Transverse-to-longitudinal
emittance-exchange
with an energy chirped beam

J. C. T. Thangaraj, J. Ruan, A. Johnson, A. Lumpkin, R. Thurman-Keup, J. Santucci,
T. Maxwell, H. Edwards, Y-E Sun
Fermi National Accelerator Laboratory, Batavia, Illinois



Outline of the talk

Motivation

Emittance exchange beamline
— Diagnostics
— Measurements

Experimental results of emittance exchange
— Energy-chirped beam




Motivation

« X-ray FELs demand ultra-low transverse emittance
beam*®

«  State-of-the art photo-injectors can generate low 6-D
emittance. Typically asymmetric emittances.
Emittance exchange can swap transverse with the
longitudinal emittance.

« Allows one to convert transverse modulations to
longitudinal modulations : Beam shaping application

« (Can also be used to suppress microbunching
instability™

*P. Emma et al. , Nature Photonics 4, 641 - 647 (2010) ; **M. Cornacchia and P. Emma, PRSTAB 5, 084001 (2002)



Emittance exchange: Concept
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Fermilab AO photoinjector: Emittance exchange

EEX beam line
3.9GHz deflecting D4 X23 X24
mode cavity
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Emittance measurement diagnostics and techniques

. Beam size: OTR and YAG screens

«  Bunch length: Streak or Interferometer

« Energy spread: Spectrometer magnet and a screen

. Transverse emittance: Multi-slit method

« Longitudinal emittance: Product of minimum energy
spread and bunch length (upper limit)




GUI to extract Courant- Snyder parameters

Select File

Get Images W Take New Background

]

@

s

N

=

scratch/Amber

Emittance Cross
X03 =

Transverse Beam Profile

200 400 600
y (pixels)
Rotation 0.0 Radon Peak

W@F | \WNM

100 200 300 400 500 600 70O

»

Number To Average

[

ew Images

800 1000

Vertical = 25

New Fit 20
Fit Again

15
Size Image Sigmas
20.0 10
Background 5
Flat -
Averaging

Average Individual... =

Select File

Rotation 0.0

Number To Average

5

Get Images ¥ Take New Background View Images

Slit Image

400 600 800 1000
y (pixels)
Radon Peak 1.12e+04
Vertical -

New Fit
Fit Again

Slit Image Sigmas

5.0

Background
Quadratic -

Amp Mean +/- Sigma +/= = Amp
G1 |7.95 384 1.72 56.6 1.05 G1 |4.78
Const G2
Bck |0.207 0 0 0 0 G2
dof dof G4 |12.4
0 |76 0 0 0 0 b’ G5 |6.56
[ 4
/mnt/beamssrv2/scratch/Amber/ 100711/ 13.2MeV [ X3_XE_Xemit

Averaging
Average Individual,.,

Sigma +/- |~
3 0.183
0.0692 |4
0.163

0.12

0.16 3

Save Results |ﬂ Load Results ﬂ

X Emittance Analysis

Size Gaussians

Camera Calib Date

Slit Gaussians

O - 07-0ct-2011 2
Calculate
hd & Subtract Resolutions hd
Slit Numbers | 123456
Transverse Phase Space
0.25
02 =
0.15 i
x
0.4
x
g 0.05
E b 4
— p 4 <&
& 0
=) x
£ -0.05
b 4 x
—04
-0.15 a
0.2
—0.25
-3 —= =1 0 1 2 3

Angle (mrad)

Position (mm)

4 -2 0 2 4
Position (mm)
o B
0.698 +- 0.11 [ 17.1 +- 0.96

Bunch Size (mm)

Beam Energy (MeV)

1.572 +- 0.034

+-0,0021

Emittance (mm-mwrad)

[ 132 \ 3,88 +- 0.12




The AO photoinjector: Machine tuning
Varying quadrupoles here changes bunchlength her&

D4 %23\ x24

XK »4

o Q1 Q3 Streak e Spectrometer
Q2 camera
RF gun

1 RF — scan to locate minimum energy spread i.e. no chirp

2 Streak camera to measure bunch length (Longitudinal emittance)
3 X-Slits and Y-slits to measure the transverse emittances (X3)

4 Tune quadrupoles to maximize CTR radiation thus minimizing the
bunchlength. Tune quadrupoles to minimize energy spread at XS4.

Finer scan along the minimum values.
5 X-slits and Y-slits to measure outgoing transverse emittance (X23) 4



First observation of emittance exchange

week ending
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Message: Chirped beam has improved performance
-

 Improved performance
* Minimizes thick lens effect




How to minimize thick lens effect?*
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Minimize this term:

Introduce correlation :

then :

In other words, set Chirp to -1/R

(x(Z2) + a2D?(82) + 2aD{(z8)]

(D) + @’DX(8%) + 2aD(z8)]

O=hz

A :wavelength of cavity
x':transverse angle

z :longitudinal position

O : fractional energy spread
D :dispersionof adogleg

o :bending angle

[<z°>+a’D* <& >+2aD < z0 >]

<z'>+a’D*h* <z >+2ahD < z* >

—> h =—— will make this term zero.

* P. Emma, Z. Huang, K. - J. Kim, P. Piot, “Transverse-to-longitudinal emittance exchange to improve performance1qf

high-gain free-electron lasers”, Phys. Rev. ST Accel. Beams 9, 100702 (2006),



Effect of chirp on the R-matrix

3.9 GHz cavity

Booster cavity
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Minimize thick lens effect: Add energy chirp

7 Chirp RF-phase

f \ 0 -30
2.0 -35
- 4.5 -40

7.7 -45

Pick 9-cell phase to introduce chirp

Look for bunch length, transverse beam
size, emittances (x and 2)
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1.3 GHz booster cavity chirp = _
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Chirped beam study: Streak camera
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Finer quadrupole scan

using interferometer pyros

Without energy chirp
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* Pyro signal increases ~ by a factor of 2 15



Interferometer measurement
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CSR Power (pyrometer) Vs RF Phase (bunchlength)
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Emittance exchange with chirped beam
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Emittance exchange simulation with GPT
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Alternative schemes to EEX

» Use two deflecting cavity to compensate thick lens effect

« Can also use single accelerating cavity to compensate the thick lens effect
(A. Zholents APS Note LS 327)

» Chicane style possible with some modifications to the doglegs
(D. Xiang Phys. Rev. ST Accel. Beams 14, 114001)

». Being pursued for Advanced Superconducting Test Accelerator (ASTA)
facility at 40 MeV.
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Summary

Emittance exchange with an energy-chirped beam shows
improved performance. Emittance dilution still exists.

 Next generation EEX has to take into account the thick
lens cavity with modification to exchange lattice.

«  Simulations are being done for studying a chicane-style
emittance exchange at the Advanced Superconducting
Test Accelerator (ASTA) facility @ 40 MeV.
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