam instrumentation in the storage ringfor the beam instrumentation in the storage ring.

Synchrotron Radiation Monitor is used for 

-Beam profile beam size monitor-Beam profile, beam size monitor 
-Bunch length monitor

Synchrotron Radiation Monitor



Synchrotron Radiation

Synchrotron radiation is emitted to the beam direction,
h h b h h b di fil d

Electron Beam S h t

when the beam has the bending filed. 

Acceleration

Synchrotron
Radiation

Acceleration

Di t ib ti f th di tiDistribution of the radiation 

σ polarization π polarization

Synchrotron Radiation Monitor



Energy Distribution of Synchrotron Radiation
Critical Energy of the Synchrotron Radiation

Energy Distribution of Synchrotron Radiation

εc [keV] = 0.665 E2 [GeV] B[T])

Visible Light 

π polarization

Example of the ATF beam

-1.3 GeV of the electron beam 
0 9 T f h b di fi ld

σ l i ti

π polarization -0.9 T of the bending field 

εc = 1 keV 
σ polarization

We can use the visible light, 
since the energy distribution is wideband. gy

Synchrotron Radiation Monitor



Measured Result of the Beam Profile 
Measured Beam Image

G t i t l 1Gate interval ; 1ms

Time dependence of the beam size . 

The beam size damping is measured
by the SR monitorby the SR monitor .

Horizontal Vertical
19.5 ms ( meas. )
17.0 ms ( calc. )

29.9 ms ( meas. )
27.3 ms ( calc. )

Synchrotron Radiation Monitor



Measurable Limit for SR Beam Profile Monitor 

Angular Distribution 
of the Synchrotron Radiation

Beam Divergence of the Synchrotron Radiation 
Synchrotron radiation occurs 

σ polarization

π polarization

of the Synchrotron Radiation 
in a narrow cone of nominal angular width ~1/γ. 

σψ = 2
πγ C (y)1
πγ

σy >
4

λ
4πσψ 2π

γ
C (y)

1λ
= 4ψ 2π C (y)

-1.3 GeV of electron beam
-0.9T of bending field
-500nm of the wave length

σy > 12μm
f g

Synchrotron Radiation Monitor



Other Limits to the Beam Profile Measurement f

Lens Physical AperturePhysical Aperture Limit 

CCD
r

L

σy > 4π r
λL

Spherical Aberration of Lens

Synchrotron Radiation Monitor



Summary of SR Beam Profile Monitory f f

- Dynamic range; y g ;
- Depends on the magnification of the telescope ( 1mm for ATF setting )

- Resolution ;
- Defined by the diffraction limit and others ( 30-50μm for ATF ) 

- Accuracy;
Since we accumulate the signal of more than 1ms interval- Since we accumulate the signal of more than 1ms interval, 
beam fluctuation affect to the measurement

- No destructive monitorNo destructive monitor
- Possoble to use in the storage ring
- Cannot use in the transport line for their small signal 

- Application to ILC
- can use in damping ring at large beam size.

Synchrotron Radiation Monitor



3-6. X-ray Synchrotron Radiation Monitor

The monitor to measure the small beam size 
with SR light in the storage ring.with SR light in the storage ring.

Diffraction Limit 
500nm 1nm 

x 0 002

σy >
4

λ
4πσψ 2π

γ
C (y)

1λ
=

x 0.002

ψ 2π C (y)

x 0.1

When we used the 1nm X-ray for the beam size measurement,
the diffraction limit is improved by factor 50 .

Physical aperture limit and the spherical aberration of lens
l i d b th ll di l f Xalso improved by the small divergence angle of X-ray .  

X-ray Synchrotron Radiation Monitor



Principle of the X-ray SR Monitorp f y

Source Point 

Fresnel Zone Plate
nλ LLens for X-ray

f 2/λ
L

f = r1
2/λ

X-ray Synchrotron Radiation Monitor



Experimental SetupExperimental Setup

Source Point

X-ray CCD camera

X-ray Mirror
( Bragg’s Law ) 

Fresnel Zone Plate X-ray Screen

X-ray Synchrotron Radiation Monitor



Measured Profile at ATFMeasured Profile at ATF

Measured Profile at ATF damping ring

10μm

50μmμ

Shutter Interval ; 1ms 

X-ray Synchrotron Radiation Monitor



Summary of XSR Beam Profile Monitor y f f
- Dynamic range; 

Depends on the magnification of the telescope- Depends on the magnification of the telescope 
( 500mm for ATF setting )

- Resolution ;;
- Defined by the diffraction limit and others

( 1mm for ATF ) 

- Accuracy;
- Since we accumulate the signal of more than 1ms interval, 

beam fluctuation affect to the measurement

- No destructive monitor
- Possoble to use in the storage ring

C i h li f h i ll i l- Cannot use in the transport line for their small signal 

- Application to ILC
- can use in damping ring at small beam size

X-ray Synchrotron Radiation Monitor

- can use in damping ring at small beam size.



Session 4Session 4
Bunch Length MonitorsBunch Length Monitors

4-1 OTR ODR monitors4-1. OTR, ODR monitors

4-2. Synchrotron Radiation Monitory



4-1. OTR, ODR monitors4 1. OTR, ODR monitors

OTR is also used for the bunch length measurement 

Forward OTR

B k d OTR

Relativistic
Charged Particle

OTR Target ( Stainless Plate )
Backward OTR

Th i f h OTR li hThe time structure of the OTR light 
is same to that of the longitudinal profile of the beam.

OTR, ODR Monitor



Optical Diffraction Radiation (ODR)

- When the beam pass through near by the conductive target,
i l diff i di i (ODR) i i d

p ff ( )

optical diffraction radiation (ODR) is emitted.

- The time structure of the ODR light also has same time structure of the beam.  

Forward ODR
Relativistic
Charged Particle

OTR Target ( Stainless Plate )
Backward ODR

OTR, ODR Monitor



Apparatus of the Bunch Length Measurement

Streak Camera

ppa atus of t e u c e gt easu e e t

V

Time
Trigger timing is synchronized 

to the beam arrival time.

Trigger
S i Ci it

Time to the beam arrival time.

Sweeping Circuit

LensOTR Intensity

Slit Photocathode
MCP Screen TimeTime

The time information is converted to the space information on the screenThe time information is converted to the space information on the screen

OTR, ODR Monitor



To make accurate measurement

SlitSlit
to make small light size

Photocathode
This size is affect to 
the bunch length 
measurement.

ND filter
to adjust the incident light Intensity

At the exit of the photocathode, f p ,
the electron energy is small to affect the electron spot size.

The amount of space charge effect is depends on the intensity.

OTR, ODR Monitor



Bunch Length Measurement in ATF Linac

A t f th St C

u c e gt easu e e t i i ac

Apparatus of the Stream Camera

timetime
Bunch Length measured by streak camera

OTR, ODR Monitor



Summary of OTR, ODR Bunch Length Monitory f , g

-Dynamic range; 
10ps – 10μs ( depends on the performance of the streak camera )

- defined by the rise time of the sweeping circuit of the streak camera.

R l ti-Resolution ;
100fs – 100ps ( depends on the performance of the streak camera )

- defined by the voltage of the sweeping circuit of the streak camera

-Accuracy;
- depends on the voltage of the photocathode of the streak camera

and beam size and intensity of the OTR ODR light on the streak cameraand beam size and intensity of the OTR, ODR light  on the streak camera

-Destructive
- OTR is destructive, but ODR is not destructiveOTR is destructive, but ODR is not destructive

-Application to ILC
- OTR monitor can use as the bunch length monitor at injector 

OTR, ODR Monitor

- ODR monitor can use as the bunch length monitor after RTML



4-2. Synchrotron Radiation Monitor y
Measured bunch Length 

with Streak Camera
BunchBunch
Length

time
Injection timing Bunch length shorten in time.

Since the bunch length can be measured at the single shot, 
the variation of the bunch length and the longitudinal oscillation

b b d ith th t kcan be observed with the streak camera. 

Synchrotron Radiation Monitor



Streak Camera for Storage Ring f g g

For the bunch length measurement in storage ring,
h b h l h f lwe can measure the bunch length of several turn

with slow sweeping circuit.

Bunch Length
Photocathode

Fast Sweeping Circuit

V

Slow Sweeping Circuit  
to measure the different turnto measure bunch length

V

Time 

Turn #

Synchrotron Radiation Monitor



Summary of SR Bunch Length Monitor y f g

-Dynamic range; 
D d h i i i f h k- Depends on the sweeping circuit of the streak camera.

( 1ns for ATF ) 

-Resolution ;-Resolution ;
- Defined by the HV of the photocathode and light intensity 

( 10ps for ATF ) 

-Accuracy;
- Good for the single shot measurement.
- Need to take care of the incident light intensity to the streak cameraNeed to take care of the incident light intensity to the streak camera 

-No destructive monitor
- Can use in the storage ring

- Application to ILC
- can use as the bunch length monitor in damping ring

Synchrotron Radiation Monitor



Summary Table of the Beam Instrumentations

Injector Damping Ring Main Linac

Summary Table of the Beam Instrumentations

Beam Position Stripline BPM Button BPM Cavity BPM 

B C t

p y

Wall Current Wall Current
ICT Wall CurrentBeam Current ICT ICT

DCCT
ICT

S OTR SR XSRBeam Size Screen, OTR
Wire Scanner

SR, XSR
Cavity Laser Wire Pulse Laser Wire

Bunch Length SROTR ODR



Session 5
Beam Emittance Measurement

5-1. Emittance Measurement at Beam Transport Line

5-2. Emittance Measurement in Storage Ring



Single Particle DynamicsSingle Particle Dynamics

1) Free Space

Pos 0

P 1 Transfer Matrix

2) Quadrupole Magnet ( Thin-lenz  Approximation )

Pos 1 Transfer Matrix

Pos 0 Pos 1

x , y  ; position of the single particle

x’, y’ ; angle of the single particle

Emittance Measurement



Transfer Matrix
In general, the transfer matrix between 2 position is expressed as

M =

=

=

When we define to , V moves circular motion as

Emittance Measurement



Behavior as a Beam

x-x’ space
We can select any set of (α,β), mathematically.

x x  space

u-v space

For any set of the (α,β),
all of the linear transformation in (x,x’) plane 
is expressed as the rotation in (u,v) plane.

Emittance Measurement



Twiss Parameters

x-x’ space

However, when we select the special set of (α,β) ,
the beam distribution in u-v space is round shape . 

u-v space

By selecting the Twiss parameters α, β
Emittance

Emittance Measurement



Transfer of the Twiss Parameters

β 

f f

β1

α1

β
α2

s1 s2

β2

s

Once Twiss parameters are defined, 
the transportation of the Twiss parameters along the beam line
are calculated by the following formula with “transfer matrix”are calculated by the following formula with “transfer matrix” .

Emittance Measurement



Emittance Measurement by Waist Scan
Beam Emittance can be measured 
by measuring the beam size for various magnet setting.

beam size 
monitor

εy = 41pm εy = 38pm
quadrupole 

magnet

We can measure the emittance with one beam size monitor 
and we don’t need the special emittance measurement section .

But, we must change the optics in the emittance measurement.
Emittance Measurement



Emittance Measurement 
with several Beam Size Monitors

beam size 
monitor

beam size 
monitor

beam size 
monitor

quadrupole 
magnet

quadrupole 
magnet

quadrupole 
magnet

quadrupole 
magnet

Free parameters are α, β, ε .
We need at least 3 beam size monitors to measure the emittance.

We can measure the emittance without optics modificationsWe can measure the emittance without optics modifications.

But, we must make a long emittance measurement section in the beamline.

Emittance Measurement



How to put the Beam Size Monitor 
f h E i Mfor the Emittance Measurement 

Phase Space change along the beam line for the drift space beam travel. 
Beam size difference is large !

Example ;

x-x’ space
Beam size difference is large !

u-v space

Phase advance is small !
These 2 measurement is not independent .

In order to make the measurements independent,
we must put the beam size monitors to be appropriate phase advances. 

Emittance Measurement



How to put the Beam Size Monitor 
f h ifor the Emittance Measurement 

3 Beam Profile Monitor ;
60 degrees of phase advances in between monitors are better setting.

4 Beam Profile Monitor ;
40-50 degrees of phase advances are better setting.
We can evaluate the error of the emittance measurement systemWe can evaluate the error of the emittance measurement system.

5 beam Profile Monitor ;
30 50 degrees of phase advance are better setting30-50 degrees of phase advance are better setting.
We can make a cross check of each measurement . 

Emittance Measurement



Emittance Measurement at ATF

Beam size are measured with 5 wire scanners .

- The measurement required at least 3 beam size monitor.
- The others are for the consistency check.

Measured vertical emittance is 16.5 pm.

Beam Size along the beam lineea Size alo g t e bea li e

- Cross is the measurement.
- Solid line is expected beam size along the beam line. 

Emittance Measurement



Summary of Emittance MeasurementSu a y of itta ce easu e e t
at Beam Transport Line 

Emittance Measurement by Waist Scan

W h i i h b i i- We can measure the emittance with one beam size monitor 
and we don’t need the special emittance measurement section .

- We must change the optics in the emittance measurementWe must change the optics in the emittance measurement.

Emittance Measurement  with several Beam Size Monitors

- We need at least 3 beam size monitors to measure the emittance.

- We can measure the emittance without optics modifications.
We can use the beam at the downstream beam apparatusWe can use the beam at the downstream beam apparatus.

-We must make a long emittance measurement section in the beamline.

Emittance Measurement



5-2. Beam Emittance in Storage Ring5 2. Beam Emittance in Storage Ring

In the storage ring , g g ,
- beta function change ; all of the ring parameters also change
- put the several monitor ;  difficult to make the space

In general the beam size is expressed as

We cannot use the emittance measurement by same method of transport line .  

In general, the beam size is expressed as 

σ = β ε +  η p
Δp 2

p

We need the information of beta function and dispersion function
to measure the beam emittance by single monitor.

Emittance Measurement



Energy Shift in Storage Ring gy f g g

The circumference of the storage ring is defined by the RF frequency of the ring.

C = cN
f N ; harmonic number of the ring 

The circumference and momentum correspond

= αΔ C
C

Δ p 
p

The circumference and momentum correspond 
by the definition of  momentum compaction factor 

C pThereby, 

=
Δ f

f
Δ p 
p α

1

Energy in the storage ring can be changed by RF frequency shift .

=
Δ f

f
Δ p 
p α

ηΔ x = η
fp α

d x
d f  

η  = - α f    

Emittance Measurement

d f



Dispersion Measurement in Storage Ring 

d xη = α f

The dispersion is evaluated by measuring the frequency dependence of position . 

p g g

Beam position should be measured 

d x
d f  

η  = - α f    

Δf 

p
for the several frequency ( beam energy )

time

The ramping time should be slower than the synchrotron frequency.

If ramping time is faster than synchrotron frequency,
the longitudinal beam oscillation is generated .

Emittance Measurement



Measurement of the Dispersion Function at ATF f p

Normally, we change the RF frequency by 10kHz .
- momentum compaction is 2e-3
- RF frequency is 714MHz

The energy can changed by 0.7%.

Since the dispersion is measured at BPM , 
the dispersion at SR source is evaluated by fitting .

SR source

Dispersion measurement is not only used for the emittance evaluation,
b t l f th ti l itt t i

Vertical residual dispersion is one of the main vertical emittance source.

Emittance Measurement

but also for the vertical emittance tuning.



Measurement of the Beta Function f
in Storage Ring

When the strength error is generated at the quadrupole

The transfer matrix of the storage ring is expressed by

, where the tune will be changed to  

Beta function at the quadrupoleBeta function at the quadrupole 
can be measured by changing the quadrupole strength . 

Emittance Measurement



Tune Measurement at the ATFTune Measurement at the ATF 

-Beam is oscillated by stripline kicker .
-The turn by turn beam position is measured by BPM .
-The beam position data is converted to the frequency domain by FFT .

The result of tune measurement . 

Emittance Measurement



The beta function measurementThe beta function measurement 
at SR source point 

The beta function is evaluated at the Quadrupole Magnet near by the SR source.
In order to evaluate the Twiss parameters α and β,

we must measure the beta function at least 2 quadrupoles .

M d βMeasured βx

Beta function at SR source
is evaluated by the fitting

Measured βy

is evaluated by the fitting . 

The fitting is including 
the optics information .

SR source

the optics information . 

Emittance Measurement



Summary of Emittance MeasurementSummary of Emittance Measurement
in Storage Ring

In order to evaluate the beam emittance,
we must measure the beta function and dispersion function

σ = β ε +  η p
Δp 2

Beta function measurement ; 
by changing the strength of quadrupole magnets around the source point

p

by changing the strength of quadrupole magnets around the source point 

Dispersion Measurement ; 
b h i h RF f f h iby changing the RF frequency of the storage ring  

Emittance Measurement



Thank you for your attention !


