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World’s Synchrotron Ring Facilities

4) Diamond Light Source (DLS)
SOLEIL Synchrotron EBS
€)European Synchrotron Radiation Facility (ESRF)

— European XFEL SSRF
WDeutsches Elektronen-Synchrotron (DESY)
‘ MAX IV Beijing Synchrotron Radiation Faculnty(BSRF)
I National Boobaesh Canitae: Shanghai Synchrotron Radiation Facility (SSRF)
% Kuruchatov Institute Pohang Accelerator Laboratory(PLS)
of (KSRS) PAL-XFEL TPS . =
¢ SOLARIS Synchrotron
* +—D SPring-8/SACLA <X
BESSY Il g

@Natlonal Synchrotron Hadiatlon
@E'enm Sincrotrone Trieste Research Center (NSRRC)
(ELETTRA) () Siam Photon Source(SPS)

— SWisSSFEL
—£) Swiss Light Source (SLS)

O ALBA Synchrotron

SPS

26

P Australian Synchrotron

[Ref]: hitps:/iwww.aps.anligev/spring-8-encyclopedia-of-synchrotron-radiation-facilities % E2%80%932nd-edition
Encyclopedia of the Synchrotren,Radiation Facilities

3 Advanced Light Source (ALS)

Canadian Light Source(CLS)
<) Advanced Photon Source (APS,

Cornell High Energy
Synchrotron Source
(CHESS)
: +—+5 National Synchrotron
Light Source II
F—LCLS (NSLS-II)
P Stanford Synchrotron Radiation
Lightsource(SSRL)

-——@Smgapore Synchrotron Light Source (SSLS)

Laboratorio Nacionalde
Luz Sincrotron{(LNLS)
SIRIUS

NSLS-II
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Introduction of NSRRC Light Sources




) MR A S48 H R P

National Sy Center

AP

o

Light Sources at NSRRC
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Current Machine Parameters

Main parameters
Energy [GeV]
LINAC [MeV]
Circumference of SR [m]

Operation Current [mA]

Emittance [nm-rad]

RF voltage [MV]

Straight Sections

TLS
1.5
50

120

360
22 /0.088

1.3

6x 6m

TPS
3
150
518.4
500
1.6 /0.016

3.0

6x 12m
18x 7m
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TLS Beamlines to End-Stations
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24A BM - (WR-SGM) XPS, UPS () White X-ray - SWLS 01A
() X-Ray Microscopy - SWLS 01B
EXAFS, Powder Diffraction - SWLS 01C
23A IASW - SAXS
2 Gas Phase (HF-CGM) - EM 03A
21B U9 - (CGM) Angle-Resolved UPS, Spectroscopy \ o
21A U9 - (White Light) Chemical Dynamics &%)
20A BM - (H-SGM) XAS
Beamlines AN
- (A
at TLS, Taiwan | Spin-Polarized PES, PEEM - EPU 0SB
3\
IR, VUV 3
» soft X-ray :7 y
* hard X-ray 112 .
17C W20 - EXAFS \ IASW - X-ray Scaltering OTA
|
|
17B W20 - X-ray Scattering A\
T XPS, UPS (L-SGM) - EM 08A
A7A W20 - X-ray Diffraction XAS, XPS ( M-AGM) - BM 08B
16A BM - Tender X-ray Absorption, Diffraction
e SPEM, XPS - U5 09A
15A IASW - Long Wavelength MX " 2
14A BM - IR Microscopy _—
13B_SW6 - EXAFS {(#)MCD, XAS (Dragon) - BM 11A
13A SWE - X-ray Membrane Scattering
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TPS Beamlines to End-Stations

59 Beamline
9 End Station

" 47AHigh Resolution X-ray
" Spectroscopy

‘ 45A Submicron Soft X-ray

~ 44AQuick-scanning X-ray
Absorption Spectroscopy
43A Ambient Pressure X-ray

09A Temporally Coherent X-ray Diffraction

07A Micro-focus Protein Crystallograph “

13A Biological Small-angle X-ray Scattering
14A Small-angle X-ray Scattering
15A Micro-crystal X-ray Diffraction

05A Protein Microcrystallography

02A Brain Imaging
(PRT)
19A High-resolution Powder

TPS X-ray beamlines

20A Two Dimensional X-ray
Diffraction

21A X-ray Nanodiffraction

Phase |: 7 IDs (2016)
Phase ll: 7 IDs, 2 BMs (2021)
Phase lll: 4 IDs, 4 BMs (2026

Spectroscopy

23A X-ray Nanoprobe

Photoelectron Spectroscopy :
24A Soft X-ray Tomography

41A Soft X-ray Scattering | 7
25A Coherent X-ray Scattering

39A Nanometer Angle-resolved
Photoemission Spectroscopy
38A X-ray Absorption Spectroscopy

27A Soft X-ray Nanoscopy

31A Projection X-ray Microscopy

35A Soft X-ray Absorption Spectroscopy
32A Tender X-ray Absorption Spectroscopy

33ATBD
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Toward diffraction-limited Storage ring light sources

» Toward smaller electron beam emittance ring to increase the light brightness, spatial coherent flux, and coherent fraction.

Coherent Fraction (CF)

_ (o0,0,)°

IR

CF

Spatial coherent flux

F

coh transverse
)

Emittance/y2 (nm-rad)

= flux x CF
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° PLS
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®
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AS-U
ALS-U SLs-r g'é)l(ulg" DIAMOND-II
SOLRET TPS-Il (tBD)
CLS- o™ ESRF-EBS
® KOREA-4GSR g 4GSR
SPRINGS-II
APS-U ®
HEPS
[ ]
PETRA IV
1000

Spatially incoherent

ik

Spatially coherent

The data of TPS-II (TBD) here is € = H5-pm-rad, striving toward a goal that is ten times smaller than the current specification.

|Ref] #1 Multi-Bend"Aehromat Lattice Design for the Future of TPS Upgrade, M.S. Chiu et al., Journal of Physics: Conference Series, 1350, 2019, 012033.

#2 Masahiro Katoh, Eectiirtemotes of “‘Synchrotron Light Source”, KEK IINAS 5t International School on Beam Dynamics and Accelerator Technology, 2022/11/23.
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Inside the TPS tunnel
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TPS Undulator Magnet

In-vacuum undulator

riving system

ipc. Ba|l scre

QOut-of-vacuum girdel
Linear guides

Water cooling pipes
PMs

Magnet cover
In-vacuum girder

Bellows-link rods

Link rod mounts or
differential adjusters

Mechanical frame

Cryogenic undulator

Link rod mounts or
differential adjusters

Flexible thermal conductor

Cryo-coolers

Horizontal linear polarization
B, =0,B,=4B,, sin2m/A) z,=z=z.=2=2,= 0 B, =4B,, sin2m/A,), B, =0 zy=z.=2,=1/2, 2,2y~0

Circular polarization

B =—4B,, sin(2/2+(21/A,)+(m=/A ) sin(m2+ (m,/2,)),

Linear polarization in any directior

B = 2B, [sin(2m=/2,) —sin(27=/4,) cosmy/A)] - zy=z, ==

B
- . 1+ i) si 2y =z, =%z Zy=2p=2,
B, = 4B,,, sin(27/A (7 4,)) sin(T=y/A) =5 = 2c =22, 2230 B, = 2B, [sin(27=/2,) + sin(27=/2,) cos(2=,/2,)] ?

I ‘|‘,.|.,,|‘,.|.,|

10
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Control Room

Booster beam energy ramps to 3 GeV at 0.16 mA
2014-12-16

First TPS Light

Ramping Current Waveform (3 Ge VvlmA)
0.5 4 3.1
_ 2014-12-31
~0.4 L
E .-
203 7 4
g I
302 [ &
£ FoS
30.1- L
o M _ _ _ VRO
0 20 40 60 80 100 120 140 1e0 180 200 220 240 260 280 300 320334
Time (ms)

Storage ring beam current achieves 1 mA
2014-12-31

TPS SR status

3 Gev beam accumulated to 1 mA at 13:58, 2014-12-31 2014412431 14:07:18

TPS Storage Ring Beam Intensity Monitor

Beam Current  1.000 mA
Beam Lifetime 0.0 min

Bearmn Current History

128
096
m

A pg4—

032

0
13:53:34 13:56:54 14:00:14 14:03:34 14:06:54 14:10:14
12-31-2014 12-31-2014 12-31-2014 12-31-2014 12-31-2014 12-31-2014
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Taiwan Photon Source (TPS):
From Design to Mature Operation
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Design Objectives:

Enhance light source brightness

— Requires reducing the electron beam
emittance and increasing the stored current
Energy-efficient design

— Aims to reduce the power consumption
during routine operation

Practical Constraints:

Reducing electron beam emittance
— A larger accelerator circumference is
preferable (but limited by geographical
conditions)

*On December 31, 2014, the electron beam was injected into the storage
ring for the first time and accumulated to 1 mA.

BRETR wanproronsoukce *On January 15, 2015, the storage ring current was increased to 30 mA.

13



Optimization of Accelerator Parameters and Stable Operation

* Optimization of accelerator subsystem parameters — Injection efficiency into the storage ring reaches 85%—-90%

* Monthly calibration of the storage ring's magnetic lattice functions — Improves the stability and reproducibility of
various beam properties

* Continuous optimization of the fast orbit feedback system — Maintains the stability of the electron beam orbit

 Establishment of a feedback mechanism for the accelerator’ s working point (betatron tune) — Ensures stability of the
transverse beam size

e Improvement of vacuum component design to reduce accelerator impedance — Enables the storage ring current to reach
500 mA

Vg

14
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Taiwan Photon Source Operating Current

500
450
400
350
300
250
200
150
100
50
0

TPS Storage Ring Current [mA]

Py My My My My My My My My My My %4
o *{9‘ d“ A 0 d{" q,\“" & OV g _}\”5‘ AR \"" *:9
FSEFTH P TSP é*" &

The hlghest photon flux among the new-generation synchrotron light sources:

e Taiwan TPS (commissioned in 2015): routine operating current of 500 mA

e U.S. NSLS-II (commissioned in 2015): routine operating current of 400 mA

n MAX IV (commissioned in 2016): routine operating current of 300 mA 15
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Operation Status of
Taiwan Photon Source (TPS)
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TPS - User Time and Availability

Scheduled user time 2024: 4,890 hrs, 2025: 2,399 hrs( (end of July)

Availability 2024: 97.7%, 2025: 99.12%
—Scheduled User Time B Delivered User Time —e—UserRatio
2000 = R 0% 100%
ol 1994 50.0%
1500 | 41 95%
;4-1%" ;E_i
= 1000 |- 1 90% <=
== =
-
5'%" <
- 500 | 4 85%
0 ¥ 80%
1‘2‘3‘4 1‘2‘3‘4 1‘2‘3‘4 1‘2‘3‘4 1‘2
2021 2022 2023 2024 2025
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TPS — Beam Trip Number

Number of beam trip

Statistics of TPS annual beam trip

m Trip times

100
go .—|
60 _:___...----""'________—————————____________________
40
20
0
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TPS - MTBF

100%o 300

98.8% 98.7% 98.9% 99.1%

97.9% 97.7% 239.90
0594 221.2

250

191.64 - 200

160.24

90%0 150

130.38

100

TPS Availability

85%0

50

80%0
2020 2021 2022 2023 2024 2025

TPS MTBF (Hour)
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TPS — Trip Analysis

TPS 2025: 9 trip events in total by the end of July.

Other include:
Earthquake x1
TPC voltage drop x2

Other, 3 , 33%

PS, 3, 34%

sextupole Power Supply fault(S6-146)
slow corrector AC-DC power supply fault
sextupole Power Supply fault(SD-243)

Utility, 1 , 11%6
SRF system DI water pressure high RF.1,11%

SRF#3 LLRF RF on fault

I&C,1,11%
FOFB fast collector

20



TPS — Downtime Analysis

Other, 8.56, 44%

TPS 2024/01-07
Downtime: 21.04 hours in total

Earthquakes, 0.82, 4%

PS, 6.59, 34%

RF, 1.18, 6%

2]
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Synchrotron Facility Operation Status Comparison

F ag aig =E Im B [ pr A= AP | B | EE
TLS TPS NSLS 1i SLS DLS | SOLEIL | ALBA AS | PLS I
Energy[GeV] 1.5 3 3 2.4 3 2.75 3 3 3
2019 | 5187 4635 5000 5056 4992 5082 4680 5048 4560
2020 | 5112 4647 5130 4672 3445 4096 3584 3707 4560
Schedule User
. 2021 | 5031 4681 5010 4532 4935 4646
Time[hours]
2022 | 5040 4824 4960 5145 4015
2023 | 4791 4791 3500 4257 3264*
2019 | 97.7% | 98.4% 97.1% 99.2% | 98.1% 98.9% 98% 98.9% | 89.8%
Beam Available 2020 | 93:3% | o938% 97.0% 98.0% | 96.2% 98.8% 98.2% | 98.5% | 82.7%
[%] 2021 | 97.4% | 97.9% 99.3% | 97.4% 98.4% 96.4%
2022 | 98.9% | 987% 97.4% | 97.3% 99.0% 97.8%
2023 | 99.0% | 98.9% 92.3% 97.3% 99.2%
2019 | 1921 110.4 48.1 153.2 104.7 95.5 90 103 105.8
Mean Time 2020 232.4 160.2 65.5 116.3 132 105.0 52.1 90 145.0
Between 2021 | 1145 106.4 167 107.9 109 76.3
Value[hours] 2022 | 168 130 97 112 139
2023 | 199.6 191.6 95 146 120+

*Jan 1, 2023-Aug. 1,
2023

** S E P —RAIMTBF

2128/ -

22
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New Progress and Future Works
on TPS Accelerator




2022

2023

2024

Progress on TPS Accelerator

500-mA routine operation at the last quarter,
top-up + hybrid mode.

Upgrade on TPS FOFB system, greater
bandwidth
Three insertion devices (CUT18, EPUG66,

EPU168) are finished for remote beamline
control.

Routine operation of a homemade 320-kW
solid state power amplifier (SSPA) for a
superconducting RF module.

Successful uniform top-up mode operation
reduces storage ring component heat loss.

Uniform Filling Pattern

Uniform top-up mode operation
Hybrid M_Qd,"_’ Operation

.7 1p=0-58mA .5 1,70.89mA
] e
(11
L
o0 200 L1 X a0 500 EDI Too sno 0 E
Bunch I M
ATe Filling Pattern@tem,

P
T 1 113

i

- RXXBPM 7

ATemp. (*C)
5 - & ow

[ 400 400 wm G600 i

RXXBPM1




Progress on TPS Accelerator

1:4 RF power combine test Nonlinear In-vacuum Kicker

350kW

=] _I—P > =
Manusl conirol PTE-AMD

300kW THALE
M ) g

_(\’fd— Phase |4
J4 | Detector % |
¢ |
‘..

Pl Controled

<
M Controber Ritar

RF
/\%\ attenuator

“ Pf Amplitude Loop

l
4——-—(] - .
@ L
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Accelerator Performance Enhancement and
Indigenous Technology Development

MIT CU18 - Under Construction 500 MHz - 4.5 KSuperconducting RF Resonator Assembly Digital Fast RF Feedback Control System
chiERET 90% - B EE 70% AARE - MERE - AR . THAR - HaEE bRt EGS - 158 AT U

HASEZBNSLS-1ERET -

320 kW 500 MHz High-Power Solid-State RF Source Large Aluminum Alloy Vacuum Chamber with
(NSRRQ) Ultra-Low Outgassing Rate (NSRRC)
EFIE’\EQ*E-.I.@%E qjllf;\gﬁg'l'@%%
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Testing and Improvement of the THALES TH2100 Klystron

Final Test of TH2100-109 Klystron

* The modulator used for the hot test was developed in-house by the LINAC team,

with a voltage output pulse width of up to 4.5 microseconds. The LLRF system
used was also a self-assembled system

* The final test meets the specifications, the output power can reach 35 MW, and
the waveform pulse width 1s 4.5 s, The microwave output power measurement
line attenuation is 99.3 dB, the peak measurement power is 6.35 dBm, and the
actual ontput power 1s 36.73 MW

t Tune: 60408

A
St 3 RN UM YTQWWMS.WM-

Al:. - ASN

Operating klystron Spares

TH2100A #113 (TPS) 5
TH2100A #109 (TPS) #18
TH2100A #105 (TPS) #1038

Faulty Klystron Problem

TH2100A #21 (TLS) N/A

Life Time (year)

Filament fail

TH2100A #48 (TLS) 9.6 Klystron arc

TH2100A #69 (TPS) 7.9 Filament fail

{ TH2100A #70 (TPS) 7.3

Klystron arc

TH2100A #72 (TPS) 7.9 Filament fail

TH2100A #86 (TPS) 2 Filament fail
TH2100A #100 (TPS) 4.2 Filament fail
TH2100A #104 (TLS) 2.6 Filament fail
TH2100A #106 (TPS) 3.8 Filament fail

27
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Future Work of TPS

® The TPS-2 upgrade project is currently being actively planned by the NSRRC BD
team.

® According to current decisions, the LINAC system and Booster ring system will
remain unchanged in the TPS-2 upgrade project.

® The TPS LINAC Klystron upgrade will be carried out in two phases: the first during

the summer long shutdown 1n 2025 and the second during the winter long shutdown in
2026.

® Design of a complete rescue mode for the TPS LINAC RF system 1s underway.

® A feasibility study 1s being conducted to evaluate increasing the TPS LINAC beam
energy to 200 MeV.

® The construction of the third-phase beamline will also continue to be completed.

28



TPS pre-injector : 3 GHz, 3Hz, 150MeV (RI turn-key system)

90 keV DC electron gun (Thermionic Cathodes)
Sub harmonic pre-buncher SPB (500MHz)
Primary buncher PBU (3 GHz)

Final buncher FBU (3 GHz)

Three 5.2 m linacs (3 GHz)

Three Klystrons stations . _ 4 .

Eonnguars oovection
ey .
h

29
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TLS LINAC Klystron Upgrade Project

Original
Control
System

Transition
System

Phase 2
Self-developed
LLRF
&
Preamplifier

LS

i o o e e e )

.IIII-IIIIIIIIIIII.-IIIIIIIIIIIIIIIII_IIIIIIIIIIIIIIIIIIIIIIIII

External System

Klystron
Ion Pump Controller

Waveguide
Ion Pump Controller

Phase 1
Original LLRF
&
Preamplifier

1. Preamplifier (Microwave amps AM10-35-61-6
. Coil Power Supply (TDK Lambda GEN40-60
. Programmable AC heater po '

LLRF
& A
Preamplifier .
Coil Power Supply 1 E
Coil Power Supply 2 E
Coil Power Supply 3 E
Coil Power Supply 4 | = | Transmission line
Coil Power Supply 5 E 1. E-bend * 1
. - *
Coil Power Supply 6 . o ber.ld 2
: | 3. RF window*1
Cathode Heater AC = | 4. pumping port * 1
Power Supply .

=

Z
>
A

Modulator

-

........



) B3R5 - 9B HTT I

113 113 iis i16 117 iig
YN
552n 552n 552n 552n 552n 552n ZL
Q263 is 1_las o lae ls 17 ----.L;u----
0.0255 |0.025p T.ozsu 0.025p 0.025p T 025 T) 025y D
- - - 3

-250

-300

= Thales (43 kV)
- Canonl4 (43 kV)

= = Canonl8 (33.5 kV)
= = Canon14-V2 (43 kV)

i 8 9 10

Canon (1:14)
Canon E37310A Transfer Curve

/' National Sy Center
TLS LINAC Klystron Upgrade Project
R s R6 T L 110
\é/o\/ [p{ /\3/0‘/ ET 552n sszn L 552n l 552n l 552n l 552n \ 552n l 552n JL 552n 552n l 552n l
s Lopge-—mmad€loe_lC2 Lo T €4 _____ o T I Ko7 S o S [ N— £30_ . [ & SE—
tran 020e-6 0 10e-9 () ?1000“ 0.025p Tozsu T’orsu Tozsu 0.025p  |0.0254 Tozsu Tozsu
:::r=1m
D1 s1 . . ‘
N ﬁ ) Ty
0 F\’Mvsw i KLPLS1 ” |
(' + ‘;IZ lczo lo :I:‘: param n= Vout 037:: . E
*l‘/pULss(n 5 1E-6 10e-9 10e-9 200e-6 1 1) 25n qr i P Ls o Lzl :
> D! 925y {925u*n*n} ,i
i ol ;

40
[ 3 a
e
30 .r’
4.-
....
...
(@]
= 20 F o®
< o
- ®
@
®
(3]
[&]
10 ™ ..
(6}
.. 000 Vc:275kV, Ic:301 A
- @
|,_8
O. L 1 L
0 100 200 300
P.. (W)

400

31



§) R E S 8555 P&

/' National Synchrotron Radiation Research Center

TLS LINAC Klystron Upgrade Project

Inductance of one section of

the new inductor [uH] e

Resistance of the dummy load [Q] 5.2
CCPS output voltage [kV] 10
Measured voltage V,, (1 : 1000) [V] 5.18
Flat top width [us]: ~2.8

FWHM [us]: ~5

\ Auto
940 mV 2.5GSafs

VI: 977 mV 2409 ps V2 51662V Ot 284 s BV:5.176V
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E37310,C S/N 24K001 POWER TRANSFER CHARACTERISTICS
epy=295(kV) ik=315(A) tp(rf) = 4.5 [ 1t s], prr = 60 [pps]
[ ]
TLS LINAC Klystron Upgrade Project > S *
45 :
40
E 35
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e 7 -
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& y
g 20 .
g ra
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Drive Power pd[W]
E37310,C S/N 2440°2 POWER TRANSFER CHARACTERISTICS
tp(rf) = 4.5 [us], prr= 60 [ppslepy= 2% [kvl, ik= 322 [A],
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Operation Status of Taiwan
Light Source (TLS)
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TLS Operation Statistics

Scheduled user time 2024: 4,578 hrs
2024: 99.4%

Availability

Hours
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0 ||
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o @ A‘a'.e
o a;-'b' o

ale L
&Y o
a.'_:b' cﬁ’ ’..______’______
o _.____/

e .

2025: 2,280hrs (end of July)
2025: 98.8%

COScheduled ®mEEDelivered —Percentage

=
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100%

90%

80%

Availability
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TLS — Beam Trip Number

Number of Beam Trip

7
=]
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TLS - MTBF

100%

95%

90%

TLS Availability

o0
o

=]
&

80%

o— _.__0 —
L. 4/5"3;’«1;4, 98.99%  99-38% 95 8094
97.6% 97.4%
286.1

2020

2021

2022

2023

2024

2025

400

300

200

100

TLS MTBF (Hour)
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TLS — Trip Analysis

TLS 2025: 17 trip events in total by
the end of July.

Beam Trip Analysis

Other, 4 , 23%

TPC wvoltage drop x 4 PS5, 8.,47%

SR kicker#3 abnormal x5
SR kicker#1 misfire x2
Quadrupole Power Supply fault x1

Vac, 1, 6%
SR R3 hot ion gauge controller fault

I1&C, 1, 6%

Transverse BBF system abnormal

RF, 3,18%
SRF window CCG trip during SW6 LHe refilling periodx3
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TLS — Downtime Analysis

The TLS downtime analysis in 2024

The downtime is 27.3 hours. Downtime Ana IySis
Major failures are

(1). PS: 13.2 hours

(2). RF: 5.2 hours

(3). others: 4.5 hours

(4). I&C: 0.8 hours

Other, 4.52 , 19%

Linac, 0.26 , 1%

I&C, 0.85, 4%0

RF, 5.18 , 21%

Cryogenic, 0.17 ., 1%

PS, 13.16 , 54%0
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LINAC - TLS Pre-Injector Systems

TLS pre-injector : 3 GHz, 10Hz, 5S0MeV (Scanditronix turn-key system)
e 140 keV DC electron gun (Thermionic Cathodes)

b ChO cr 3GHZ Prebuncher
pper ( ) HVPS Chopper  (TMyso)
— (TM; )
* Prebuncher (3GHz) e
In{erl ock WG Corrector 9.2 MW
Lens Water Cooled 60°
) Solenoid Solenoid Solenoid Solenoid RF Load ;
LINAC (3GHz, 3m, SLAC type) Tens  Tens| | 13 |\ S0 Solewoid Solewoid Solemoid Y oa Bending
| L1 BIL L2
® Klystron (3 GHZ, Canon E373 IOA) T N 50 MeV Linac
1 —ee AR S
1= e L] N\ LTB LTB
. s LTB Cm;;cto;‘ 5 Cm;zctor
GPGLC SkW o l Klvstron Modulator (KMOD) Con;ictor Corrector Slits ~
30 MW o # Q.
KEPS 3 s Reset BM;
KMPS o
~eniy  Pulse Width
N A R
Injection
1 kW Septum
GaAs AM84-3S-50-60R
R‘}Oﬁfﬂiﬁ‘% «<—— TTL Enable

+—— TTL Pulse Control

{W‘ 1.5 psec
frr x 6 =2.998 GHz Microwave Source

41



@ B R A 5 S AF I b

& National Sy Center

TLS LINAC Klystron Upgrade Project

Prebuncher
R Chopper (TMaso)
(TMy30)
Gun_Voltage
Gun_Current o
WG Corrector 9.2 MW
Interlock Water Cooled

Solenoid  Solenoid  Solenoid Solenoid
#1 #2 #3A #3B  Solenoid #4

Lens Lens

Hbend «—— H bend

Pump out Port

28.5 MW Corrector l

30 MW Klystron Modulator (KMOD) #1

KEPS S };Ie‘sla Outside the Tunnel Waveguide

KMPS _U_I 280KV Pt;ll]s‘;\l’\;icf::h Klystron H bend JRSRNSSS— ;

Klystron Ton Pump Controller Cooling W
= ‘oolmg Water
1 kW Waveguide LINAC |-
Ton Pump Controller
GaAs AM84-3S-50-60R Modulator
Solid State «—
RF Amplifier TTL Enable Preamplifier
“— TTL Pulse Control (TLS, 500 W)

PRRRE

pene

' o

1.5 usec : i

m frr X 6 =2.998 GHz Microwave Source R

i e
i i

1
1
1
1
1
1
i
L
1
L

Cathode Heater
Power Supply
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TLS LINAC Klystron Upgrade Project
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TLS LINAC Klystron Upgrade Project

TLS - Canon RF System — Modulator Tuning 9;-‘:‘ LA
10 sections PFN ;

ok

fad Ld
o
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TLS LINAC Klystron Upgrade Project

Ls Booster Waveforms
Revise: 2023-08-14
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Superradiant Terahertz Light based
on Linear Accelerator (STELLA)
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What is the Terahertz (THz) Wave?

ELECTRONICS TERAHERTZ PHOTONICS

Radio : Millimeter Terahertz Far Mid Near

waves Microwaves waves waves infrared  infrared  infrared  Visible UV Xrays
10 GHz 100 GHz | THZ 10 THz 100 THz | PHz
100 ps 10 ps I ps 100 fs 10 fs [
EETITY B AW e I TETT BTSN EUTT BN AU AT WY MR ' § & ECMDewces&FEL
' Il'll" J ) Illllll | | lll'lll ] | Ill'l' Y | 1 Illl‘ll 1 | Il E10
3L
100 mm 10 mm | mm 100 pm 10 um | um § 10 Lasers Conventional
0.1 em™ | em™! 10 cnr! 100 cm™! 1000 e~ 10,000cm™ o 4] Microwave
® 10 Tubes
5 -2 10 -1

Wavelength (mm)

“

Terahertz wave (THz or T-ray), which 1s electromagnetic radiation in a frequency interval from 0.1 to 10 THz (3
mm to 30 um), lies a frequency range with rich science but limited technology.
1 THz =300 um =1 ps =33 cm’! 47
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Superradiant Terahertz Light based on Linear Accelerator (STELLA)

LINAC-based Coherent THz sources :
* Coherent undulator radiation (CUR) : Radiation produced by passing through an undulator

* Coherent transition radiation (CTR) : Radiation produced by hitting a metal foil

ICT
Multislit & YAG . TI_—|7_ CUF\’_
Diagnostics

Spetrometer

e—=—=M
S ICT

1 (e
=] he d

CTR Undulator(U100) YAG scree
Solenoid Focusing Solenoid Dipole
Quadruple Scan YAG screen /3§

STELLA photo injector : 3 GHz, 10 Hz, 30-60 MeV
* 2.5 MeV Photocathode RF Gun

* One 5.2 m LINAC (3 GHz)

* One Undulator (U100, 18 periods)

* One klystrons station(Canon E37310A, Homemade modulator)

Superradiant Radiation
4——-——q-—-p d>A dg d< A

A

electrons radiate incoherently electrons radiate coherently
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STELLA System Parameters (Latest Information)

UV Laser

Peak field

Electron energy

Laser pulse length

(FWHM)

Laser energy

(@cathode)

E field gradient
Electron energy

Bunch length (rms)

Bunch charge

Repetition rate

Photo-injector Parameters

50 MV/m

2.5 MeV
3 ps

Up to 120 pJ
12.5 MV/m
27 MeV

240 fs

Up to 600 pC

10 Hz

THz parameters

frequency (THz)
pulse duration

bandwidth

THz energy (pJ)

THz peak power (MW)

Assumed focus spot size

diameter (mm)

THz peak field (kV/ecm)

Repetition rate (Hz)

CTR Superradiant
THz FEL
-- 0.6 ~ 1.4 (tunable)
300 fs 18 ps
-- 15%
2 20
6.6 1.1
2
400 163
10
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Introduction of Photo-injector

R e R ([T TR - A T—— Solenoid
g e~ : N e B W AT L\ X
6] A e e ittt et el —
i 0 UM :
P f ———————— i l """""""""""""""""""""" =1 LEISSI' Y'AG' F ara da\'
% Chamber Screen cup
R ———— N e |
P - € I
5]
= _ ----------- i Steering
E e e A L E R eaE R RRCTETTS (LR LR EREes sl CRELEELEELE — Photocathode magnet
= : Gun
o L e e e o L A S PR 11 Ot s TRR (1 = s PP s 1 T |
& s
0 2 4 6 8 1I0 12 14 :
Position {cm) 1
: multi-slits
} & screen K_:T
Main components SLOO ;
photo-cathode Qm? Qo2
1. Photocathode RF Gun ff gun B Q, vE

2. Linear Accelerator (LINAC)
3. Pulsed RF System

UV drive laser

stripline BPM
50
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The NSRRC Photo-injector LINAC System — a Test Accelerator

for nght Source Development
[ o -
LINAC solenoid

s T

/

Topics for radiation source R&D
THz CTR and CUR
Stimulated superradiant undulator radiation

Resonant transition radiation (RTR)

Inverse Compton scattering fs x-ray source 51

Laser-d riven

photocathode rfgun



Cu cathode

* Design is based on the 1.6 cell s-band RF gun developed at
BNL DUV FEL.
e Copper (Cu) photo-cathode

» Operating at temperature 55°C , vacuum < 5 x 10-® mbar

Forward and reverse power of the Gun

Frequency 2.99822 GHz (@55°C) 5.0
Qo ~8000 y A —
Coupling coefficient 0.7 g .
Peak field at the cathode 50 MV/m T
Beam energy after gun 2.5 MeV ng- 07
UV laser pulse duration (FWHM) 3 ps 101
Cathode quantum efficiency ~1 x 107 " o » o ’ e .

Time (us) 52



Drive Laser System for the Photo-cathode RF Gun

UV laser
266 nm, 220 uJ
0.8~ 10 ps @10 Hz

UV stretcher

Legend-F

regenerative
amplifier
l I

- Compressor Stretcher

797 nm, 85 fs
@74.95 MHz

oscillator
Mira-900

uonNjoAg

P
2
=<
m
Ty
7))
D
> |
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Pulsed Klystron System for the Photo-injector

Canon E37310A Klystron

Canon Klystron

Klystron voltage (kV) 281
Klystron current (A) 307
Output power (MW) 35
Pulse width (us) 2
Tek Run | o —~ ] Trig’d
e e
B St —
[ D S SO S S, S I S S

ch3[ 10.0V | 5.00V |

i1+~ [5.80000Ms

Homemade line-type Modulator

9 sections PFN network

PFN voltage, max (kV) 40
PFN character impedance (€2) 2.8
PFN capacitance (UF) 0.1x9
Pulse width @ 50 % (ps) 6.5
Repetition rate (Hz) 10

~ }:_‘ ‘ T

]

<
|
i

ﬁ

-

= Homemade Modulator



Photo-injector LINAC and Focusing Solenoid

Solenoid LINAC

e 2998 MHz, DESY-type 156-cell copper, constant gradient.
® accelerating gradient >11 MV/m, total length: 5.2 m.

® [.inac solenoid for more beam size and emittance control.



Commissioning of the NSRRC Photo-injector System

v"'“, 1 ‘V\
\m i = <= S | |- o
Wi ; T e e, e S 5
(‘ " = A." s \/ = (=] - ’:;> =
1 ST § WSS ‘ [ \ -

Parameters of the photo-injector system
Laser pulse width (ps) 3
Laser energy (J) up to 120
Power to RF gun (MW) 2.8
Power to Linac (MW) 24
Beam energy (MeV) 60
Beam charge (pC) up to 600
Repetition rate (Hz) 10 o 155
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NSRRC U100 Undulator

g (mm)

The U100 undulator built by the NSRRC magnet group more than 30 years ago is
used for the superradiant THz FEL (pre-bunched THz FEL).

1 . . : . r 10
By = 2.93*exp[(-g/7uu)(5.08-1 .54g/7uu)]
0.8+ K = 93.4"By"?nu 18
0:6: Lo XN 55 A A — ....... 16
_ | Gap =40 mm
- : : :
o ' K~4.6 |
m
0.4 14
0.2+ 12
0 1 L i | | 0
20 40 60 80 100 120

By (T)

-0.5

z (m)
| U100
A (mm) 100
Nperiod 18
L (m) 2.2

a 1.02

gap (mm) 24
By (T) 0.945
KY, ax 8.8
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Output Diagnostics for Superradiant THz FEL

9] o o © '9 :
i gnostics ’Sfation 5 THz spectrum
e \ o5 ' 1 T Golay cell
{controller g
, THz
f i diagnostics
E station
GO Ia Cew------- memmmmnmnnnn=-’
Teflon 8 T
TH
windi‘ HOPE d

THz Si wafer
Lens

bending
magnet

undulator
Dump



e-beam I L/,Al foil

S
7

THz window

off-axis
parabolic
mirror
\
[ Bunch Length
""" Interferometer System
Golay cell

detector
THz
CCD

THz Diagnostics Station

T - B
,-77 | e | HE ‘ d
‘[_=V‘ ;,'ag ; e

&

g = A n
BT i I;?\.u i
. ! 3 . | ‘ i &3 \ i
‘ (WOE 5| | | s . 5|
’f/‘:\ (; 4 H& i gl
- Vg PR \
@ - g : =
- \ \} [,

)

Measurements of the CTR spectrum give the information about the
bunch length.
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Interferograms of Superradiant THz FEL and CTR

T T T T T T T T T T T T T T T T T ' T T
0.3} i 1.0
- CUR
2 _
5 01t 08
s @
= =
; 0.0 —\’—'VWWM/‘AW/W\[N M/V‘WW\/\/““ %
2 L © 0.6
= o2t 2>
' 2 0.4
_03 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L GCJ 0
-20 15 10 5 0 5 10 15 20 <
path difference (mm) .
I — T T T T 0.2
A FWHM ~ 346 ym
_02}% - I
D) >
s g CTR 0.0
& 01 frequency (THz)
© 2 E 0 1 2
§ paih difference (mm) In 2018, the central frequency of superradiant THz FEL is
N 00 - measured to be 0.62 THz, corresponding to the electron beam
= energy of 17.7 MeV.

T T T T T Assume Gaussian distribution, bunch length o,~ 147 um = 490 fs.

path difference (mm)

FWHM = 2+/2[n2a, 40
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Shorter Bunch Length obtained with Higher Linac Field

bl
I
0 ]!
5 0.2F : I
pr Ll » assume Gaussian distribution
5 I
I
> g FWHM = 2+/2In20,
= 0.0 I
é : : bunch length g, ~ 72 um = 240 fs
< : |
I
J— L _! A [ A [ A [ A
_02 A 1 A 1 A 1 ’.V s
-20 -15 -10 _s>" 0 S5 10 15 20

- . NS
!_,af path difference (mm) Sso

» Before 2019, the Klystron with 14 MW RF power used

for the system was Thales klystron which is retired
from TLS. From 2020, a new Canon klystron with 30
MW RF power was used for the system.

©
N
T

FWHM ~ 170 um

intensity (arb. units)
o
o

» The compressed bunch length becomes shorter from
0.2 : : : : : 490 to 240 fs when the linac field increased from 8 to
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
path difference (mm) 12.5 MV/m.
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Superradiant THz FEL after upgrade

1.0

0.8

0.6

0.4

0.2

0.0

o, =240 fs

2
frequency (THz)

gl

F Y

After the RF system upgraded (Thales Klystron replaced by Canon Klystron) in

2020, the electron energy is increased to 27 MeV.

The central frequency of the superradiant THz FEL with 20 uJ/pulse energy is
shifted to around 1 THz when the bunch length 1s further compressed to 240 fs.
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Future Work of STELLA
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Simulation of Dark Current Transport in Photoinjector

AV
klystron main beam @ o, = 0.75 mm
collimated dark current
. / main beam

= a0

0 | 2 e/E z 2 .

i >
potential round off due *
_ [ to image charge effect v
—_ /e E - o
-10
~ 0 -
Fermi Energy ) -30 ?\ I
€ - rf gun ' collimator
dist. of FE e's on cathode cathode !

C_ —_——— -40 -30 -20 -10
tunneling
o ) _ drive laser o ) )
electron field emission (FE) from metallic surface schematic of dark current transport in photo-injector and beam collimation
50 % 10000
electron trajectories §,
40 1 o 401 > o 8000
rf gun cavity I (7] P s}
_— i collimator € ,"’ 5 6000
- L o . =
E i o 'l v
o« 79 - ! Q 20 x4 — ]
2 - — g > T 4000
i £ ” £
; o’ 1]
10 7 i 2 10 1 > o 2000
- i © L J
0 / =
0.0 02 04 06 038 10 12 ° 5 10 15 20 P 0 3 a 5 6
z[m] aperture size [mm] P [mc]
beam collimator selectively stops electrons % of particles transmitted through beam momentum spectra with (red)
emitted at different radial position collimator at different aperture sizes and without (blue) 6-mm collimator
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Design Beam Energy Spread Measurement

UV laser 5.2 m rf linac section YAG screen # 2

with solenoid

NERNENEER

gun solenoid

Q“‘z‘—
|

YAG screen #3

!

Dipole(31 degree bending)

o — i
= | EEEEEEER 1
YAG screen#1 = SEEE Undulator

Photocathode gun OTR/CTR

Measurement Criteria

op - 2E, 5 Vep
po D D’

Oy - Minimum resolution for energy spread measurement

E, :beam size

D : dispersion function

Smin —

For good resolution
- Small emittance
- High dispersion

i/
Q3Q4 /
Qo, YAG screen #4

Impact-T Optimization

Horizontal Phase Space
175
Im

- 125

0.6
0.4
0.2

r 100
0.0

P, [mc]

-0.2

-0.4

-0.6
-0.10 -0.05 0.00 0.05 0.10

X [mm]
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Further Bunch Length Reduction by Nonlinear
Magnetic Bunch Compressor

65
64.5 |
64 +
Screen + bunch
length monitor 635+t
< 63
625 1
Layout of the double dogleg bunch compressor for the
simulation of NSRRC THz FEL LINAC system. 62
undercompressed
615 } optimal compressed
' overcompressed
0 100 200 300 400 500

Z(pum)
Electron distributions under three different bunch compression conditions: (1) the optimal

compression case where compression ratio is very large (red dots), (2) under compression
case with compression ratio of about 20 (blue dots) and (3) over compression case with
compression ratio of about 30 (yellow dots). Compressed bunch length is about 140 fs in
the optimal compression case (i.e. an up-stood beam in longitudinal phase space). 66
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Design of VUV FEL Test facility @ NSRRC
’
X 6,
[ (k- o,
B\ Tl EPUS6
. VUV butput
UV laser A 266-nm seed AL -L y
17 L O e ]
6, {1 == .
o, chicane
«<— photoinjector ——< ch.lrper e dogleg main linac BTL —e——— EEL
linac compressor /
266-nm seed laser EPU56 chicane 1U22 FEL output

* VUV FEL test facility
- 4 harmonic HGHG seeded at 266-nm, lase at 66.7 nm -
- modulator 1s modify from existing EPU56 prototype brig K ES st SPangediStetlinns to

. beam dump
- IU22 as radiator Modulator Parameters
- Start-to-end simulation in progress
) P _g Type Helical Undulator type planar
- short-term goal: CDR, including
. Period length 56 mm Period length 22 mm
- Seed laser design Ener 263 MeV
- Magnets design 4 Undulator length 0.448 m Undulator parameter, K 1.16
- Vacuum system Peak current S00A Undulator parameter, K 1.23 Peak magnetic field, B, 0.538
- imi i emittance 3 um :
RF & timing -Systern.dGSIgn Peak magnetic field, B, 0.2354T Radiation wavelength 66.7 nm
- VUV pulse diagnostics Energy spread  0.08 % dl leneth
Seed laser wavelengt 266 nm Saturated power 372 5 MW
Seed power 300 MW :
. . Pierce parameter 0.00203
Unfortunately, the VUV FEL project has been temporarily - P T 2
suspended due to funding and space constraints. fietey moduiation ' ° Gain length 0.65
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Summary of STELLA

Ultrashort few tens MeV electron bunches as short as 240 fsec can be generated from the
photoinjector by means of RF bunch compression (1.e. velocity bunching).

Accelerator-based coherent THz sources has been studied to demonstrate the capability of the NSRRC
high brightness photo-injector. Generation of intense superradiation THz FEL as high as 20 uJ/pulse
has been obtained at 0.6 ~ 1.4 THz which could be a useful tool for applications such as material
science and biomedical imaging.

The accelerator test facility will be transformed as a THz user facility. The THz beamline is under
designed and the facility expects to open for users by the end of 2025.

Continue with the numerical analysis of the dark current in the photoinjector and the design of a new
RF electron gun. Improving pulse repetition rate by enhancing the performance of the RF
photocathode gun.

Increasing the frequency of THz source to 3 THz by shortening the bunch length with a dogleg bunch
compressor.
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