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Mainly high brightness electron beams
diagnostics

Universita di Roma

Now plasma based accelerated beams
diagnostics

But also...

I'm an experimental physicist

| deposited Nb on Cu for accelerating
structures in the past...

I'm actually the scientific responsible for
muon tomography of port containers...
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* You have already seen a lot of diagnostics, some
of them described with a lot of details

 Also you have already experienced some
techniques in the afternoon labs.

* What can | say more??

 I'll add some more information (yes!) looking at
some details that make the difference

» The principles ideas are very charming but the real
Implementation is also a challenge

 I'll also try to clarify which is the relation between
measured quantities and real beam parameters
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Transverse Emittance
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n=1=g¢ =0
- c\/<x2><xzn> (Y e £0

Even when the phase-space area is zero, if the distribution lies on a curved line its
rms emittance is not zero.
RMS emittance is not an invariant for Hamiltonian with non linear terms.
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e The beam must be emittance dominated

o = n 4 Martin Reiser, Theory and Design of Charged Particle
X 2. 3 3 I Beams (Wiley, New York, 1994)
/4 O-X /4 0 (Gx T Gy)
: | 2
= Assuming a R, = —0
round beam 21,8,

m The aperture must be chosen so small to obtain
Ry<<1, In order to have a beam emittance
dominated
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Space-charge Emittance
dominated beam dominated beamlets .
- - To measure the emittance for
g - a space charge dominated
‘ o - beam the used technique is
R the well known pepper-pot
1
Xj

multi-slit mask

The emittance can be
reconstructed from the second
momentum of the distribution

2

e

C. Lejeune and J. Aubert, Adv. Electron. Electron Phys. Suppl. A 13, 159 (1980)
Zhang, Min. Emittance formula for slits and pepper-pot measurement. No. FNAL-TM--1988. Fermi
National Accelerator Lab., Batavia, IL (United States), 1996.
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to the size of the beamlet profile
should be negligible

« The material thickness (usually

* The contribution of the slit width d2
o=_|L-oc'+

tungsten) must be long enough to 1 d

stop or heavily scatter beam at > =

large angle o V12
« But the angular acceptance of the

slit cannot be smaller of the d

expected angular divergence of | <—

the beam 2o
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Intensity [a.u.]
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Pixel No.

Laserbeam machined tungsten disk of 200 um thickness. 20 um diameter holes are

separated by 250 um in both dimensions
Source: Schietinger, T, et al. "Measurements and modeling at the PSI-XFEL 500 kV low-emittance electron
source." Proceedings of the 24th Linear Accelerator Conference, Victoria. 2008.

 Single shot measurement in both planes
* Both planes same time
* It works fine without any overlap between X and Y

profiles
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* Holes array
have been
successfully
produced.

 The thickness of
the material can

be as large as
100 times the

T. Levato and al. “Fabrication of 3 um diameter "
pin hole array (PHA) on thick W substrates”, AIP h0|e d d meter
Conf. Proc. Vol 1209, pp 59-62 (2010)
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7X 50 um
500 um spaced

| SO pun

Elementar unit

a pile of elementar unit

Photochemical Mechanical
machining machining
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* YAG:Ce mounted
YAG:Ce at 90 degress to
- avoid blurring

* Mirror mounted
at 45 degrees

e Ca ib(ation marks
machined on the
Calibration ho der

Light
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Measurements Simulations

rad
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X (mrad)
) Wimrad)

A. Cianchi et al., “High brightness electron beam emittance evolution measurements in an rf
photoinjector”, Physical Review Special Topics Accelerator and Beams 11, 032801,2008
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Longitudinal Diagnostics

Transverse Deflecting Structure
or
Radio Frequency Deflector




o o R deflector
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RFD A 4 Vs

SLICES
Beam axis
--------------------------- - _(Ey_S_ -5
/ =
BUNCH | I
p v

Paul Emma, Josef Frisch, Patrick Krejcik, A Transverse RF Deflecting Structure for Bunch Length
and Phase Space Diagnostics, LCLS-TN-00-12

Christopher Behrens, Measurement and Control of the Longitudinal Phase Space at High-Gain
Free-Electron Lasers, FEL 2011, Shanghai
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my
_ V
b -2
h Ay' = al -ﬂ

V =V,sin(kz+¢)
h sin(kz + @) = sin(kz) cos(¢) + cos(kz) sin(¢)

kz << 1 mmmp sin(kz +¢@) = kzcos(@) +sin(¢)
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_ 4V - .
Ay’ = e [kz COS(@)—FS]H%] R, =+/BB, sinA
Offset

Betatron phase advance

y(2z) = yo + (\/%Sin A) Yy q—VOkz (\/%sin A)
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Some mathematics...

2

330 sin’ A (%k) ) <,32> n

<(:u - <y>)2>i = (yp) + BBosin® A (yo'?) — yﬁé +
— BBy sin? A (5 — B ( %k}gsmg %,()QJF
+2+/3 8o sin A (yoy() QQ/ﬁTﬂgjsinA %ifk (o2 ) — 2+/3 B0 sin A (Mja) +
F2+/330 sin A (%k) ) (y$2) i#

250 sin A (‘fpﬂ k) (Mz)

o5 = {y5) + BBosin® A{yF) + 2+/BBosin A (you))
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Two measurements are needed
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<(J"—<Jf’>)2>i = (3 )+ AP, sin’ A< yﬂ’2>+2 55, sim<y[,yﬂ'>+ 55, sinZA[‘;iﬂ kT (%)

gg = <y§> + BBy sin® A <’y62> + 24/ B3y sin A <’y'0“yé>

2
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,B,Bﬂsinz,&(q k]( > (unkJ ol =0,

pcC

o B Oy A
- gV, L2x
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* Find the resolution limit for a beam with
— 6,=10 um
— E=100 MeV
— V,=1 MV
— L=2m
— A=10cm
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* 8 um about 27 fs
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2
. V
G = PP, SmEA{i‘»’_;kJ <Zz>
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First zero

7r /
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pixel size = 21.6 um -> 0.68 ps/mm -> pixel size = 14.7 fs

119

Parameter Value

Calibration (ps/mm)
Unc (ps/mm)

Bunch length (ps)
Unc Bunch length (ps)

sigma RFD OFF spot (mm)
Corrected Bunch Length (ps)

6.78E-1
1.70E-2
9.24E-2
8.43E-3

1.25E-1
3.70E-2

31
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Parameter Value

Calibration (ps/mm)
Unc (ps/mm)

Bunch length (ps)
Unc Bunch length (ps)

sigma RFD OFF spot (mm)
Corrected Bunch Length (ps)

7.536E-1
1.45E-2
9.78E-2
1.94E-3

1.25E-1
26.7E-2

Second zero

Centroid (mm)
(%)

-68

. 0.75 ps/mm
\\i\
27 fs
-(-3'7 -6‘6 -6l5
Phase (deg)

pixel size = 21.6 um -> 0.75 ps/mm -> pixel size = 16.2 fs

A. Cianchi
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Lonqgitudinal phase space

Time

DEFLECTOR DIPOLE

FLAG

Energy
o Usj ogether a RFD with a dispersive element such as
a o||npgofeg &

 Fast single shot measurement
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LONGITUDINAL TRACE SPACE
20

Time [ps]

Time

Q0 141 142 143 144 145

Energy [MeV]

v

Energy

A. Cianchi 34



®
o0

The CERN Accelerator School

Compression
about 140 fs

Two bunches

Several
bunches
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« The TM11-like deflecting modes have a non-zero
derivative of the longitudinal electric field on axis

« This is a general property of the deflecting modes
because the deflecting voltage is directly related to
the longitudinal electric field gradient through the
Panofsky-Wenzel theorem by the formula

V, = iEJ. V“E:eifdz
W Ay

* The transverse accelerating field in the cavity
Increases the beam slice energy spread

 The energy spread growth is due to the

longitudinal electric field that varies linearly with
transverse distance

A. Cianchi
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Alesini, D., et al. "Sliced beam parameter
measurements." Proceedings of EPAC.
2009.
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Longitudinal Diagnostics

Electro Optical Sampling




©
Jeo'e,

ooooooooooooooooooooo

= | Wilke et al.,, PRL, v.88, 12(2002)

= G. Berden et al, PRL V93, 11 (2004)

m A. L. Cavalieri et al., PhysRevLett.94.114801(2005)

m B. Steffen, Phys. Rev. ST Accel. Beams 12, 032802 (2009)
= J.R. Fletcher, Opt. Express 10, 1425 (2002)

* R. Pompili, “Longitudinal diagnostics for comb-like electron
beams by means of Electro-Optic Sampling”, PhD Thesis, Tor
Vergata University (2013)
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EO Crystal

NIR laser,
THz pulse

4

EO Crystal

3 : o
Crystal axis (z' axis) Polarization incoming

laser

ellipse

EO Crystal

En;(t) = B j(t)e™

|

27
Lj(w) = 3-Lon; () Terystan (@),

]
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Tcr:-;stal (‘-"") —

[

3
on, = HGT414ETHZ (cosqﬁ + \/1 + 3sin? (,i':)

2 exp [1L(ng — nrH)%] — 1

1

+ NTHz ?’%(ﬂ’gr — TVTHy)
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rg =4.25x 1072 m/vV rap =1 x 1072 m/v
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Characteristic velocities (ZnTe)
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Laser and THz pulse propagation
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Crystal thickness
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R. Pompili, “Longitudinal diagnostics for comb-like electron beams by means of Electro-
Optic Sampling”, PhD Thesis, Tor Vergata University (2013)
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» Define the range of the bunch length that
you want to measure

» Consider the strength of the signal (r,,)

» Consider the bandwidth of the crystal
(thickness and type)

* Define the readout scheme

A. Cianchi 45
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Early

THz pulse

Space,y

Spatial
laser modulation

Small angles are required to achieve high temporal resolution by
improving both the velocity matching between the laser and the THz
pulse inside the crystal, while larger angles increase the temporal
window, simplifying the synchronization between the laser and the

electron beam

EO
crystal

Laser pulse >~

A. Cianchi | 52
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j

CCD system to ey v
Image the beam : _ d

electrons

EO-Crystals .
Attuator =

) ZnTe (500um) = GaP (400um)
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URHV

—=— |ntegrated Signal T

i
o
|
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3]

O o

Extinction Ratio (x10™%)

0.9
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14:49 15:01 15:02 15:04 1513 15:17 1528 1544 1633 1722
Time (hh:mm)

Atmospheric
pressure
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« Veronese, M., et al. "First operation of
the electro optical sampling
diagnostics of the FERMI@ Elettra
FEL." IBIC 12 (2012): 449.

 Flexible but expensive setup
« Use of a fiber laser at 78 MHz

|t needs an intensified camera
to select one single pulse

A. Cianchi 55
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= 7 .
L e P — .
s

| EOS station

- [ 2 SPARC-LAB \
E " photocathode [t
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Setup

500mm lens

PCO.PixelFly

CCD
camera

Energy Probe

A. Cianchi

Glan-Laser
Polarizer (V)

EOS Chamber

Photodiode
(sync)

.

Targets & Crystals Delay Line
Movement {up to 2ns)
-
N2 Plate
- B &
l w
Fixed Delay Line
Polarizing Beam Splitter)
e- beam IR laser
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a telescopic
system

polarizing beam
splitter
half-wave plate
an optical delay
line

a non-polarizing
beam splitter

synchronization
photodiode

Glan-laser
polarizer

A. Cianchi -



Expected signal and time resolution
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* The laser is shown as a red
filled circle while the
expected EOS signal shape is
plotted as a yellow ellipse.

* The electron bunch is
assumed travelling normally
to the foll, therefore the time
axis is perpendicular to the
crystal side facing the bunch.

Axpirel
At =———tand
' Mc
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* 0,=(375£10) fs
* 0,=(344+£10) fs
e dist=(879+9) fs

ZnTe (400pum)

« R Pompili et al. “First single-shot and non-intercepting longitudinal bunch diagnostics for
comb-like beam by means of Electro-Optic Sampling”, Nuclear Instruments and Methods in
Physics Research A740 (2014) 216-221

A. Cianchi
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* There is always a big gap between the
diagnostics on the paper and the practical
realization

« The mechanical drawings, the implementation,
the definition of the detectors, the
understanding of what you are really measuring
are unavoidable steps in order to build a
successful device

 Patience, precision, curiosity are the main
qualities that can drive you to the success.

A. Cianchi 62



©
Jeo'e,

ooooooooooooooooooooo

» Thank you for your attention, if you are
still alive...

» See you on Thursday...

A. Cianchi 63



