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What do you want to measure ?
- Beam Position
- Beam Current
- Beam Profile, Beam Size, Beam Emittance
- Bunch Length

Where to put the instrumentation devices ?
- In storagering
nondestructive, low impedance
- At beam transport line
single path or accumulated the signal with short gated

I ntroduction



Critical Performance Characteristics
for Beam I nstrumentation Devices

-Dynamic range;
better to be wide

-Resolution ;
better to be small

-Offset :
better to be small

-Stability and Accuracy;
better to be stable and accurate

-Destructive
destructive monitor isused only for the transport line

I ntroduction
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Session 1
Beam Position Monitors
1-1. Stripline Beam Position Monitor
1-2. Button type Beam Position Monitor

1-3. Cavity Beam Position Monitor



1-1. Stripline Beam Position Monitor

Stripline BPM
Beam position monitor
with wall current.

What isthe wall current ??

Picture of the stripline BPM in ATF .
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Wall Current
Field Distribution in the Beam Pipe
Charge moves along the pipe.

Field Distribution for Point Charge
( Electron Rest Frame)
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finite electric field,
no magnetic field

“Wall Current”
—  Electric ficld
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The Distribution of the electric filed is roughly
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Wall current of the off-center line charge

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

Vp= __[ Eimd”"_ _[Ei_ﬂjiff" 3"13 =(rcosh— 5}3 + {rsinﬂ}g
-2 [in7 —1nz) ry = (rsin@)’ +(D—rcos )
S nely S

Expressed
with image charge

Beam Pipe

Wall current distribution of the line charge can be driven
by the derivative of the electrical potential
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Wall current of the off-center line charge 2

Lectase g 1 NEWall current can be driven by

| Hr.) A
a2 FR? =
- : A9 ="0mR R+ r —2rReos0—f)

cascig\  VWhen the line charge has horizontal offset,

/ large difference between horizontal off-diagonal signal,
5 \ ] / / \ / no difference between vertical off-diagonal signal .

4

el =V *

We can use the wall current as the position monitor.

f=3mt Conduct
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X [trm]
Wall current induced each electrode.
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The basic | dea of beam position measurement
with wall current
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The differences of the off diagonal position (A /%) are
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The(A4/2) areproportional to the line charge position.
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Position Sensitive Factor
for the Electrode with Finite Opening Angle
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mﬁanﬁ:ﬁs CE'!‘

Angle width of the electrodeis ¢r. Vomn) Vi60)
Er (=
x=0cosf =5, ol
I.!'-""]-_"' E;"; Ameulay Vadth
] g4 S el
| cG.oR8)d6— | 054860 o
=538 s = 5,0 cos ¢'£ R
[ cd.pr8)d8+ | o(B.0R6,)d6 “
—x [ gl
o 1 . ..
5 e o Position Sengitive Factor

Stripline Beam Position Monitor



Mapping of the Stripline Signal

o Tenthuber The nonlinear effect is calibrated offline analysis.

Microtelescope
_ BPM

L T:-Tf Dk -BPM is moved by mover.

g2 % s -Induced voltage is measured for each electrode.
g™ -The nonlinear calibration factor is measured

b by the mapping procedure.

[t
Vertical () Poistion (mm)

L &
= =

~0.25
e Y%mi;!’w ALY,

B Irilmm
g

Broadband Terminator Girder
Transformer

Telescope Stage

_ o -1 - 0 2 10 ‘Horizontal (x) Poistion (mm)
Linear region isroughly +/- R/4  X[mm]

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,
we define the dynamic range of stripline BPM as around +/-R/4.
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Thereadout of the stripline BPM
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In the e+ e-ring,
the both electron and positron beams are stored in the samering.

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
>l <
T T T T 7T
- > < -
e- e+
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Resolution Limit of the Stripline BPM

v =¥ R

dx 2 | ox 2
Gr= || — | BFi°+| — | 6F
g J[EJFIT 1+[E9F3T 3

7 ~F5=F (around the center )

W25, B
zZ F

Gx

The signal is propotional to the current
AdZ 1,
41
The noiseisdefined by thermal noise

8V = A/ 4KT (BW) Z

( BW) ; bandwidth defined by the electorode
for 10cm stripline,
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Rough Estimation of the Position Resolution

For the storage ring, the signal is propotional to the beam current

AO Z |
v= 202h
41 ~
i.e) R=15mm, A¢= 30 degrees, V =104mV

I, = 50mA ( for sampling frequency of readout )

The noise is defined by thermal noise

8V = A/ 4KT (BW) Z

i.e.) for 10cmstripline, oV = 0.025mV

(BW)= —— =750MHz

Therefore, the resolution limit is roughly

oX = 1.3 um | Thisisthetheoretical limit .
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Readout of the Stripline BPM

Noise Amplification in Readout Electronics

Thenoiseisalso amplified in the amplifier of readout electronics.
SNR;,

A_.r ]_‘ —

S N R out

NFiota
Giotal

NF+ NFz NFz
G1 Gz Gz

electronics
system

) NF, -1 NF;—1
‘\'rFf.olul =N Fl l -‘. l Y s
("l (fl(’:z

Thefirst amplifier is dominant noise source .

Comments for the beam transport line
Since the beam position signal is single path, the signal must be gated.

In generally, the resolution in transport lineis not good
to that in storagering for itslarge amplification factor of the electronics.
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Readout of the Stripline BPM

| ntroduction of the ATF readout electronics

ATF readout electronicsisthe 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,
thefirst turn information is very helpful for the injection tuning.

ATF readout electronicsis using diode clipping circuit .

Low BPM signal (\

/AN

\

. paSS:V,\mter *

| ntegrated by charged ADC
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Readout of the Stripline BPM

Performance of the ATF readout el ectronics

| et =S e o Lk e e |
CLC425 , CLC400 |
1onF 14 G=+11 10425 | G =+34 i
| LPF D\\ i .
100MH:z ' BPF [ ]
: 10MHz : D" e
$200 | |
| i
ke 24002 ’L : '
z10 102 o 2442 | 3

| na :

|

|

|

Clipping mini-card :

Signal Response of the circuit Position Resolluti orl

e e —— = 5 MOS-FET Clipper
- / 1 10 L
[ |25K439 ] E g
25 / o =
=
20 / o £
s E
= g & .
—_— 15 | Fod B = 101 L L B N
= r £ B MR
10 F lnzlmsj‘l'vc;s'lvp’l —] .g
- L =991007mA | [-w
V,=-1046% 0008V ]
1| | @V, =50V -]
-1 0 1 5 Beam Intensity [x 10" electrons]
M [V

The position resolutio isaround 10 gm

Thisnonlinear effect is calibrated and corrected . at 1e10 beam intensity.
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Beam orbit measurement
In ATF with Stripline BPM

Beam orblt measurement |n ATF extractlon line.

A s 7 9 G MW
Tzvan zvax z\,-sf.; Athrkerall i | zwx zvsx |

/]

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

pp 30729, STD 682.1
3[":"] ZZZZ ZZZZ ZZ
2000 = friof
1000 =% | g |

1[":"15511111111 :
2000 =i foin)iifi) i
o L L R R

0 10 20 30 40 50 60 70 80 90 100

pp 2273.8, STD 443.3

3000
Z000
1000 p=ccfoocs |
ool Y
2000
3000

1] 10 20 30 40 al 60 70 &0 90 100
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Application of the Stripline Beam Position Monitor

Beam Kicker
FW
+ |
Charged Particle T/TV(T\VT T
B
= D
T T 1
- |
W

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 .
- In ete- 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 ;
- defined by the thermal noise
and the first amplifier of readout electronics
for thestoragering ; 1um
for thetransport line; 10um

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

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

- 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

Pickup voltage is determined by the capacitance of the electrode.

reference
EBW plane
A top block (Tiy HIF transition Jiomge {A3005)
|
reference & | reference i buttion (SUS304)
plane s \\ : } i, plane SMA connector brazing (A1) . "
N g : i e
o e b
" e '(\r/ - !’ | - |I I| gl
R ,—;T'*,:fv*J = xl !l., | ¥
e, S ' o24mm —1 1L 0 Y Wl )
P A, 5 5
. . CEramicy
brazing {(Ag-C
| rading (Ag-Cu) pin (Kovar)
M | e |
1.5 mm
Tlhmm
- -
cross section of BPM chamber Button electrode assembly

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 impedance,
and the resolution islimited by the impedance

Button type Beam Position Monitor



Readout electronics of BPM In the storage ring

4 button .
BPM Single Shot BPM RMS
pickup 5 . . T SVD Mods Ampltudes
4 — ) O 4 CTRL Cal & Ctrl | [—e—nNosvD N | |
| | R S0 5> — 431 | —o—Mode 13 |
5 4r gna-
%D.ﬁ-
Cal (~ 714) 38r fod
LO (729) IF (15) CAN = 3l ]
beam CLK bear 5 % 5 o 3 )
64.9) . Y
= pigital [ vmEwP [ 2|
Timing Receiver Motorola =~
TRG Echotek Q 5500 15F 4
] T
714 | INJ 05t / ;
LAN 8 60000 00 60090040 59 90601
2.16 VME BUS % 5 0 15 20 25 30 3% 40

Arbitrary BPM Number (1:20 Vert, 21:40 Horz)

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,
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 | ntensity

ol Y position vs. Intensity during lifetime measurement

_wor Single Shot Readout
E s0l- L | Wj\wﬂ\‘wb
T e R 2 Al L
g o (1 : A
3 i Multi-turn Reado
_50- ‘ \ RN
Stored Beam — 10 minute time scale;
ATF lifetime ~ few minutes
7153.2 0.|3 O.‘4 O.IS O.‘6 0.|7 O.‘S 0.|9 ;

Normalized intensity

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
for the single shot measurement ; 20um
for the multi-turn measurement ; 800nm online, 200nm offline

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

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

- Application to ILC
- can use for theinjector 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

Stripline and Button type BPM
- the position sengitive 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, i:l‘:’}
1+F3

E o
2

S111 0K

Cavity BPM

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

Possible to get high resolution

Cavity Beam Position Monitor



TM 110 mode for position measurement

TM110 (X-dipole) |  —--mmmmmm e

cipole mode
L -— o hark
eaztfeen,, L \
e
-

Monopole Mode ; Uniform to the transverse direction
DipoleMode ; Nofield 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

wlU

i = ?
Q, ; energy loss by the thermal loss

- defined by the cavity material and the surface condition

Q(} i —
Pwa.{ﬂ _I_

Cavity |

Qo ; energy loss from signal pickup

- defined by the pickup port design
(:Qr::ci. = t‘b{

out

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

Coupling Constant (8); P = 5 -

Pou.f, o

Qo
Qemt

Theratio of Q,and Q.
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R/Q of RF Cavity

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

| [Ed=
wl

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

R/Q =

)

The excitation voltage by thebeamis Vv, = %(R/Q)q
. . ‘2 5 ‘
Thereby, the beam induced energyis U =22 ___ = __[RIQ)g?
y gy (R/Q) 7 (B/Q)q
The pickup voltage also is expressed with R/Q .
The output power fromtheportis P — —— — <7 (r/Q)

Qe;rt 4(‘261rt
Thereby, the output voltageis Vowto = VZP = “‘ff\(/qi(ﬁ/cg)
-~ ¢ ext

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

Cavity Beam Position Monitor



Pickup voltage fron the RF cavity

V =% .0 06_% sin(wt + ¢)

21

farmnpiliud e 1/e)

Vout o

I nitial voltage from the pickup port
/

) wq Z
‘}31:-!. 0o  — \/ ( R/C?)

. W \ 2 sz xt
,ﬁ\ahx( J\] \ | ) Defined by R/Q, Q. and q
LU
| B lf’ Signal decay time

besiarn timing R
QL@
W 2w f
Determined by the Q,
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R/Q of the dipole mode of Pillbox Cavity

TM110 (X-dipole)

e e Electric Field of the dipole modeis

E. = Eqgcos ¢Ji(rk)e™"

3.83
pas P K110 = u—‘]ln/(‘ s
Rl b
t.
“ R/Q is calculated with its definition
o VP
z axis R/Q(z) = wlU
A L
Vi) = / E.dz
X beam path . 0 |
i g = 5/60|E;|3(ﬂ’
' W
BiQ) =B0.5 % (-——)BLTQLQ
- sin - R/Q of dipole mode
b L I; is proportional to x2.
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Back to the relation of the pickup voltage;

Z
O (R/Q)

: j—=s wq
| fou. t0 - Z — \/

9
- Wigrm2 2
R/Q_50.5><(E) LT*x

The 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 Signal
Effect of the finite bunch length

The bunch length distribution

I 22
p=———exp| —
. Z’J’T(Tz 203
~ finite length bunch

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

| - - | e
Viotal exe = VO/_ p COS (T) = Voexp (_ 262y>

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 offset (bj trajectory angle

/
_____ [ | »
/

I L
position signal = Azv/L sin(wt) ﬂ angle signal = A;I"r%w %sjn(w('t + L/4c))
—;-’1;1!’% \/gsin(w(t — L/4e))
Phase of angle signal is shifted .1 B
by 90degrees from position signal i = ArE \/E G (ﬂ) cos(wt)
7_1’ 2V 2 4e
Angle sensitivity — x'L/4
isproportional to L2 P

Small L is better. position signal  2v/2

4c

t 8y

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

(a) q
) . (b) Oz q/2
8‘[ offf«'ef Aqbﬂu;) . 7o 6 2
q/2

Vel = *“"‘%H% sinw(t + 0./c))
Phase of angle signal is shifted

: gt
by 90degrees from that of bunch tilt. Ve = —f’lz%ﬁm(w(f a./c))

T_hesenstlylty of the?unch tilt Viw = Vi+Vo

IS proportional to .2 . AgOor _—

= rq‘ ® sin (w E)coswt

Small o, is better - ‘

all o,is : , 2
z - Ath:az |

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

Cavity Beam Position Monitor



Selection of the RF frequency and Cavity L

Beam induced voltage of dipole mode
Isa function of

5 Smn?
o - bunch length

i N - frequency of dipole mode
20409 7 “ f' ' 7 - cavi ty gap

|35 p2g 03
Ba+03 02 gap length [m]

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

2) Frequency is set to around 6GHz

3) Cavity isas small as possible
to reduce the effect of the beam angle.
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Feature of the Pickup Signal

Effect of thetail of monopole mode

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

reianve ampinuae
o

Mode fo R/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

100 ¢

——

_,/:L_\/ TM110 (1nm offset)
—

[ I

00001 —

2000

4000

- L
6000 8000

10000 1200¢

frequency [MHz]

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

-Bandpah filetr
-Mode selectable coupler

Cavity Beam Position Monitor



Dipole Mode Selectable Coupler 1

No coupleto Y dipole and monopole

magnetic field

X dipole mode
a ic tield

No coupleto X dipole and monopole

Magnetic coupling with slot shape hole

Cavity Beam Position Monitor



Dipole Mode Selectable Coupler 2

ot a I
sensor cavity - P wave guide | \\
. ‘.*:..:_ ey ‘y _."""'"‘""-,_ ..-"(:.mh"'-'-_ _anten
: =~ .‘-..‘ ..»'-'

. . e e L e e e s P e =
|
s ... — |
'_:*r,' coax. cable F \

[
|
|
|
|
1
I
|
e

el =~ anienna Pl % S %
e Mt d R b } =
S — :’-. - ’ '-"- d -E
coupling slot wave guide sl g

|n order to be mode cleaning,
the coaxial cableis 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.
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i 6 s

decay tme (21) [neec]
)

¥ B

o

Design of the Coupling of the Pickup Port

8

| Q.~8000 (ATF2)
— Q0~5000 (IP-BPM]
. decay lime (ATF2) '
i ( SIN
| decay time (IP-BPM)
ul x fs 1 15 : 285 3 35 4
X o> 5> coupling (B)
g SN @
3 Eg =
388 2

[un que] NS

0

S; proportional to the
signal sensitivity of RF cavity

N : Thermal Noise
KT fpw

VAELZ fpw

Bandwidth is proportional to /7.

PTIN =

VTN ~

B> 0.4 is better for the good SN ratio.
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. SNR;,
Thermal Noise NF = &
SJ‘V Rou.!.
pry  ~ kT fpw
p f SNRin ‘ i SNRout
Vv~ VAKT'Z fpw electronics
_ system
For the bandwidth of SMHz "
pry|dBm| = =174 + 10log fpw = —109dBm N mlﬂ‘f

Thisvalue corresponds to 4nm resolution
for the ATF beam condition.

NFtotal

But, the noise is amplified by the amplifier ot
NF+ NFz NFsz

in the readout circuit to 12nm resolution . o~ o - [

) ) NIFy—1 NF;—1
N F[ot.u! =N F'l l y l Y 1 i
71 ('tl(r-:,:

Thefirst amp isthe main noise source
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Readout Electronics of Cavity BPM

Frequency Conversion

?;r:i;:wpﬂla mode} g T:‘pzie mode)
i %.—@ — % = i
; ,I T S = ]\_(-:
f’\L ;\ .|I \fbfflf Hj U’\ ﬂuﬂﬁﬂ\jﬁ uﬂ,ﬁW\&WxN = LO);f)_ WI\‘
I o e

Frequency is converted to useful frequency for the readout

: ; AB
Asin(wit + @) X Bsin(wat + ¢2) = ITIC%((W] —w2)t + (91 — ¢2))

—cos((wy + wa)t + (&1 + ¢2))]

Converted signal keeps the phase information of the initial RF.
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-Frequency isdirectly converted to be O .

-Converted signal has amplitude information only.  gazsaq:

beam posilion scan

Readout Electronics of Cavity BPM

Homodyne Method
400MHz L’?ftggg Eolator ?WH: -
o o} o) —
; ?1 2G6Hz t\':"J—.."r:
ik 51
6.426GHz :
signial :*m
Ly 714 MHZ
Ireq ——
’ ) I
—(HeH
> =
Position information J P ”
. { PR [t
|S converted to -
the amplitude information L
—mH—7
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Readout Electronics of Cavity BPM

Heterodyne Method £ o

Lo I IF preampliner  Amplfier
|

LO1 Loz

—D—BPF —®—BPF —®—BPF —

ht " C-band . IR mixer i
LR e s e e S o Ampfies F 90 deg Arc-slis
: : - Calibeation coupler Fiter
= lreq. Colipler IR milsar
LO1§ Linstor (not installeq (<0 secton)

b image i S ; In this board)

[ | bt image rejection mixer

- |LPF Hoo’
-
------- Lo (& BPF [+

- LPF
o

_Frequency is converted to lower frequency . e éé=::;-éf=‘=:=.-ifff.f;fe'éé_;req.

-Converted signal has ° T
phase and amplitude information. :

signal
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Readout Electronics of Cavity BPM
Heterodyne Method ( continued )

ADC readout
8§ § &

£

Down converted signal

Is fitted by readout software.

V = Vo + Ae ) sinuo(t — to) + ¢)

Ay | .
" sin(¢y — GRey)

B =
ARes
J4 E

Qy = ¢ Y cos(oy — PRef)
Bei

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

BFM 12X Nermalized

0 50 00 150 200

Cavity Beam Position Monitor
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Resolution Measurement

Position resolution measurement is donewith 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

Oy + Oys°
G (X2-X2(X1,X3)) = // O+ T = 4/%0'x

X2(X1,X3) =

Cavity Beam Position Monitor



Achieved Resolution in ATF

Readout electronics is Homodyne type electronics.

/nth |
| sensor | )
cavity combiner
|| |wvejieee}
HYBH BPF f—

BPM1 BPM2 BPM3

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

converter

{iminott-| >—{geF H{ )
{limites =1 BPF [\ A '.' B

tunnel

EN!‘!'E bed room phase detector n=1 ,2‘3
= 1o ADC
{BerF | I b ' {er |- Ynl
piter | —
oo ;',:"lj£|--YnQ
]
| . mamp[_ | |
HBPFH > spl o !
' s | — REF
{apr}- : —{ dioce | - Xn

ap+ ay1r X Y1I +aysr x Y3l + appr X REF

+ax1 X X1+ax3 X X3+ayi1g X Y1Q +ay3g x Y3Q

tayirz X Y1I? 4+ aysr2 x Y3I?

A=Y2l —Y2I (Y11,Y1Q,X1,Y3l,Y3Q,X3)

Cavity Beam Position Monitor



Position Resolution (nmm)

2K

150 [

50

Achieved Resolution in ATF

Continued ...
|Hesidual vs Time i

measured resolution
expected resolution

|

w

att.

0OdB att.
- |

| att. E/OdB____
|'II 10dB /
s

att, B
30dB — 1

1k

A 1

Attenua

15 20y 25
tion (104 (dB/20))

H

%

Residual [ADC ch]

long run stability

+-10nm region

2000 3000

M A o
4000 000 GODD
Evant Number

beam shot #

The 8.72 +-0.28(stat) +-0.35(sys) nm resolution isachieved in ATF .

@0.7x10" 10 e/bunch, dynamic range: 5 micron.

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

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

e High resolution ( < 1um for single pass).

Big beam-pipe aperture ( 78mm diameter ).

 HPR washable and cleanness required.

* Need to withstand wide thermal excursion without vacuum leak.
« Bunch-to-bunch signal acquisition required (low Q, ).

 Nointerference with acc. cavity HOM ( 1.6-1.9GHzand > 2.3GHz).

Cavity Beam Position Monitor



Candidate of thelL

e’ WS -l i

BPM

Main Lina

[ 2 | A 4

(

Design selection:
Cavity BPM with 4 dots coupled.
- high resolution, good fiducialization, withstand to thermal excursion.

Use 2nd higher mode
- maitch to big beam pipe, easy to get low Q, .

4 dlots open to beam pipe
-HPR washable.

Calculation by HFSS

Used mode TM120 (7o
Resonancefreq.  2.04GHz SRR _

. S H field
Loaded Q 260
Bandwidth 8MHz

Cavity Beam Position Monitor



Summary of Cavity BPM

- Dynamic range
- We can adjust the dynamic range by putting the attenuator
at the front of readout electronics( 1mm - 100um for ATF2 ).

-Resolution
- Determined by the thermal noise.
- 8. 7nm was achieved in ATF.

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

- Nondestructive Monitor with Large | mpedance
- only for the beam transport line

- Application to ILC
- can usein thetransport line after RTML for their poor resolution,
Including main linac
- 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 isused not only the position measurement,
but also beam current measurement.

Mechanism of the Beam Current Measurement
with Wall Current

I &lmminnm Case
) Al O, + SIO, 51
W A, resister 273 25pring Toroidal Ferits Core
Ceratnic
Resistor o~ BHC-Type Beceptacle

v

Wall Carrent | BF Contactor

D

— i 60 Sroan
Insula_tor Bsam
Material w
Insulating El Vacwun Pipe
Cerarics

Wall Current Monitor



Equivalent Circuit of WCM

Equivalent Circuit of WCM

o

3 @D s

Leakage Inductance

Capacitor of [nsulator | g
=

o

Equivalent Circuit as Voltage Source

W

0 f

L=
L;@ G2 Lg v,

o

]

frequency domain
ol

o= i
TRl g R

For thefirst step,
the leakage inductanceis 0.

time domain ( defined by Laplace Transform)
AGEN SR HEVAG]

volsl= Lig)V (s)

gl R
I(s) =—
s +{1/ R+ 017 L
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Response Function of the Equivalent Circuit
Response Function for Step Pulse

Vo= LHEV 8] — Ui =L"[s)/s]
s/ RC
lig)=—
£+ (/RO e+ (1{ LY

When we defined by *‘5=§\E’ T 2n/IC

(1) k1
i ane[ 2afiil 2me41 | 1
U= =5 fla o=y R e %&R =100
| o=t Overshaoting
(2 k<1 7o [\ T
2k 2= 2mf1-¥ 014
U =p=ge T sin—7—) /DZ/\\N
0 g, Sy
(31 k=1 - rinang TR VT e R Tl
dmip 2%
Ulty=—"1e T 1T
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Position Dependence of Plckup Slgnal

14
U:':I ¥ HpafEap]
iub B mie
[ : ‘l‘lilnu:::[ép]
:E [ lﬂ fnu:EammE ;.]
Lar (il R i
& g o
- - -+ -dm [Thaut)
Bl =i X
3
E Ot
E‘ nak
B
Vol et e
By integration, with V(0)=0, V' (0)=0 YWo& 3 8 3 & ¢
Positon Disp lace mendt mm)
£ o — R 5}] For the high frequency,

Vix) =
the output signal has

the large position dependence.

oraf T 3+53—2r5ms(¢ 6)

2 _| i e 1, .
Ly =| @ x.‘Rha:FLE L |n order to use WCM as the current monitor,
outputs of 4 connectors must be superposed .

Wall Current Monitor



Signal Pickup of Wall Current Monitor

Equivalent circult with several pickups.

N\
14°F(x)
E dx’
o
Lal_,
A
3l
ﬂ_1=fﬁf§ s

Vil pmter)

. - |
+| mEC_I_JIJJEKF": JLI:' _I_% |V{x}=jﬂ1f{x}

| JRE + L2
o=tan (Lo &)

]

Wall Current Monitor



Response of Pickup Signal

Small reflection

\VNCM In ATF ) Waveform of multi-bm}/./h beam
. T L] L] L] L L] L y T L) T

Wall-current monitor |V]

20 40 60 80 100
time [ns)

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

Wall Current Monitor



Summary of Wall Current Monitor

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

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

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

- Applicationto ILC
- can use both in the transport line and damping ring
for the bunch to bunch distribution measurement .

Wall Current Monitor



2-2. Integrating Current Transformer

The Integrating Current Transformer (1CT) is a capacitively shorted transformer
and a fast readout transformer in a common magnetic circuit
designed to measure the charge in a very short pulse with high accuracy.

Wall current
bypass line

Ceramic Chamber

P

Toroidal Core ‘

.

I ntegrating Current Transformer



Amplitude {arbitrary unit)

Amplitude (arbitrary unit)

Measured Waveform of | C

WC output ofA TF muh‘i—bunch beam

5000 i .
g |H|g| vt Bunch Structure
| """" J f\ It measured by WCM
5000 \ I it
L
10000 H ‘ ” ‘i
time | ns)
ICT output of ATF multi-bunch beam
5000 | \ / . Bunch Current
‘-.\w/ ff' - measured by ICT
it e The total bunch charge can be measured.

I ntegrating Current Transformer



Critical Performance Characteristics

of I ntegrating Current

- Resolution ;

ransformer

- Thetime resolution is defined by the time constant of toroidal core.

- Accuracy and Offset ;
- Linearity error islessthan 0.1% .

- Off-center position sensitivity is small ( 0.01%/mm)

- Small effect of the external noise.

- Nondestructive Monitor

- both for beam transport line and storage ring

- Applicationto ILC

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

I ntegrating Current Transformer
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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
3-4. Laser Wire Scanner

3-5. Synchrotron Radiation Monitor

3-6. X-ray Synchrotron Radiation Monitor



3-1. Fluorescent Screen Beam Profile Monitor

fluorescent screen

P «_-_.-_"‘__.-_..‘_ P .L S pp— _T_ D ..__.l
; |

urin,

C- A

Air actuator

ICF70
\
% { The alumina fluorescent screen
Comprasse L. .
gt econrar 1S 1NSEFted to beam line
N at the profile measurement.
Telescope Lgns | ]
'
e CCD camera
Sndoe with frame
Memory
Trigger input ’l' ATF Linac
e Phasphor Screen

/ NTSC video output Monitor

Gated CCD Camera

The gate timing of CCD camera

IS synchronized to the beam timing.
Fluorescent Screen Beam Profile Monitor



Picture of Screen Monitor in ATF

Vacuum chamber
with fluorescent screen

Measured Beam Profile

Gated CCD Camera
with Telescope

Fluorescent Screen Beam Profile Monitor



easurable Limit of Fluoresc

11il s

t Scr

1Vi

Wl 1

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 sizeislimited by the screen thickness ( ~100um).

Fluorescent Screen Beam Profile Monitor



Summary of Fluorescent Screen Monitor

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

Resolution ;
- >> 100um ( defined by the screen thickness and the pixel size of CCD )

Offset ;
- around 1mm ( defined by theinitial 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 Monitor

Optical transition radiation is produced by relativistic charged particles

when they cross the interface of two materials of different dielectric constants.

Backward OTR Forward OTR -

Relativistic

Charged Particle
OTR target for using beam instrumentation
Forward OTR
> , Reativistic
o Charged Particle
Backward &TR _
OTR Target ( Stainless Plate)

,
e

Thislight isused for the beam measurement.

Theradiation is emitted just the surface of the material and no diffusion !

OTR Monitor



Angular Distribution of the OTR Light

Angular Distribution of OTR light

T == Large tail

’ 38 MeV

g - 5 = 1 h I |

= ; 0 e 20 MeV

2 7/ i

Eﬂ [ single aon

= | electron I.’:i i

£ 10210°F i

: ofRfoil  [iih]

:

:‘_.; 50}(1(}_6 _ JIF : I‘H'I: |‘\

SR I

: SRR AN !
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5 001“ — W
0 200 ¥ 200 400

Oangle (irad)  ypical distribution is 1/y

By correcting the large angular light with large aperture lens,
we can measure the small beam size with OTR.

OTR Monitor



CCD Camera

Resolution of the beam size measurement
islimited by the diffraction limit .

AX > AlAmAO

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

OTR Monitor



Minimum measured beam sizeis 10 um
by the OTR monitor

i
" 3 e
M il - x"'w——-__-w—_
e 3 ‘Iz"‘l".‘i—w‘m"llrw'ﬂﬂ L

OTR Monitor



f the OTR Tampf

l evl N
Y

Dam

The problem isthe damage of the OTR target

£ o < Cu
b e A 7e9
. Rox12um

0.00

Be 5e¢l0
10x13um

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

OTR Monitor



Summary of OTR Beam Profile Monitor

-Dynamic range;
0.1mm - Imm
( defined by the magnification of the telescope of CCD camera)

-Resolution ;
10um 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 system
- Imperfection of the focal length adjustment

-Destructive
Only for the beam transport line.

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

OTR Monitor



3-3. Wire Scanner Beam Profile Monitor

S
- ~

1
—_— S
-~

When the beam is hit to the wire,
the bremsstrahlung photons are emitted.

Photon Detector

Wire position is moved by the mover stage.

Photon
A

Detector
Signal

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

Mover Position

Wire Scanner Beam Profile Monitor



Wire Scanner in ATF

Wire
e“_bem bEI‘ldi'ﬂg l’ﬂagﬁ et
—— £

Delector -1Y-—
Air Cherenkov

Detector

Focusing Magnet

Wire Scanning System
VA

Mover Stage
Light Guide
== \/acuum Chamber
: L Wire mount isin the Chamber
PMT o 3 F‘Q?L‘T 4 Ny

Gamma-ray detector

Air Cherenkov Detector was used
for the Gamma Detector

Wire Scanner Beam Profile Monitor
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Air Cherenkov Detector

Background Distribution

\Backgrmlnd (brems.) photons
‘-

Cherenkov Radiation
Is emitted when 8> 1/n.

For theair, n=1.0003,
thethreshold isE > 21 MeV.

1300
L " Photon en:z?;y [MeV] Cherenkov
adiation
cos g =1/pn
Electromiagnktic fi Charged Particle
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Measured Profile by Wire Scanner

Wires are mounted to horizontal and vertical direction
and tiled wires for measuring the beam coupling.

0.5um-step stepping moter stage
1pm resolution digital scale

A LT : =
i it ~ Gaiss + Linzar i i
_ - : s18a =

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

Diameter of wire: d

Y

Z

v

Beam profile

Measured Profile by Wire Scannner

"<

The measured beam size by wire scanners
are expressed as the second order moment
of the convoluted shape
of the gaussian function to the round shape.

G = [o2+(d/4)>

The limit of the measurable beam sizeisd/4 .

In the ATF, since 10um wire was used for the beam size measurement,
the limit of the beam size measurement is2.5um .

Wire Scanner Beam Profile Monitor



Summary of Wire Scanner Beam Profile Monitor

-Dynamic range;
- For large profile, PMT HV gain isincreased .
( Imm for ATF )

-Resolution ;
d/4 isthe mechanical limit of the measurement .
(2.5umfor ATF )

-Accuracy,
Since wire scanner is multi-path measurement,
the beam fluctuation affect to the beam size measurement.

-Partly destructive Monitor
- Sincethe beam lossis 0.01% order,
we can use the beam with the beam size measurement.
- But, only for the beam transport line.

- Application to ILC
- can use for theinjector

Wire Scanner Beam Profile Monitor



3-4. Laser Wire Scanner

Laser Compton Scattering

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

Laser Light

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

Laser Wire Scanner



Klaein-Nishina Formula

Compton scattering is described by the elastic scattering
of electron and photon in electron rest frame.

o LAB frame e-rest frame
w:hL’:K‘ B, p —'-R _____ .:.“ .......
. >
“Wmaz — 2 _ | initial state ‘EBJ_(
Y= VY-
w a

w

’ E final state

initial state final state

Differential Cross Section of Compton Scattering

do 2 e 2 * I+
=r_ﬂ(w_) [w_+w —1+c0529”]
Lr..?" wh #

dQ* 2 w

Laser Wire Scanner



Energy Shift for High Energy Electron Collision

For collision with low energy electron beam

mc? _

{

<& A
@ >
»

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

ywl 2 =2.9keV for ATF for 532nm

For collision with high energy electron beam

)

_____ . £ yw/ 2= 0.55MeV for 532nm
' C _____ O——>

Photon energy in electron rest frame is comparabl e 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 Scattering

For ATF beam Forml LCBD_S

2 2«06

T neens o 287 10840
i TR SN laser A-532 nm
E 1Bas08 [ lasgr k=2E6 nim E~1.3GeV

E = 250 GeV

8

"'é"| Ba+06
= 160408

B

g

© 00000

scattered photon energy [GeV]

e
& 400000 |
£

3

© 200000

1]

o o2 04 08

Q

08 1
scatler angle [mrad]

15 i
scatter angle [urad]

E=1.3GeVY E=250GeV |

|aser 4=1064 fm laser A=532 nm

event rate [au]

1 lesar A=208 nnr]

b
laser 4=532 nm I \ \ ) ll
! ) \/
.'Jl ‘}'
“""‘-,_ - ‘ laser A=268 ren £

B—— — —

o = 100 150 200 Z50

scatter;d photon energy [GeV]

event rate [a.u.]

scattered photon energy [MeV]

Scattering angleis ultra forward direction.
Photon energy is shifted for high energy beam.
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Total Cross Section of Compton Scattering

The total cross secion depends on the energy of electron beam.
But, the dependenceissmall .

laser L=1064 nm

[ ]
[++]

B
= aet — - laser A-532 i E
< ikt ay R
7 A=265 dt d
o~ RS A= nm
o AT
2 ol LA PN,
& ™ = he2 /9 2 1 o2
% ”i' \/"'ﬁ- Oc | alasc‘r
01t
|
o 10000 20000 30000 20000 E000D B00T0
y-factor of the beam

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

Laser Wire Scanner



Pulsed Laser Wire Scanner

’\-‘
I

. I A’\l\l 1 P Y Ve

m:. p \AL .- ~
FUlscUu Lasct VVIIC

I Y NN P Ry
CUlNLCcUL

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

HIGH POWER LASER
BEAM SPLITTER
Not destroyed wire ; E\\‘HH coupron DETECTOR.
Small diameter wire: ‘Q oerecTor SCATTERED
Laser Wire . v .
MIRROR ‘ T ELECTRON BEAM
‘5 TRAJECTORY
Picture not to scale.
'-"T z LASERBEAM
E-ECTRM I'l]'l
BUNCH
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Gaussian Beam

Laser beam isideally Gaussian beam
E(t,x,y,z) =v¢(x,y, z) exp(iwt — ikz)

02 o? a
— + —— —2ik— | Y(x,y.2) =0
(UJ‘2 } Ny : E)‘:) (e, 0,2)

X exp (—-H: W ‘y“) exp (i®(2)) x expliwt — ikz)

Intensity ,
(photon density) ” ( p )?
= (TRY) B

w=20 R(z) = :{1 } (- )2}

®(z) = (m+n+ 1)arctan (i)

<0

w |8

5
In generally, laser light is TMy, mode

0
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Lens Design for I njection System
Transportation of Light

| n order to make a small laser wire,
theinjection lens system is very important .

Free space

/_,__l- [1 d] n,/r],’ M=[AB] rz, r2’

1 0
Nz-n1 N1
nzR n2

=

R1

|
f a l b
Linear transportation of laser system is defined by Transfer Matrix

f
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Spherical Aberration

The difference from linear system AW
with the Spher ical lens reier?iie: f e ﬁgﬁ:ﬁt
Thefocal point isdifferent Ffﬁ
by injection position / \
R
X
Thelarger aberration for larger offset G
z ; ; ] s
£z Ex

The amount of the beam emittance
Is evaluated by

Marginal Focus

OAW (x,y) R? OAW (z,y) *
Sp — —R— E‘z = —_-——
Ox x Oz
33, P /
Ezx = _4RI“’O.:LQPS £r X R®7p° = Iz po— ks
-l Circle of Least 4
Ceonfusion it avial
Spherical aberration islarge for small focal length lens. rosal Riane

Laser Wire Scanner



Design Concept of the Focus Lens

Win

=1

Beam size is defined by

- diffraction limit

o A 5 A
r2 - N#2 s i
Wi f f M —7‘—0 M _7‘_ F#
Performance of Laser Smaller F# is better

- spherical aberration
kD3 kD For thesinglelens,

sz o Qp.#ﬁ small F# makes spherical aberration large.

ujsph —

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

wo = \/'u-‘ﬁ,-ff + (20rMs)?

Laser Wire Scanner



Lens Design for ATF2 Laser Wire Scanner

doublet lens  chamber

F#=2 Lens { window

Lens without spherical aberration by F#=2 . =

F
i
“

collision
point

SIEES 8. 10,88 MILLTNETERE

MESE: T ITROETEC MUIDOET M
CONEICLmITION | OF

Design to be close to the focal point

Take care of the lens and window damage
from reflection light.

Design by ssimulation code ( ZEMAX)

Laser Wire Scanner



Beam Experiment in A
At transport line

For the preliminary test,

F Beamline

laser wire system was installed in ATF extraction linewith F#=10 |ens.

Laser wire chamber in ATF extraction line

| njection lens system
isin the box.

Stripline BPM

Laser extraction port

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

Laser Wire Scanner



Preliminary Results of Laser Wirein ATF

Collision with micron order beam ( 2um).
Training of the collision timing adjustment

Test of photon detector ( silica aerogel Cherenkov )
Index 1.017, Threshold 2.8MeV

soool.  QDAX=74.1A, 0=3.84um

3.84um beam size was achieved.
(ILCrequirementislum.)

Cerenkov signal [arb. units]
N
(=]
(=
o

i ......... N N N RS S A
-40 -30 -20 -10 O 10 20 30 40
chamber y [um]
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Summary of Pulsed Laser Wire Scanner

- Dynamic range;
- defined by signal to noiseratio ( 100um for ATF2 )

- Resolution ;
- determined by the laser waist ( Lum for 1LC requirement )

- Accuracy,
-laser waist and waist position should be stabilized
the laser improvement , focus lens devel opment
- affect to the beam jitter

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

- Applicationto ILC
- major candidate in the main linac

Laser Wire Scanner



Cavity based Laser Wire Scanner
Concept of Cavity based Laser Wire

The peak power of CW laser is small,
but we can use the CW laser by amplification in optical cavity.

Lazar Injection l

=N Optical Cavity

e 5
e _ electron bea}

Laser injecton

The advantage of the cavity based laser wireislaser 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

i Store |
Transmission
Hta‘i TEEW
Reflection rafqt _ _
A=y begy = t[t:[l " th*gﬂm -+ (rlrgg*ﬂ}z -+ ]
_ _tula
1 — ryrge'?
Feaw = 11— bral1€[1 + riree®® + (riree®)? + .-
tirot; €4
i mirror mirrare = r - iraty = i
Injection T
phase in i _
advance D 812 = tlll -+ TITEE‘E - (T] rietﬂ}z Lo -]
= !
T o1 r;rge“'“
By = frﬂ‘:z[‘[ T fl?‘zéﬂ T {f]T:EiE}E S .]
N
1= ryreei?
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When cavity lengthismA /2, N\/.Iaml\w
the laser power is expressed by R. S

{axra G Transmission
Ay w— (EEEAR>

Injectian 1 Soy S .

Transmittance T, S =Sys +Soy

T = [l =
m_ﬂ _ | mu| (1 - \;'Rlﬂz)z + 4/ iR Eil‘l2 %
Reflectivity Ti(l — RyR, — T\ Ry)
Ry = |rm1a|2:(Rl+T1)_ Fl ]'.31 of = in??

Stored Power i " T.(1+ Ry)
Sﬂw = |312| +|321[ i 2 - 90
(1—+/R.Ry)? + 4/R, R, 8in” 3
1+R 2 )
= n%ﬁ”ﬁm"wﬁf”‘ -
T,=1-R, | njected laser light is enhanced

by optical cavity with high reflection mirror
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Finess of the Optical Cavity

On resonance
stored power

reflection transmission
=| — | —
injection

cavily length
stored power
reflection transmission | esonance
e
=| e | —
injection
cavity length
stored power
reflection transmission
&=
=5h . :
g Off respnance
cavity length

f— Rellection

4
o3p

Transmission | §

oz H

.

H

H

o1 F .

|

cavity length (or phase advance)

FSR  wy/E
fwhm 1 — Ry

F

Finessisthe power enhancement factor in the optics 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 istight .
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cavily length (L)

waisl size (wy )

Rayleigh length (zo

mirrors
radius of curvature (p )

For small beam wai<t,

........

Mode cleaning effect

Condition of injection matching
R(—L/2) = —pand R(L/2) = p.

Wavefront is sameto mirror surface.

Beam waist is defined by

A VL(2p - L)
T 2

20— L isvery important number
to defined the beam size.

2
wU:

- The divergenceislarge to affect the spherical aberration of lensin injection system.
Therefore, the injection efficincy is not good .

- The Rayleigh length is short.

Beam waist is limited around 10um

Laser Wire Scanner



Experimental Setup of the
Cavity based Laser Wirein ATF

vertical-wire

horizontal-wire
chamber
P

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

bellows 2nd collimator 1st collimator laser system
54 maovable(H,V) ‘ﬁ' 1ap movable(H)

T actor - e = I—
. 127 m / \
(Gsl+PMT) —4am_ v-wire h-wire

We have two laser path

i I [ | ——
to make the horizontal 4- aserwire region
and vertical laser wire. :
S band Linac

TF Damping Ring

T ——

Laser Wire Scanner



Optical Table of ATF Laser Wire Scanners

Vacuum chamber for horizontal measurement

All of the apparatus
on the table is moved by
stepping moter.

~ [~ Sk - o A
50mW Nd: YAG CW laser Vacuum chamber for vertical measurement

Laser Wire Scanner
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cavily length

Optical cavity with 2 mirrors

We use 0.997% mirror,
F =1000

E'fl vacuum chamber

TEMOO : TEMDO

A
M r“l

ﬂ;; LT M S0ps iz IO LV
@ S0my Selps

P

—

| Al
J_/::‘:

°  aheald pipe

cavity assembly

Smooth pipeto reduceimpedance  cayity Length is controlled
by piezo actuator

Laser Wire Scanner
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Cavity length is modulated with piezo actuator
to make laser on and off signal continuously .

reiarance
voltage +

Intagrator =] Fiez0

-

Cavity Servo
| EaOhask Boir

function
Photo diode
\‘ —_

.]E‘F'I‘-?':'i:-:”
comparatar

cavity transmission
low

high

vato for laser off scaler
velo for laser on scaler

Laser Wire Scanner



Measured Signal with Csl Scintillator

Since laser beam collision is occurred by 1 collision per 1000turn,
we can measure the each photon energy .

Energy distribution Collision rate
EQGICI = b emria . L Egﬂﬂ = n & ar_ O . .
tao ST | Sewe B i In energy window
T 700 E @700 F 6000 : e
600 F 500 E ;
500 F 500 E 3000 3
o :_ shold 400 _' It | =igr .—m -
300 B ol 300 F 2 E laser ON
200 £ L__&ﬁ, 200 £ = 3000
100 100 E ] 1
g E—d B J 5 ok L e % 2000 3
0 500 1000 1500 o 500 1000 1500 O :
energy depos chy) anergy deposil (ade ch) Q b
1000 laser OFH
D:...i....l....

0 1 2 3
current [mA|]

We can measure the on/off signal dependence

high

velo for |asar ol Scaler
velo for lasar on scaker

Laser Wire Scanner



Beam Size M easurement

Since Rayleigh length is short (0.59mm for 5um waist),

we must adjust the beam center to the laser waist center.
1800

—1600 F 28mMA el

=14 j= E < verlical data take y-1
E N E 1400 p—
= (_U ~N
12 F £ Eum
D10 £ @ a0
1] e g
5 @ ™ 600
w t =
S 5 2 400
E @9 200

s —_—

°E ; I -
PR PEPE P B P -830 o -350
-2000 -1000 O 1000 wire position [ pm]

x-position of the wire (z) [u n

Measured profile should subtract
the effect of the laser wire waist.

BSEE W o — e J meas o atw

Aparabolic shape) besm waistiw,| .

Measured minimum beam sizeis
S5um with Sum rms. laser wire.
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Further Application

Beam damping measurement with time gate

positon [mm)]

130msec

140msec

T E0msec E0msec 7T0msec B0msec 80msec 100msec 110msec 120msec
E |

i!ﬂ 1 50 - S0 - 50 P 50 50 50

E i I JAL,..

I g | it n—.m. a-.‘!.“.b."."h. o bt .| o o o

5 1.7 1825 (- -1 1.7 1 B35 1.95 1.7 1,825 1.85 1,7 .85 .85 .7 1.82% (-1 Y Ly 1.82 1,595 .7 1 .95
b

| 50msec 160msec i 70msec 180msec 190msec 200msec

50

AT

.7 1RIS 195 17 1ms ot

95

50

AT

L

50 30 30 3 =

[+ L+ a ]

1TB25 185 17 1825 185 1.7 1823 183 1,7 1825 1.9% 1.7 1.83 .95 .7 1.835 185

Multibanch beam measurement with arrival time difference to the detector.

70

3

3

vertical emittance [pm rad]
3 3 5

=
o

(=}

=d=A 31 1mA
w—f= B 25 8mA
=M= C 11.3mA

t
t
*J{' Pt +
Vadgdaliiigimnann,,
5] 10 15 20

bunch number

We observed beam size enhancement
by fast ion effect.

Comment

We bdlieve thisis not beam sze enhancement,
but the dipole oscillation .
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Summary of Cavity based Laser Wire Scanner

-Dynamic range;
- defined by signal to noiseratio ( 100um in ATF )

-Resolution ;
- determined by the laser waist ( 5umin ATF )

-Accuracy;
-laser waist and waist position is stable
by mode cleaning effect in optical cavity.
- affect to the beam jitter,

AanA nAt +tA canaratatha lhAaarna o
ClIIUIIUl.LuwIJCUClLCLIICU IIIJ

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

- Application to ILC
- can use in the damping ring

Laser Wire Scanner



3-5. Synchrotron Radiation Monitor

Beam profile (beam size) measurement in the storage ring

- Cannot use the material target for the large beam loss
- Utilizng the special feature of storage ring — synchrotron radiation

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

Synchrotron Radiation Monitor is used for

-Beam profile, beam size monitor
-Bunch length monitor

Synchrotron Radiation Monitor



Synchrotron Radiation

Synchrotron radiation is emitted to the beam direction,
when the beam has the bending filed.

Electron Beam

— . Synchrotron
/_ l <] “ Radiation

Acceleration

Distribution of the radiation

+ugtAy
| [ 2 eAMA I _a1? g o PR o oy
Pl:.:\, T L:'I_hprﬁ}'-:l IB1$-‘E-'-.$H} s f; EDS:‘I'L:'A [1 + |:: I"‘!.r:;I ] I"r“l-"ﬂ i-‘E E']I"- 1-"]] T+ 1k {"‘r'f_"-']_:l ﬁ]."-t ['E {.-".'"L':I.l
-0 +Ay At i 7ati
o polarization 7 polarization
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Energy Distribution of Synchrotron Radiation
Critical Energy of the Synchrotron Radiation
e. [keV] = 0.665 E2[GeV] B[T])
Visible Light

10 T T

Example of the ATF beam

. olarization | -1.3GeV of the electron beam
g -0.9 T of the bending field
0.1 | €. = 1lkeV
o polarization
0.01 We can usethevisible light,
since the energy distribution is wideband.
0.001 l | |
0.001 0.01 0.1 1 10

Synchrotron Radiation Monitor



Measured Result of the Beam Profile

Measured Beam | mage

Gateinterval : 1ms

Time dependence of the beam size.

The beam size damping is measured
by the SR monitor .

| T T T T T v j
5 Horizontal p— Vertical E
B A q
=151 | 19.5ms( ) E 61 29'9mS(|“eaS-)3.
S 1 170ms(calc.) & ¢ 27.3ms(calc.) i
7 Yk 4
g [ g% o 3
E: [ = - b
= =3k
z r o r & 1
= b T 'k i
g SNE e & 1IF R T o
= t 2 E ¥ i
[ 1 11wk e 3
h T PP T P E ‘..“' ]
........ B P T w1 T T —
i i EL ] 120 144 ] i 104 150
Stored Time{ms) Stored Time(ms)
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Measurable Limit for SR Beam Profile Monitor

Angular Distribution
of the Synchrotron Radiation

Beam Divergence of the Synchrotron Radiation

Synchrotron radiation occurs
in a narrow cone of nominal angular width ~1/7.

100 I T I I |
c polarization 1 2
80 = = = T polarization G\p T ? C (y)
60 eleg = 0.01 100 | | |
&
< 40
20 10 —
= | C(1)=08
- 1 2 3 4 5 8 7 &8 o =Y
T 1
5 > A YA 1
Y d4mo, 4,2 C(y)
0.1 | | |
-1.3 GeV of electron beam 0.001 0.01 01 1 10
-0.9T of bending field o, > 12um y =sele,

-500nm of the wave length

Synchrotron Radiation Monitor



Other Limitsto the Beam Profile Measurement

Physical Aperture Limit Physical Aperture .
L o
cco - T I |

T S AL

(o)
Yo Amr
Spherical Aberration of Lens
Marginal Focus

b,

Circle of Least f
Confusion Fraravi
Focal Plane
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Summary of SR Beam Profile Monitor

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

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

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

- No destructive monitor
- Possoble to use in the storagering
- Cannot usein the transport line for their small signal

- Applicationto 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.

500nm — 1nm

100 : | Diffraction Limit
x 0.002
_ /
“I | o> M A 1
s | b ov= 085H Y© 4mo, T 4,2 C(y)
Al
:> x 0.1
0.1 L | 1
0.001 0.01 0.1 1 10
y =ele;

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

Physical aperture limit and the spherical aberration of lens
also improved by the small divergence angle of X-ray .

X-ray Synchrotron Radiation Monitor



Principle of the X-ray SR Monitor

om 1. 025m 10m
| | | |
CCD
WZP 7P Source Point
Fresnel ZonePlate | =
Lensfor X-ray AnAL
f=r2A -
=

X-ray Synchrotron Radiation Monitor



Experimental Setup

s
| ——

,|i T Hmn
Jlr T " ¢
(=== JL-——BE?E"” QMSR.2 GV QM&R:]
—__Source Paint
B e

X-ray CCD camerae-: e

Ind FEP
of N- 2 shgpe

Fresnel Zone Plate X-ray Screen

X-ray Synchrotron Radiation Monitor

X-ray Mirror
(Bragg'sLaw)



Measured Profile at ATF

Measured Profile at ATF damping ring

vertical

1400

20| 104M

gUD 250 300 350 400 450 500
[micron]

horizontal

50um

i} a0 100 150 200 250
Shutter Interval ; 1ms Imicron]

X-ray Synchrotron Radiation Monitor



Summary of XSR Beam Profile Monitor

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

- Resolution ;
- Defined by the diffraction limit and others
( Imm for ATF)

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

- No 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 small beam size.

X-ray Synchrotron Radiation Monitor



Session 4
Bunch Length Monitors

4-1. OTR, ODR monitors

4-2. Synchrotron Radiation Monitor



4-1. OTR, ODR monitors

OTR isalso used for the bunch length measurement

Forward OTR
,» Relativistic
Charged Particle

Backward OTR .
OTR Target ( Stainless Plate )

Thetime 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,
optical diffraction radiation (ODR) is emitted.

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

\ Forward ODR

S » Relativistic
. Charged Particle
Backward ODR .
OTR Target ( Stainless Plate)

OTR, ODR Monitor



Apparatus of the Bunch Length Measurement

Streak Camera

A

Vv

Trigger timing is synchronized
to the beam arrival time, Time

|

Trigger_n_
e D— Sweeping Circuit

J
Lens f I ntensity
00 Bl ==. -
.-/‘l 1 |
/ \ ,’ .'-_

Slit Photocathode |
= MCP Screen Time

Thetimeinformation is converted to the space information on the screen

OTR, ODR Monitor



To make accurate measurement

Slit

to make small light size

\ I Photocathode

| Thissizeis affect to
I ~ thebunch length

/ I \I_ measurement.
ND filter ]

to adjust the incident light I ntensity

N

At the exit of the photocathode,

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

Apparatus of the Stream Camera

Bunch Length measured by streak camera

OTR, ODR Monitor



Summary of OTR, ODR Bunch Length Monitor

-Dynamic range;
10ps — 10us ( depends on the performance of the streak camera)
- defined by the rise time of the sweeping circuit of the streak camera.

-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 camer

-Destructive
- OTR Isdestructive, but ODR is not destructive

-Applicationto ILC
- OTR monitor can use as the bunch length monitor at injector
- ODR monitor can use as the bunch length monitor after RTML

OTR, ODR Monitor



4-2. Synchrotron Radiation Monitor

Measured bunch Length

with Streak Camera
Bunch __

Length

A

v

/ time
| njection 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
can be observed with the streak camera.

Synchrotron Radiation Monitor



Streak Camera for Storage Ring

For the bunch length measurement in storagering,
we can measure the bunch length of several turn
with slow sweeping circulit.

Photocathode
. Bunch Length
> \
>
I
< |
Fast Sweeping Circuit Slow Sweeping Circuit \
to measure bunch length  to measure the different turn

VA
Turn #

% Time

Synchrotron Radiation Monitor



Summary of SR Bunch Length Monitor

-Dynamic range;
- Depends on the sweeping circuit of the streak camera.
( Insfor ATF)

-Resolution ;
- Defined by the HV of the photocathode and light intensity
( 10psfor ATF )

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

-No destructive monitor
- Can usein the storagering

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

Synchrotron Radiation Monitor



Summary Table of the Beam I nstrumentations

| njector Damping Ring Main Linac
Beam Position Stripline BPM Button BPM Cavity BPM
Wall Current Wall Current Wall Current
Beam Current ICT |ICT ICT
DCCT
: Screen, OTR SR, XSR
Beam Size Wire Scanner Cavity Laser Wire Pulse Laser Wire
Bunch Length OTR SR ODR




Session 5
Beam Emittance M easurement

5-1. Emittance Measurement at Beam Transport Line

5-2. Emittance Measurement in Storage Ring
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1) Free Space

;:a?j —>;rf+ Lo’ . ( :c} )

r —r :L']_
o y sy+Lly (?}l )

PosO y =y Y1

° Pos1

2) Quadrupole Magnet ( Thin-lenz Approximation )

r =z
PosQ Pos 1 ¥ —=r—-Ker
q ¥
/‘\ y =y
v =y + Ky

»
|

X ,Y ; position of the single particle

X',y ; angle of thesingle particle

L= L[GeV] Oz

1) (%)
) 1 xg

Transfer Matrix

|
()= (%)
(5)=( 1)(%)

_ 0.3L[m] 0B,
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Transfer Matrix

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

\/2:? (cos Ath + a sin Aeh) V/ B1 B2 sin A
M=
% cos Agp — 1;5%2 sin Ay \/% (cos At — ua sin Ag))

Vi 0 cos Ay sinAy\f 14/B1 0
= \—aa/\/B2 1/v/Ba2 J\—sin Ay cos A\ oy \/BL VBi

_ cos Ay sin Ay
= T 1(32)( * )T(s])

—sin Ay cos Ay

T(S)_( 1/+/B:(5) 0 )
a:(s)/v/B:(8) +/B:(s)

When we defineto v = ( " ) = T( , ),Vmovescircular motion as

v

=
-
-

=

O Ay sin Ay v
— gin Ay cos Adr /
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Behavior as a Beam

We can select any set of (a,8), mathematically.
x_—x’ space

.......
0007 0007 ol 0007 By 0007 o~ R Y

-0003 -0003 -0003 -0003 -0003

u-v space

For any set of the (o, 8),
all of thelinear transformation in (x,x’) plane
Is expressed as the rotation in (u,v) plane.

Emittance M easurement



Twiss Parameters

However, when we select the special set of (o, /),

, the beam distribution in u-v space isround shape .
XX space | - .

By selecting the Twiss parameters «, i S i e g
<xP> = B <u>=f¢ Emittance
<uv >=10

<zr'> = <uwv > —a<ul >=—as
<1)2>—2a<uv>—|—azz<uz>_1—|—oz2

<z?> = £ =&
g B

Emittance M easurement



Transfer of the Twiss Parameters

b

| -
I _ —

N T |

=7 : }_/
| -_— =
'ﬂl :,32
i & =

S | 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” .

:'}2 M 12 1 —2M i1 M 12 M. 12 2 _,.-'31
g | = —ﬂfglﬂfll I—I—Qﬂ-flgﬂjgl —ﬂflgﬂfgg X1
72 M 22 A —2M ‘ZQﬂ-I 21 M. 22 D) Y1
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Emittance Measurement by Waist Scan

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

~ \\\ _
\\\\\ \\\\\\ ////
\\ \\\\A/,
\\\\ = = i~ = ==
- ~ _— ‘\\\
—_—- ~
\ ’’’’’’ \\\\\
= beam size
monitor
quadrupole ~
gy - 41pm magnet gy 38pm
o = B, (K —A,)* +C
o ;-a 723 1079 ,.n «qﬂ r - x o g
08, Oh
- =178 12042 ? 25
OTR 400 r_:_'l" T""E'\'. 1o A * s £ _ ch.’L'
- i C=156 1047 MW4 L 1 2.5 x — 2
s sigh fund m12
B0t
By
i | )Bx,O = G—
T
1 miy — leA.r
= i Qe o = m Bo
-a.lll..”._i:ltﬁ:rru-oj lu.*utbﬁ-:nl..il'l-m-u.‘ "‘1:5;;_"-_::0"5,“ tﬂhlq_Nﬂfz.‘?;ﬂ‘ 4“(]“;)(011! -U -0. 12

\ 6407

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

guadrupole guadrupole quadrupole
magnet magnet

guadrupole
magnet

magnet

beam size beam size
monitor monitor

beam size
monitor

Free parametersare o, f, €.
We need at least 3 beam size monitors to measure the emittance.

We can measure the emittance without optics modifications.
But, we must make a long emittance measurement section in the beamline.

Emittance M easurement



How to put the Beam Size Monitor
Example: for the Emittance Measurement

Phase Space change along the beam line for the drift space beam travel.
Beam size differenceislarge!
S

-noo |-

|

|

I F

P
oo | 4‘#

|

|

-noo |-

Phase advanceis 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 M easurement



How to put the Beam Size Monitor
for 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 system.

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

Emittance M easurement



Emittance Measurement at ATF
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Beam size are measured with 5 wire scanners.

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

Measured vertical emittanceis 16.5 pm.

Beam Size along the beam line

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

Emittance M easurement



Summary of Emittance Measurement
at Beam Transport Line

Emittance Measurement by Waist Scan

- We can measur e 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 measurement.

Emittance Measurement with several Beam Size Monitors
- We need at |east 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 apparatus.

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

Emittance M easurement



5-2. Beam Emittance in Storage Rin

TS R

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

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

In general, the beam sizeis expressed as

o) e )

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

Emittance M easurement



Energy Shift in Storage Ring

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

cN

C= f

N ; harmonic number of thering

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

AC _ _Ap

Thereby, C P
A4p _ _ 1 Af
p a f

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

Ax=pd4p _ _ 1M At
P o f
=-qof _dX
7 df

Emittance M easurement



Dispersion Measurement in Storage Ring

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

=-af 4
4 df

Beam position should be measured
for the several frequency ( beam energy )

4y / \ / \\

The ramping time should be slower than the synchrotron frequency.

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

Emittance M easurement



Measurement of the Dispersion Function at ATF

I TTTTTTTT j
ZZTZ 3 v
g oo M&ﬂd %J‘i ﬂmﬁﬁ Mﬂﬂ Normally, we change the RF frequency by 10kHz.
P : -/ - momentum compaction is 2e-3
o0 = e e L - RF frequency is 714MHz
{mm)
0
e | The energy can changed by 0.7%.
mEx | Ity L 41
G.Uﬂf—-{Ji 1 x f'i E:L'Jr'f z
m}z%i& e = T3 o T1 . . . .
o Ly = lgn f. 3 Sncethedispersion ismeasured at BPM ,
5 g pecoresen b1 thedispersion at SR source is evaluated by fitting .
:Iﬁ Eﬁ.ﬁ-,if II e A —:‘!I—le_, III%TIIIEE?‘%&:#E
IR T T T PN
(4 2h B0 5 10 128
™ SR source

Vertical residual dispersion isone of the main vertical emittance source.

Dispersion measurement is not only used for the emittance evaluation,
but also for the vertical emittance tuning.
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Measurement of the Beta Function
In Storage Ring

When the strength error is generated at the quadrupole ( _1k 2 )
Thetransfer matrix of the storagering is expressed by

- 1 0 COS f4 + auSin fu Bsin p
M = : :
-k 1 —y sin 4 COS 4 — aSIn 4

COS [ + a8in B sin
—ysinp — k(cos u + asiny) cosp — asiny — kBsin p

_ cos it + asinji Bsin i
— 8in fi coS 4 — @ Sin ji

, Wwhere the tune will be changed to

1 .
CO8 Ji = COS 4 — §kﬁsinﬂ

Acosp 1
o sinpg Ekﬁ
1 :
Ay = Ekﬁ Beta function at the quadrupole

can be measured by changing the quadrupole strength .
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Tune 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 .

EXIT | Goto TBT Detail Window |
[ sTarT || stor | 16:26:51 TBT-4K M47 UPDATED.

] SR 0.150761 0.545397

FFT {Horizontal)

50000.0 E ,
|].|] H ¥ 1
00 0.1 0.2 03
Tune
FFT (Vertical)
20000.0 E
L J. ] L
0.0
00 0.1 0.2 0.3
Tune

The result of tune measurement .
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The 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 orand g,
we must measure the beta function at least 2 quadrupoles.

FE e e e e e e e Ll LI LD L L L B [ B B B
o o o
E Ve 3
C / —25ED 11 o SED
i b A - = s =
- = b = = =) = E g
E I\“.\’(_X‘\_aus @ & s 2 L~ f B
N = - 3 =
r / = =
= 130 E— ./ g = o T 1 Eedd o
r /
[ oA
-5 ‘A-: -\; -I! -: \; 'I !I 3' l: § oA 3 g o 1 H 3 d § o oA 3 g 1
QbR 2 [A] QM4R.Z [A] QbR 2 [A]
Measured S,
i PR T i
15 |~ belax 20850 m \ —
168229 m . ¥ .
S A Beta function at SR source

. Is evaluated by the fitting .
| | / Measured £,
LA/ //// Thefitting isincluding

the optics information .

SR source
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Summary of Emittance Measurement
In Storage Ring

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

Dispersion Measurement ;
by changing the RF frequency of the storagering

Emittance M easurement



Thank you for your attention !



