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WRP5 Exotic Undulator,Tasks List
David Zhu, Liang Zhang, Wenlong He, Adrian Cross

« Sub-Task 1 — Laser undulator design

e Sub-Task 2 — Plasma undulator design
« Sub-Task 3 — RF undulator design (ANSTO & Strathclyde)

 RF undulator research overview

* RF undulator physics
* RF undulator design and numerical simulations

« Feasibility evaluation of RF undulator for use in CompactLight

 Future Work

Australian \@
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42,  Principle of FEL sty

°°°°°°°°°°°°°°°°°°°°°°°°° Strathclyde
Coherent wavelength is given by
A= A 14+ — K-
2)/ 2
A, 1s the period of the undulator
Typically best values are (e.g. Swiss FEL)
le|a,By
Ay, = 15mm —

k is the undulator strength
parameter

Consequently for A =0.1nm

E ~ 6GeV

~?® H2020 CompactLight, 19t -20th June 2018, Trieste, Italy m
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&> Laser Driven Dielectric Undulator gmesiys
The Cockcroft Institute St athClyde

of Accelerator Science and Technology

* Proposed by T. Plettner in 2007
« Small period of 0.3 mm, k=0.14
« Difficulties:

— The beam should have small emittance
— ltis difficult to keep electric field in phase with the electron bunch

structure y :
n coordinate lp . A ] x * a
X system I fi ] 4
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§ C N ) e vacuum
X \ \ \
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Figure source: T. Plettner and R. L. Byer, PRST-AB 11, 030704 (2008)




d4> Plasma Undulator

The Cockeroft Institute Strath Cl.yde

of Accelerator Science and Technology

« JW. Wang, C.B. Schroeder, R. Li, M. Zepf and S.G. Rykovanov,
“Plasma channel undulator excited by high-order laser modes”
Science Reports, 16884, (2017)

« Small period of ~1 mm, k =0.44, Nos of periods 20

« Laser-created plasma undulator together with a laser-plasma electron
accelerator (LPA), it is an open guestion whether these plasma
undulators can be used as an FEL

— Large radiation spread caused by varying values of undulator strength k
— Strong focusing and hence large electron beam divergence

— Electron trajectories are not independent of the injection positions

— Stability of plasma undulator dependent on the laser and plasma stability

chann®!

P\asma

Laser pulses

= Radiation

10,0>

110> 10,1>

Electron bunch

Figure source: J.W. Wang et al, Science Reports, 16884, (2017)



l > University of

The Cockcroft Institute

Strathclyde
Microwave undulator (UK XFEL)

Liang Zhang'?, Wenlong He?, Jim Clarke?3 & Adrian Cross!=?

IDepartment of Physics, SUPA, University of Strathclyde, Glasgow, G4 ONG, UK
2The Cockcroft Institute, Daresbury Laboratory, Warrington. WA4 4AD, UK
3Science and Technology Facilities Council, Daresbury Laboratory,
Warrington, WA4 4AD, U.K.

SUPA H2020 CompactLight, 19t -20th June 2018, Trieste, Italy
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4> Microwave undulator

The Cockeroft Institute Stl'ath Cl.yde

of Accelerator Science and Technology

Fladlatmn

Electron
fERgEETary Electron Trajectory
Y
(a) Microwave Undulator (b) Magnetic Undulator

E, = Eysin(2mz/Ag) - sin(wt)
B, = B, cos(2mz/Ag4) - cos(wt)
F, = —e(Ex — v;B;)

B, = Bysin(2mz/A,)= Bysin(kyz)
F. = ev,B,

In microwave undulator, the electron bunch see both the electric field and magnetic field.

% Science & Technology  Figure source: . Shintake, Development of Microwave Undulator, 1983 m



The Cockcroft Institute

of Accelerator Science and Technology

@ >
4>  Hybrid modes — HEn modes e &,

» A corrugated waveguide has interesting feature of being able to generate a quasi-
optical mode, which has very low loss. They have been widely used as mode
converter horns or as high power gyrotron driven transmission line systems

The dominant mode is the HEus, its field is:

X -Y) .
Bx = S Aoy ) sin(2)
X-Y)
Ey = ArJo(k.T) — kry AyJy(ker) cos(29)

In the balanced hybrid condition: X =Y



4>  Previous Experiments o,

The Cockcroft Institute

of Accelerator Science and Technology

11.424 GHz signal spectrometer
system for 1/Q modulator ¢ shifter TWT klystron camera
pulse shaping and ’:‘d RF reflected *
phase correction WP, . X
! RF incident ——
X neiden chiller
downconverters
c2 — g ‘
su YAG

L modulator ——1 L dispersive _] I—tunable radiator —

50 — 120 MeV [ seed laser section
|

I seeded coherent harmonic generation (SCHG) system

Schematic layout of microwave undulator demonstration experiment at NLCTA, SLAC.
EG: electron gun, C1: bypass chicane to introduce seed laser, SU: static undulator, C2:
chicane used for spatial bunching when required, MU: microwave undulator, ES: energy
spectrometer for electron beam, YAG: yttrium aluminum garnet screen.

Source: Sami Tantawi, Experimental Demonstration of a Tunable Microwave Undulator

& Science & Technology
@ Facilities Council



4>

Experiment results

University of

Strathclyde

The Cockcroft Institute
of Accelerator Science and Technology
2. @ 70.3 MeV
: i
o BEalculatedspectrum ;/ 0.19 . 0.43 . 0.69
o |forK =0.69 Ky
@4_ o J;f_/ =
E 2_ yﬁ - — - = e i
£ T L e — e
400 500 600
A rag (NM)
740 (b)
Fr/‘-:lﬁf}
=3 P T 1420 %
-~ 660} fffff;rﬁfff’ 70.3 MeV ~
= “I"_ JFHl l l l |_380
0.2 0.3 0.4 0.5 0.6 0.7
K

Demonstration of tunable undulator operation. (a) Spectra for various K. (b) Fundamental
wavelength of on-axis radiation vs K for two beam energies. Each point with an error bar
Indicates a mean and standard deviation obtained from 10 to 100 data snapshots.

Science & Technology
@ Facilities Council

Source: Sami Tantawi, High-Field Short-Period Microwave Undulators m



q> What we propose? e

The Cockcroft Institute Stl‘&thClyde

of Accelerator Science and Technology

Possible improvements:
(1) Evaluate the possibility to operate at Ka-band, to achieve short wavelength operation
(2) Possible to further improve the corrugated waveguide, and further reduce the field

at the wall.
State-of-the-art  Record breaking Dream
undulator undulator Undulator
Period (mm) 13.9 13.9 4.4
Beam Aperture (mm) 5.0 5.0 5.0
Peak B Field (T) 0.92 1.62 2.0
K Parameter 1.2 2.1 0.82
Length (m) 4.0 1.0 - 4.0 1.0-4.0
Operating frequency (GHz) 11.424 11.424 36
Required microwave power 152 185 - 464 108 - 272
(MW)
Required pulse length (us) 5.8 1.4 - 5.7 0.8-3.2

P P o L?/3 T < L
> ?acc'ﬁi?iceesgfﬁg?ology H2020 CompactLight, 19t -20th June 2018, Trieste, Italy m



&> Corrugated waveguide design . e

L 1o s Strathclyde

Operating frequency 36 36
8.33 8.33
2.0 2.0
4R,=8.0 9R,=18.0
21 2.1
9.06 912
300 302
05 05
b= p—w(mm) 2.50 2.52
94,344 187,073

HE12 mode 50 50
38E8  37E8
1.27 1.23

Dimensions estimated from theoretical calculation

% Science 8 Technology 112020 CompactLight, 19t -20th June 2018, Trieste, Italy m



4> 36 GHz corrugated cavity

The Cockcroft Institute

of Accelerator Science and Technology

Cutplane Mame: Cross Section &

1. 4e+008

t2ereo) LEAAARATACARARA AR RIARTAR AR ARG AN EAMARRARRRARR
coroon e e
o007 | RTOSTEEN T CAT TR OO U PP T AT ETEE QT 1A O —
-50 100 150 ~ ?On?m 250 300 350 400 450
i i = Initial geometry parameters:
B Radius of the waveguide: 9.13 mm
g - Period of the corrugation: 3.83 mm
- Corrugation depth: 2.37 mm
i Corrugation slot: 0.56 mm
) Coupler radius: 35.55 mm

% Science & Technology 12020 CompactLight, 19t -20th June 2018, Trieste, Italy m



4> 36 GHz corrugated cavity s ‘

The Cockeroft Institute Strath Cl.yde

of Accelerator Science and Technology

Final parameters:

68000 ) _
66000 Radius of the waveguide: 8.88 mm
—~ - Period of the corrugation: 3.73 mm
T ~£64000 .
O : Corrugation depth: 2.31 mm
> B o Corrugation slot: 0.55 mm
o 00000 & Coupler radius: 34.56 mm
c‘ —
2 58000 ] Period number: 100
S o T ¢ 56000 Uniform field length: 1 meter
i 48] = - —@—Eigen Fréquehcy--smoo Resonance frequency: 35.2 GHz
346 — 11—, - @ factor 52000 Q factor: 66,000
20 40 60 80 100 120 140 160 180 200 220 240 260 .
Period number Shunt impedance: 2.36E5

Peak field at the center: 0.926E8 V/m
@ input power of 55.9 MW

The Q factors and eigenfrequencies changes
with the period number (cavity length).
However large period number leads to a long
computing time and large memory requirements.
Parameter scans were used to determine the
final dimensions.

 University of Strathclyde HPM source produced 65MW of

power at 36 GHz (I.V. Konoplev, A.W. Cross, P. Maclnnes, W. He et al,
Appl. Phys. Letts., 92, 211501, 2008)




F u rth e r i m rove m e nt University of <
¢> P Strathclyde

The Cockcroft Institute

of Accelerator Science and Technology

To achieve higher Q factor. Parameter scanning of the coupler dimensions. It requires a lot
of computing time as the structure is relatively large.

(46095000000000000000000000000008000008008008008008000) BEE

M3g( k) EoloneoT J-Factor Calculation pod

Cu tpl N | 1, n 0
Cutplane Position: 0 .
Componer t: Abs H-Field data: |Mode 39 v Calculate
Orienkak Outsid
B e’ Material/Solid Conductivity | Mue | Loss/W [Loss/% | Q Close
AL ”. . **Cond. Enclosure®* 5.8000e+07 1 2.5247e+06 100 8.9648e+04

FECM*F 2.5247e+06 8.9648a+04 Specials...

Export...

The Q factor was improved from 64,400 to 89,650. b
Nearly 40% improvement.

% Science & Technology - H2020 CompactLight, 19™ -20th June 2018, Trieste, Italy m



Qnsto
Conclusion and Future Work:

* Simulations of electromagnetic wave fields setup in the cavity [Strathclyde]

 Electron beam dynamics simulations: ASTRA code [ANSTO]

* Photon radiation simulations: SPECTRA code and SIMPLEX code [ANSTO]
— Need to know the electron beam parameters

* A 36 GHz microwave undulator conceptual design report
— Manufacture a section of the 36 GHz RF undulator in copper
— Measurement of its reflection, transmission and losses using a

Vector Network Analyser

_ _ Australian
H2020 CompactLight, 19t -20th June 2018, Trieste, Italy Synchrotron
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Auxiliary Slide
Electron beam parameters
 Beam Energy 6 GeV
* Bunch charge <250 pC
* Energy Spread (rms) 0.2%
* Normalized horizontal emittance <1 mm mrad
* Bunch length 8um
« Max Bunch Repetition 0.5GHz
« Pulse length 150ns
« Number of bunches per pulse 1-3
* Repetition rate 50Hz (1000 Hz)
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