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Measurement of longitudinal Parameters i
- 4 LA L T 7 ERRDSE TN

Measurement of longitudinal parameter:

» Definition of longitudinal phase space

» Proton LINAC: Determination of mean energy

» Determination of longitudinal emittance

» Bunch length measurement for non-relativistic beams
» Bunch length measurement for relativistic beams

» Summary

Longitudinal <> transverse correspondences:

» position relative to rf <> transverse center-of-mass

» bunch structure in time <> transverse profile in horizontal and vertical direction
» momentum or energy spread <> transverse divergence

> longitudinal emittance <> transverse emittance.
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Measur'emem' of longitudinal Parameters i

BN EVENE T e N

The longitudinal dynamics is described by the longitudinal emittance as given by:
»Spread of the bunches | 1
In time, length or rf-phase.
»Momentum spread ¢ = Ap/p,
or energy spread AW/W

= Elong = j dl-ds

p—spread

Lo,]

o
d o

I[MIOITI. sprea

|
(4"

The normalized value is preserved:

norm
€long = =Py - €long

LN

P(6)

distr. P(1)

Discussed devices: » S 0 . )
> Pick-ups for bunch length and emittance. ~ bunch lenght L {o)]

» Special detectors (low E;, protons), streak cameras & ele.-optical modulation (e7)
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The Bunch Position measured by a Pick-Up 0
. . . . . f 1t
The bunch position is given relative to the accelerating rf. ¢ rh ve ‘y\
unc !
e.9. ¢,=-30° inside a rf cavity s : !
must be well aligned for optimal acceleration z / ¢ =—30°
-, . (-
Transverse correspondence: Beam position
Example: Pick-up signal and 36 MHz rf at GSI-LINAC: &
a,
_ acceleratlng frequency =
= 02 [ /\ /\ /\
gn 0.0 \/ \/ \ _. | part. distribution
E -0.2 \/ T
15 L plck up for' 1.4 MeV/u g
=
— 1.0 | ]
%n 05 j\ j\ A - + | pick—up signal
% 0.0 = E
» —05 | — P
|
1.0 1 I L | ! I \ |
0 20 40 60 80 ﬁ
time [ns] &
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time or phase
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Outline:
» Definition of longitudinal phase space
» Proton LINAC: Determination of mean energy
used for alignment of cavities phase and amplitude
» Determination of longitudinal emittance
» Bunch length measurement for non-relativistic beams
» Bunch length measurement for relativistic beams
» Summary
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Determination of non-relativistic mean Energy using Pick-Ups 7}
B\ . T W /RS T
The energy delivered by a LINAC is sensitive to the mechanics, rf-phase and amplitude.

ivisti i ick-up 1 istanc ick-up 2
For non-relativistic energies pIc }:P distance L pick-up

i
at proton LINACs time-of-flight bunched beam
(TOF) with two pick-ups is used: — —° - —2 -

ﬂC — L - N e tscope
NT + tscope |
— the velocity £ is measured. S
Example: Time-of-flight signal from ' | .
two pick-ups at 1.4 MeV/u: Z
The reading Is ty;,,.= 15.82(5)ns with §° 0.0 VA R
f=36.136MHz < T = 27.673ns S
L =1.629 mand N =3 ot ' ' \K
= B =0.05497(7) tyoope=10-82|ns 2W=1.407(3)MeV/u
= W=1.407(3) MeV/u ...._.5..l.?..l.,,..,.u,,.,,

20 _ 30 40 50 60
The accuracy is typically 0.1 % i.e. comparable to AW/W time [ns]
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Precision of TOF Measurement for non-relativistic Energy i
S LA T L e [ RERESSE TN

The precision of TOF is given by the accuracy in time and distance reading:

5 2
S E—
Jo) L NT +tcope
Accuracy of scope reading 4t ~100 ps, uncertainty in distance AL ~ 1 mm,
Example' GSI-LINAC: L =3.25 mand frf =36 MHz:

Output energy W MeV/u 0.12 0.75 11.4
Velocity S % 1.6 4.0 55 155
Total time-of-flight ¢, ns 677 271 197 70
Bunch spacing B c/f,, 129

et %l o7 oa0) i3] 4z

» The accuracy is typically 0.1 % (same order of magnitude as AW/W)
» The length has to be matched to the velocity
» Due to the distance of ~ 3 m, different solutions for the # of bunches N are possible

— A third pick-up has to be installed closed by, to get an unique solution.

GSN
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Cavity Alignment using a TOF Measurement 9

BN S T . W O TRESSE TS
The mean energy is important for the matching between LINAC module.

It depends on phase and amplitude of the rf wave inside the cavities.

Example: Energy at GSI LINAC (nominal energy 1.400 MeV/u):
(distance between pick-ups: L =1.97 m = N =4 bunches)

1.42 —— T 142 mm——————————————————
El ! : 2 G L nominal energy
~ nominal energy £ >~ S R S
T 140 [ A4 T I T 140 -
= - R ="
" ¥i‘i1,§—i-§-i-r '
Fﬂx 1.38 : [ﬂ# 1.38 nominal
- -
ol =1l
o )
g 136 -1 e-e-e phase ¢=0° - 2 136 i
@ - phase ¢=—10° . ¢
: | :
3 134 | 4 8 134t :
'-C] IJ A | A I L L ] L ' L L J L A L L J L 'D L L I L A -1 I L 1 L I l. ' L L A ] A L A I.Jl L A L J J —
1.0 1.1 1.2 1.3 20 10 0 10 20 20
normalized tank amplitude tank phase [degree]

»Proton LINACs: Amplitude and phase should be carefully aligned by precise TOF
»Electron LINACSs: Due to relativistic velocity, TOF is not applicable.
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Outline:
» Definition of longitudinal phase space
» Proton LINAC: Determination of mean energy
used for alignment of cavities phase and amplitude
» Determination of longitudinal emittance
LINAC: variation of bunch length
Synchrotron: Topographic reconstruction
» Bunch length measurement for non-relativistic beams
» Bunch length measurement for relativistic beams
» Summary

GSH
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6-dim Phase Space for Accelerators i

The particle trajectory is described with the 6-dim vector Xt = (X, X' Y, y' : | : 5)

For linear beam behavior the 6x6 transport matrix R is used:
The transformation from location sy to s Is:

%(s) = R-X(Sp)

R separates in 3 matrices only if the horizontal, vertical and longitudinal planes do not couple,

e.g. no dispersion D=-R ;=0

SN
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Result of a longitudinal Emittance Measurement i

BN\

Example GSI LINAC:
The voltage at the single gap -resonator is varied for 11.4 MeV/u Nil** beam, 31 m drift;

I T I T T T T l T T T T ‘

vvvvvvvvvvvvvvv

U,=0.16 MV U,=0,82 MV U,=1.64 MV

o
|

distribution
distribution
distribution

3]
1

..... ——— Yo s
-1.0-05 0.0 05 1.0 -1.0-05 0.0 05 1.0 -1.0-0.5 0.0 05 1.0
' time [ns] time [ns] _|

| \
3 .
| f ﬁyi/ ;

bunch width ¢ |ns]
N

;

.1 | 1 1 1 1 | I 1 1 1 | 1 1 I 1
0.0 0.5 1.0 1.5
Buncher peak amplitude U  [MV]

|

» The structure of short bunches can be determined with special monitor
> This example: The resolution is better than 50 ps or 2° for 108 MHz
» Typical bunch length at proton LINACs: 30 to 200 ps
SN
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Longitudinal Emittance within a Transfer-Line i
As for the ’three grid’ method, the emittance can be determined in a transfer line.
pick—up 1 pick—up 2 pick—up 3
bunch J_ J_ J_
p S e S S S 1S Q- (S e
| T T T
location: So S, S, S,

phase space

S O b @

The system of redundant linear equations with the transfer matrix R(i) to location s;:
oss(1) = RE(1)-055(0) + 2Rs5(1)Reg(1) - 056(0) + R25(1) - 066(0)  R(1) : 59 — 51

os5(n) _ R2.(n) - 055(0) 4+ 2Rss(n) Rsg(n) - 056(0) + Reg(n) - 0gs(0)  R(n) : s — s

Assumptions: > Bunches much longer than pick-up or relativistic E -field: E | >> E|

» Gaussian distribution without space-charge effects. —_—
Peter Forck, JUAS Archamps 12 Longitudinal Measurements




Longitudinal Emittance using tomographic Reconstruction O.

B\ " . T W /7 TRESSE ™
Tomography is medical image method /4{\ // L back-
Tomography: f original object /9 projection
2-dim reconstruction of

sufficient 1-dim projections P, -] #

j’f Qﬁ\1_,£|_ 4%%\1_&_

Iterative projection after sufficient
& back-projection /5\ iterations

Algebraic back projection: X X
Iterative process by redistributing

the 2-dim image and considering the 4\\{{\ |ha_ & L fn
differences to the previous iteration step.

SN
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Longitudinal Emittance using tomographic Reconstruction i

BN\

Tomography is medical image method

Tomography:

2-dim reconstruction of
sufficient 1-dim projections
Application at accelerators:
Longitudinal emittance
evolution in synchrotrons.

Bunch observation:

Each revolution,

the bunch shape changes a bit
due to synchrotron oscillations.
Fulfilled condition: ey << fief .

Algebraic back projection:

Iterative process by redistributing

the 2-dim image and considering the
differences to the previous iteration step.

Peter Forck, JUAS Archamps

el A
original object /9

[

1%t back-
projection

. .

=L
A

F
Y

Iterative projection after sufficient

& back-projection /f

B I
X*\\Q\Lﬁh N\a_&;
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Results of Tomogr'aphlc Reconstruction at a Synchr'otr'on I

BN\

Bunches from 500 turns at the CERN PS and the phase space for the first time slice,
measured with a wall current monitor:

File View Option Control

Help

Tomoscope

jLHC

Jul B 16:27:00 2001

C Timirg 1372

T=lta Turne 15

N Traces B3
Tloe Span 2002 re

0 1a0 200

Ho Scale 1 | mwpl M Soples 600 <

010

nsa

phaftrace

4q0

Bl 1020 na

500

Yo Scala 0.5 o | Uidie

Ihnlal:el Ihl-‘rel F'n'-:az:lal Inr\ngr‘ml

Typical bucket filling. Important knowledge for bunch ’gymnastics’.

Peter Forck, JUAS Archamps

File  MWiew  Sound I

2

1.3

[a]

[CELY] o

RME Emitt. =
Mtechd Area =

C1372

LHC,
Jul 6 16:27:00 2001

Mom. Spread = 2.27E-3

3 i0 15 2
sssssssss
— /
//
/
T
e
—
\\\
150 =100 S0 o n n " - =]
5 E B B
[n=] -
0.243 =V= EF = 0.30&

1.19 evs

e = 1.47El12
fs0:;1 = 716;608 Hz

e ai]
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Results of tomographic Reconstruction at a Synchrotron II i
B\ A T . maw /RS ™
Bunches from 500 turns at the CERN PS and the phase space for the first time slice,
measured with a wall current monitor:

File View Option Control Help File View S
Tomoscope EASTC  Wul 2 13:01:47 2001 anere, G953
ml 2 13:01:47 2001
C Timing %3 N
Delta Turns 15 3
N Traces 87 Ll
3 - 2
| Time Span 2.71 ms
1
o io Zn ?D a0 ElX)
ph—_———— e ]  Itsratioms
3333333
o
0
i3 100
&
st
1 ]
[mev] o \
=0 . cf_Ji\
100 \
0 50 100 150 200 250
ns -100 -50 o S0 weoBoE R R OB OC
[n=]
H. Scale 0,25 — | ns/pt N Samples 1000 — | pts/trace Telay 1534 hs Y, Scale 1 ~ | ¥Adiv
EME Emitt. = 2.17 eVs BF = 0.0468 _
Undal'—el Un!-‘reezel vagwl Tmowaﬂl Mtchd Area = 0.561 =Vs Me = 3.94E11 o
Mom. Spread = 3.36E-3 fs0;1 = 236;236 Hz 2

Mismatched bunch shown oscillations and filamentation due to ‘bunch-rotation’.
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Resistive Wall Current Monitor i
Broadband observation of bunches can be performed with a resistive Wall Current Monitor
Principle: » Ceramic gap bridged with n =10...100 resistors of R =10...100 Q
» Measurement of voltage drop for Ri;=R/n=1...10 Q
» Ferrite rings with high L — forces low frequency components through resistors
Bandwidth: typically f;,,,=R,,/(2rL) = 10 kKHz

=)
fhzgh=1/(2”RtotC) ~ 1 GHz ~ )
. . . : Bandwidth
Application: Broadband bunch observation. 1
WCM equivalent circuit .&2 Jiow fhigh
U : | |
coax cable oo bed i M Ve A
_D_ T 0.001 0.1 10 1000 100000
shield signa]l _a— gound R frequency I [MHz]
i -~ - 1 1 1
—L ferrite rings ST — i oC

pipe ground I + - + 1

e C I I EVs-all Zt Rtot Ia)L
@ beam pipe 11

.
-a—— ceramic gap Tbeam Within bandwidth: Zt — Rtot
— T

==
Yy Ry

tosignal  to ground

SN
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Resistive Wall Current Monitor i
- 4 . T maw /O REESET ™
Example | Reallzatlon at Fermi- Laboratory

ap W|th Re5|stors

Gap with Resistors -

GSN
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Outline:
» Definition of longitudinal phase space
» Proton LINAC: Determination of mean energy
used for alignment of cavities phase and amplitude
» Determination of longitudinal emittance
LINAC: variation of bunch length
Synchrotron: Topographic reconstruction
» Bunch length measurement for non-relativistic beams
Determination of particle arrival
» Bunch length measurement for relativistic beams
» Summary

GSH
Peter Forck, JUAS Archamps 19 Longitudinal Measurements




Bunch Structure at low E;,: Not possible with Pick-Ups 9
Pick-ups are used for:

» precise for bunch-center relative to rf
» course image of bunch shape

Example: Comparison pick-up — particle counter:
Arl* with 1.4 MeV/u (8 = 5.5%)

But: | N
For p << 1 — long. E-field significantly modified: / \t - | pick—up
—dqw o= R / Y [ J A ]
ds — Y \ : :
/’f‘“—L_ > S s o R 'r'ruiia\i;H:i:H;'-u., ; i?
) 2ng/divy \ A ]
ok 100|mV)/diy] 1] |
pick-up
—|400 T T T T
| 1| g
—————T1————T 1 § :
amp| trans. field El(tb 2300 - partlcle detector -
o bunch shape B3}
- - L 200 - FWHM=0.71 ns
el ()
< .
Sy - 0 -
v 2
—~ Q 1 L
> ° % 5 10 15 20
z time relative to rf [ns]
©
$-‘ - - - - - -
- = the pick-up signal is insensitive
4 2. 0 2 1 to bunch ’fine-structure’
time [ns]

SN
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Low Velocity Effect: General Consideration

BN\

Lorentz transformation of single point-like charge:

Lorentz boost and transformation of time:E | (t) =y -E'| (t')andt > t'

Trans. E lab.-frame of a point charge:

e
E, (D)= ’ 3/2
Are 2 2
0 |R” +(ypct)

El '

g

=

A g = 0.1

BT T -

| g =03

s | — 8 =09

2 |

% TR

A e ,’ ‘\ N

vl // / \

g // ’,’ \“ \\

};O "'f'_/f--{--.-"/kj \ —-1-:.\_\._

Peter Forck, JUAS Archamps
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Long. E; lab.-frame of a point charge:

€

| [R2 +(yBet )2]

3/2

05 | -

0.0

| TTD6
P Sy
_2‘ 1 2

time [ns]
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Broadband coaxial Faraday Cups for Bunch Structure i
B\ AN S N T TSN T
The bunch structure can be observed with cups, having a bandwidth up to several GHz.

Bandwidth and rise time: BW [GHz] = 0.3/1 50 [NS]
Impedance of a CERAMIC

Z WASHERS
coaxial transmission line: 2
Z Fatn; % /COLLECTOR
Zo = C .| Zshield 7 < SMA
27 coll /2 \\\\\ 1
g S
BEAM L R
with 7, = |FOHr -
€0ér Z GRID N@f\\ I
2 z N
for vacuum Z¢ = £ =377Q %
& ]
— impedance matching % prevent 7
for reflections Z-7, 43 e
Voltage reflection: A =
L+ 7, > 1
Voltage Standing Wave Ratio: VSWR = = = =T~
ZO 1-— yoy;
Z = Zy: no reflection. Z = 0 = py, = —1: short circuit. Z = 0 = p,, = 1: open circuit.

GSN
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Realization of a Broadband coaxial Faraday Cup - %

COAXIAL FARADAY CUP

GSH
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Bunch Structure using secondary Electrons for low E;, Protons
BN LM T . W 7 RS TN

Secondary e~ liberated from a wire carrying the time information.
— Bunch Shape Monitor (BSM) detector: SEM or FC

Working principle: bunch shape
» insertion of a 0.1 mm wire at ~ 10 kV
» emission of secondary e~ within less 0.1 ps

- rf—deflector
» secondary e are accelerated (+ phase shifter)
» toward an rf-deflector
» rf-deflector as ’time-to-space’ converter @
» detector with a thin slit

aperture: about 1 mm

» slow shift of the phase

zh’ill‘e on Hl‘{; =y hs_c%dary electron from wire
inn ~10 .1 mm,

> resolution ~1° < 10 ps @ 5

» Measurements are comparable beam

to that obtained with particle detectors.

SEM: secondary electron multiplier

SN
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Realization of Bunch Shape Monitor at CERN LINAC2
Example: The bunch shape at 120 keV/u for 120 keV/u:

[ | I \ I
high I = 5 mA

100
80
60
40
20

| N

channel

5 200

rf-deflector > | dewi-o01ma

2180 _
=}

=]
2100 —

50 — —

0 weoda | | |

—10 -5 o 5 10
time relative to rf [ns]

movable

HV wire electron detector

electrons

SN
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Outline:
» Definition of longitudinal phase space
» Proton LINAC: Determination of mean energy
used for alignment of cavities phase and amplitude
» Determination of longitudinal emittance
LINAC: variation of bunch length
Synchrotron: Topographic reconstruction
» Bunch length measurement for non-relativistic beams
Determination of particle arrival
» Bunch length measurement for relativistic beams
Synchrotron light monitor and electro-optical modulation of a laser beam
» Summary

GSH
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Excurse: 3™ and 4™ Generation Light Sources

3rd Generation Light Sources: Example: Soleil, Paris, E =25GeV,C= 354 m

electron™
Synchrotron-based with Egjoctyon = 1.-.8 GeV :
Light from dipoles, undulators& wigglers, E},< 10 keV

Users: biology, chemistry, material science,
solid state and atomic physics

National facilities in many counties,
some international facilities.

4th Generation Light Sources: LINAC based, single pass with 1arge energy loss
Eclectron = 1 .. 18 GeV, coherent light from undulator, E,, <1000 keV range, short pulse

Europe: Germany, Italy, Netherlands, Switzerland, America: USA, Asia: China, Japan ...
Superconducting

Flash, Hamburg Accelerating Structures Collimator
Undulators 6...30 nm
_l_l_ EOECECRCECEC | RCRCECECECEC ECECECECECE
Bunch Bunch FEL
Compressor Compressor bypass diagnostics

5 MeV 130 MeV 450 MeV 400 ... 1000 MeV

N 250 m >
Peter Forck, JUAS Archamps 27 Longitudinal Measurements



Bunch Length Measurement for relativistic e- - ’.
£ \ /N ‘ \
Electron bunches are too short (o; < 300 ps) to be covered by the bandwidth of
pick-ups (f <1 GHz < t;, >300 ps) for structure determination.
— Time resolved observation of synchr. light with a streak camera: Resolution = 1 ps.

’&7( Phosphor screen .
Temporal resolution
depends on light generation

}/ process, light bandwidth,

Time-varying optical aberration, sweeping
> high voltage voltage, etc.
200 fs resolution achieved
Ly with Hamamatsu FESCA-200
Streak image LT
rS N
r -
oﬂf%:h,f' .
8 ol .
Y, A CR
9 sy, @ w
©ho /"“-‘!; : Q\t
e/ o
s Yo "
b4

From D. Xiang, IPAC’12

SN
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Bunch Length Measurement for relativistic e~
B\ . T W /RS T
Electron bunches are too short (o; < 300 ps) to be covered by the bandwidth of
pick-ups (f <1 GHz < t,;,, >300 ps) for structure determination.

— Time resolved observation of synchr. light with a streak camera: Resolution = 1 ps.

B -
C | |Kystron Y * Y HP7000. UNIX
VME. Ethernet
oy dela}.r
RF master ¢ %teglljls gating \IiE;{: 00
frequency I I pulse acquis.
352.2MHz %%133’ = 997 generator car

steps
A A synchr. *
8.3Hz i
photo-cathode 88Mhz } frame-extr.

-
K \ \ =3
A
/ ® / . J
/ ——— CCD
Yo
video
fast slow >z
vertical horizontal N CP

pinhole / deflection  deflection

— - . . ~

— - —

SN
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Technical Realization of Streak Camera i

Hardware of a streak camera

Time resolution down to 0.5 ps:

ot
],. L“\ JA:‘ _ , /- Mesh C CD
-‘\\‘\, ; A ;‘ /
e~
> =
e .
Lens
r'/ —
Photocathode )
F z ((..."
Eiec ™ s
Anode
SN
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Technical Realization of Streak Camera i
BN\ WL T . W 7 RS TN

Hardware of a streak camera

Time resolution down to 0.5 ps:

\!
- Sl Synch. Rad. s
- . winst l 2 e port
e S [ [Fput optics Streak tube ~ CCD
The Pockels Cell e X " T
“1GHz" scope o has & v
o——— W ’
\ o The SC
= \_A.V o o :
i
s,

The Streak Camera setup at ELETTRA, Trieste, Italy
SN
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Results of Bunch Length Measurement by a Streak Camera O.
WL T . W RS T

The streak camera delivers a fast scan in vertical direction (here 360 ps full scale)

and a slower scan in horizontal direction (24 us).

Example: Bunch length at the synch. Light source SOLEIL for U =2 MV
for slow direction 24 ps and scaling for fast scan 360 ps: measure o; = 35 ps.

0 Slow Scan: Time (us) 24

(
—

bunch length
20, =170 ps

Fast Scan:
Time (ps)

360

GSN
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The Artist View of a Streak Camera <

Rules, The Farsday Cup shall
be.  awarded for an
outstanding costribution to the
development of an
Fmovative beam diagnostics
imstrument  of  proven
workability.  The Faraday
Cup iz only swarded for
pol contribution and
delivered  performance -as
opposed  to  theoretical
performance.  Rules are
available oa request.

B
SN —
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The Importance of Bunch Length by Streak Camera

BN\

@,

Short bunches are desired by the synchrotron light users for time resolved spectroscopy.

The bunch focusing is changed by the rf-amplitude.

Example: Bunch length o; as a function of stored current

(space-charge de-focusing, impedance broadening) for different rf-amplitudes at SOLEIL:

Bunch Length (ps-rms)

80

60

40

20

Peter Forck, JUAS Archamps

T I | ] -
a
A
ga
Y. 5 “‘%‘ ° o ®
*Aﬁ‘ta o8,
a 4 o & s ° x XX X X
B ““A‘-‘ Y J‘%%.o og x x X X XXX 7
x
} .‘!)og;)oﬂ)5 x % x %
’. KX o X X *
x
% A A V=12MV
o ® V=2MV
X V=2.8 MV
H | | I =
0 5 10 15 20
| (mA)
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Excurse: 4'h Generation Light Sources & Beam Delivery i
_ S LM T . W 7RSS T

4™ Generation Light Sources: LINAC based, single pass with large energy loss
Eclectron = 1 ... 18 GeV, coherent light from undulator, E,, <1000 keV, temporally short pulse
Superconducting f,..=1.3 GHz

Flash Hamburg Accelerating Structures Collimator
’ Undulators o
E — EE —y ! [[' I' . (T80 T80 T TN 100 T [T TR AT T 0 TR TN 0 TN 0 1 >3
_— Bunch Bunch FEL
Compressor Compressor bypass diagnostics
5MeV 130 MeV 450 MeV 400 ... 1000 MeV
< 50 m g
uty cycle ~ XFEL O. 65‘% . _
1-5 mk‘ oom ULy ¢ Goal: Short bunches with high number of particles
. ‘ ‘ ‘ ‘\ — short, intense laser pulses for electron generation
"t Requirement: Position stability = resolution < 1 um
In -~ XFEL600puS~~. - _
il IIIIIIIII\MIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII Tt Slngle bunch duration < 1 PS
I||| ||||||| \\ . | 25kA 1 nC
A .- SEEL *\; 100-500 fs
222ns bunch spacing R
1 GSN
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Bunch length measurement by electro-optical methods 9
For Free Electron Lasers — bunch length below 1 ps is achieved
— below resolution of streak camera
— short laser pulses with t 10 fs and electro-optical modulator
Electro optical modulator: birefringent, rotation angle depends on external electric field
Relativistic electron bunches: transverse field E ; |, = YE; o Carries the time information

Scanning of delay between bunch and laser — time profile after several pulses.

GaP or
l l InTe
variable photo l..

fs laser e *H, ay diode

Scanning Delay Sampling

From S.P.Jamison et al., EPAC 2006
SN
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Realization of EOS Scanning i

Setup of a scanning EOS method

—————————————

L - e e e e - - - - - — 4

r— - - - - — — — — — —

"'Wollaston
Prism

Detection Scheme
Ti:Sapphire _
laser (b=
phaselock,
Delay line
AD
trigger rf reference
master
clock
; polarizer
0 gun =

_____________

o beam pipe
mmm mmam - - mmm == .

Peter Forck, JUAS Archamps

=
o

normalized electron density
o o
o 3y

2 4 6

I'I\J-
o
o

time [ps]

Using 12fs pulses from

Ti:AI203 laser at 800nm and
ZnTe crystal 0.5mm thick

with a e - beam 46MeV of 200pC

X. Yan et al, PRL 85, 3404 (2000)

SN
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Hardware of a compact EOS Scanning Setup 9

Fiber frqlm laser

GaP Crystal with Waveplates  Polarizers

HR coated front surface Fibers to spectrometer

From B. Steffen et al. PSI, Swiss, DIPAC’09

‘ ' (EE 5P
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Measurement of Bunch Shape at FEL-Facility i

Example: Bunch length at FEL test facility FLASH

Bunch shape dependence on bunch charge

— 09nC Scanning of the short laser
— (7N -
— 05nC || pulse relative to bunch:

THz pulse laser pulse

normalized EO signal

=~1ps

1
-0.5 0 05 1 15 2
time in ps

Results at FLASH, Hamburg, see B. Steffen et al., FEL Conf. Stanford, p. 549, 2005.
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Bunch Length by rf-Deflection: Principle 9

B\ d A\ 5. N A RN O TRRESE T
Transversal deflection of the bunch i.e. time-to-space conversion
V()

sverse cavity

Size of the streak given by
_ 2 2
o —\/Gyo +R,. k-0,

k is determined by the rf-power

k _ 272e ¢ U rf
A E
From D. Xiang, IPAC’12
SN
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Bunch Length by rf-Deflection: Hardware i
B\ " 4 . T WOy /RS ™
Transversal deflection of the bunch Beam energy 320 MeV
i.e. time-to-space conversion Typical beam size 0.2 mm
_ _ Length 0.5m
Example: Cavity at FERMI, Trieste, Italy Frequency 2. 998 GHz

—

Max. rf power 5 MW
Total trans. volt. 4.9 MV
Time resolution 70 fs

Q‘j | |

Bunch Length
from Injector
(6 ps fwhm)

Bunéh length
compression (1ps fwhm)
IS

= ‘
o3
\ N
!

From M. Veronese, BIW’12
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Summary of longitudinal Measurements i

B\ A . T . W S O TRERSSE TS
Longltudlnal <> transverse correspondences:

» position relative to rf <> transverse center-of-mass
» bunch structure in time <> transverse profile in space
» momentum or energy spread <> transverse divergence.

Determination uses:
Broadband pick-ups: » position relative to rf, mean energy

» emittance at transfer lines or synchrotron via tomography
assumption: bunches longer than pick-up.
Particle detectors: > TOF or secondary e from wire
— for non-relativistic proton beams
reason: E-field does not reflect bunch shape.
Streak cameras: » time resolved monitoring of synchrotron radiation

— for relativistic e -beams, ty ncn < 1 NS
reason: too short bunches for rf electronics.

Laser scanning: » Electro-optical modulation of short laser pulse
— very high time resolution
Beam deflection: » Transverse deflection of primary beam
— very high time resolution, but most expensive ‘device’.

GSN
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