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Outline

® Time-resolved study overview
® Types for using SR in time-resolved experiments
® TPS capability & Potential experiments

® Developing of time-resolved facilities in NSRRC
Required instruments for time-resolved experiments:
® ---Timing control units- trigger and time delay

® ---Fast chopper/shutter- bunch gated



Time-resolved experiments

Fundamental parameters in physical world

- Energy, Momentum, Position, Time
- Time can be applied to all the techniques, in principle

- Some time-resolved experiments take advantage of the pulsed nature of the
synchrotron radiation

Laboratory experiments simply require two pulses: one to "pump" energy into the
sample system and a second to "probe” the system's excited state, when viewed
sequentially, show us how a given process evolves over time in ultrafast regime.

"ultrafast" regime opens the possibility to explore -
- chemical bond's making, breaking, and atomic rearrangement
- kinetic pathways of chemical reactions

- details of the phase transitions in solids

- function and efficiency of biological processes.



Spatial and Temporal Resolution for Phenomena
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Spatiotemporal resolution of various biophysical techniques. Techniques capable of yielding data on single molecules (as opposed to
only on ensembles) are shown in bold. The timescales of some fundamental molecular processes, as well as composite physiological
processes, are indicated below the abscissa. The spatial resolution needed to resolve certain objects is shown at right. NRM, nuclear 5
magnetic resonance; AFM, atomic force microscopy; EM, electron microscopy; FRET, Forster resonance energy transfer.

R. O. Dror et al, JG Physiology 135, 555 (2010)



Light Sources: Storage Ring, ERL, & FEL
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Light Source Pulse Structures
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Types: for storage ring based time-resolved exp.

1. Synchr'otr'on radiation micro-pulse only

+ 10s pico-sec time resolution
* Few pico-sec time resolution by low-o mode operation

+ Coupling with fast detector and data acquisition always; streak camera, fast scope, or pico-timing
analyzer, time gating ..... TAC or TDC based techniques

2. SR + oscillator laser pulse — pump-probe scheme I

* High repetition rate, up to 100 MHz, 10s nJ/laser pulse
* Mode-locked oscillator peak power in kW-MW, 10s pico-10s fs
* Fully use the SR flux, few ps to 10s ns time span

3. SR + amplified laser pulse — pump-probe scheme II

* Lower repetition rate, ~kHz, ~mJ/pulse

+ Amplified laser peak power up to GW-TW

* Reduced usage of SR flux in 10-3~-6

* Chopper required for over exposure and avoiding sample damage

M Time-resolution is limited by the X-ray pulses duration at NSRRC currently.
1. Temporal width of a synchrotron X-ray pulse: 20-40 ps FWHM
2. Low-a mode: 1-5 ps FWHM
3. Slicing mode: 100 fs FWHM
4. >FEL: sub fs-10s fs FWHM



Synchronization Mechanism:

Lock-to-clock
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Pump-probe experimental scheme I

Low peak power, High repetition rate
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144 bunch mode: equal spacing, 12 ns; TPS
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Reversed for laser pump - X-ray probe up to time span 12ns.



Electronic structure of Iodine, I,
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The potential energy of the iodine molecule for different wavefunctions X, A/AO etc. The
molecule is dissociated by a 150 fs pulse at 530 nm that excites the molecule to the B statcle3
(vertical arrow).



Structure Kinetics -Recombination of photodissociated I, in CCl,
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FIG. 1 (color). Low lying electronic energy surfaces of I,: the
states X, A/A’, and B are attractive, whereas the state "7, is
repulsive. The processes «, 3, and 7y denote vibrational cooling
along the X potential, geminate recombination through the
states A/A’, and nongeminate recombination, respectively.

Solution molecules

Diffracted signal depends on
scattering wave vector, g and time delay, T .

Femtosecond
Ti-Sapphire Laser
C =z

/ Scattering on

CCD Detector
Chopper @
G

lodine solution(flow cell)

total signal difference signal

X-Ray pulses
from storage ring

FIG. 2 (color). Experimental setup: the x-ray pulses are gen-
erated by an undulator. The spectrum is centered at 0.67 A
(18.5 keV) and its bandwidth width is dA/A = 0.03. The flux on
the sample is 5 X 10% per pulse and the pulse length is 150 ps.
The solution is excited by 150 fs laser pulses at 520 nm, popu-
lating the electronic states ! 77, and B. The common laser/x-ray
repetition frequency is 896.6 Hz and the exposure time 10 s per
CCD frame.

Transient trap the pair of nonbonded atoms and force them to recombination--gemination
Time-resolved optical spectroscopy & time-resolved X-ray diffraction 14

----monitor atomic motions in liquids

A. Plech etal., PRL 92,125505 (2004), ESRF



Laser-Synchrotron electron-ion momentum imaging with few bunch operation

. . . Magnetic bottle electron time-of-flight spectrometer
Magnetic bottle electron time-of-flight spectrometer @ test SCSS Spring-8.
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Perspective

Magnetic bottle electron time-of-flight spectrometer

= [ arge detection energy range (0 ~ 1000 eV) of electron
= Full solid angle (4 77 ) of whole energy range of electron
= Adaptive 10n extraction for e-10n coincidence detection

Extremely high sensitive to perform single-shot experiment by free electron laser and multi-electron
coincidence (> 2 electrons) experiment by normal synchrotron radiation.

CM Tseng et al./NCTU



Pump-probe experimental scheme II

High peak power, low repetition rate

17



Mode-locked Laser System
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Single bunch mode:1/6-filling(144) + 1 bunch; TPS

c ~ 10 psec
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: /
AAKARKAAAAAAAAAAAA KRR A= ==mmmmm= i Fuliyilee
3-4 mA
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- 720ns _ J 588 TS 720 ns)\(skip 578 R) .
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Laser excitation of a solid (below damage)

A coherent set of acoustic phonons is generated in a semiconductor crystal via laser excitation

expansion compression

Expansion triggers acoustic

a) Electrons are excited> Stress relaxes by
electronic stress due to lattice expansion
deformation

b) Electrons heat lattice

c) Thermal stress

wave
(coherent phonons)
--due to Newtons 3™ law

20
C. W. Siders et al.



Time-resolved XRD

GaAs

Sample B : 6~1nm
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Y. Havashi, Y. Tanaka, T. Kirimura, N. Tsukuda, E. Kuramoto, T. Ishikawa: Phys. Rev. Lett. 96 (2006) 115505.




SPring-8 experimental facility

22



Spring-8 Several Bunch Modes

203 bunches
4 bunch train x 84

. 11 bunch train x 29
. 1/7-filling + 5 bunches
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http://www.spring8.or.jp/en/users/operation_status/schedule/bunch_modes/203_bunches.csv
http://www.spring8.or.jp/en/users/operation_status/schedule/bunch_modes/4bunch_trainx84.csv
http://www.spring8.or.jp/en/users/operation_status/schedule/bunch_modes/11_bunch_trainx29.csv
http://www.spring8.or.jp/en/users/operation_status/schedule/bunch_modes/1_7-filling_5bunches.csv
http://www.spring8.or.jp/en/users/operation_status/schedule/bunch_modes/2_29-filling_26bunches.csv
http://www.spring8.or.jp/en/users/operation_status/schedule/bunch_modes/1_14-filling_12bunches.csv
http://www.spring8.or.jp/en/users/operation_status/schedule/bunch_modes/4_58-filling_53bunches.csv
http://www.spring8.or.jp/en/users/operation_status/schedule/bunch_modes/11-29-filling_1bunch.csv

H-mode : 11/29-filling(924) + 1 bunch /SPring-8

H mode 11/29-filling(924) + 1 bunch
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TPS Experimental Capability

25



TPS Capability

Bunch number: 864

Multi-bunch current: ~ 500 mA (dependent on available RF power)
Multi-bunch bunch current: < 1 mA/bunch

Single-bunch (isolated bunch?) current: 2 ~ 3 mA

Hybrid mode (camshaft mode)

<5nC (~3 mA)
TPS Storage Ring: 1.728 nC/bunch = 1 mA/bunch /\

TLS Storage Ring: 0.4 nC/bunch =1 mA/bunch
Camshaft mode, Hybrid mode, ... (limited|hy instability threshold)
0.871.4 nC
2 nsec G ~ 10 psec
0.5~0.8 mA
J\ J\ A I ........ A 7/\4_ .......... k A
H#1 #2 #n  #n+l #ml  #m  #mel  #864 HL

—
300 ~ 500 mA (Limited by Accelerator Hardware & Instability Threshold)



Single bunch-mode : 1/6-filling(144) + 1 bunch /TPS

Single bunch mode 1/6-filling + 1 bunch

| - Dsinglea B
clean gap =1.44 us
4 - 8000800,
..‘.vﬁ/?zoﬂsx.x
3
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£
c
@
1
T At=720ns At=720ns T
v ' I ' I ' I ' I
0 200 400 600 800
Bucket
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144-bunch mode : every 6 bucket, 12ns spacing /TPS

144 bunch mode, equal spacing 144 bunchs/100mA

At=12.0ns
4
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Setup for timi

ng control and measurement system

| SR400
Storage | Counter
Ring

\ 2-Color
0 U9 CGM Y
! P Experiment ----,+—).>| PMT
: End-Station |
E 500MHz & “'Tf’ l
' TTL
. Picosecond 9306 preamp.
; Frequency Ti:Sapphire &
; Convertor ] Laser 9307 pTA
i 80MHz
' TTL
i Stop
: 3930 Il 3955 Input 425A
: L_ock—to—CIock] BOMHZ ) [Mode—Locker] ns Delay
' TTL
E 2 5MHz | 80/8MHz
H TTL ¢
E Start
P Level | r 584 Input 9308 Personal

Convertor 2 5MHz CFD pTA Computer

NIM

Block diagram of pico-second timing measurement system. The trigger to the mode-locked laser is linked
to a frequency convertor which divide the master oscillator of the rf cavity in the storage ring. The t|m|ng jitter
between the synchronized laser and SR systems is less than 50 ps. 29



Pump-Probe scheme of SR and laser combination

SR & Laser
L] L] L] L]
0602-12 "pTA 1 ACQ 6-3-3 at 3:50:29 1,280 ns Span 0 ns Offset 100,000,001 Passes"
14k 4 threshold=0.24 CFD=2.67, SIN 209, Rev 9308-2"
HV=-2370V, Laser, 425A 3 ns delay and fine tune to matching" A06020910_B10 SR |
12k 4 single bunch /2.5MHz 4 30k
10k Pump
330ps
— |-
>
= 8k
) | Impurit
c (Impurity)
(D) 0
F)
[
— 6kA = 1 ns
——® 2ns
= 5ns A06021115_B12 Matching
Time delay rel. to SR —— A06021115_B13 Dt=1ns
A06021115_B14 Dt=2ns
4k - Laser pulses ro e —— A06021115_B15 Dt=5ns
- 12.5 ns >
170ps
ok i b 1 -30k
0 L A A
T T T T T T T T T T T T
240 245 250 255 260 265

Time /ns

Hybrid bunch modes to extend the clean gap
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Two-color Pump-Probe Experiments:

Atomic Xe Spectroscopy and
lifetime measurement

Xe+ np5 (2P1/2)

Autoionizing
Rydberg States

Xe ' np® (°P,,) # Xe 7f 5

Mode-lock
Ti:Sapphire Laser

Short lifetime AAt Xe 5d 3
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,/} Radiation
Xe5p6(1so) ——é—
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25k~
300
11p'
a 1/2
20k .. | [1/2],
R [1/2],] | [3/2],
€ 8f'
z 1 32
8 15k /21,
© 0 3
= 13.10 1312 of
‘»
E 10k 10f
x30 11f
5k
11p' 12p' k 13p' 14p' 15p'
0 [ | { l
-— 77—
13.10 13.15 13.20 13.25 13.30
Two-photon Energy /eV
Xe 5d'3 lifetime measurements
= NLSF1_B
Lifetime_B3
o Lifetime_B1
10k -
- ]
=
7]
c
(7]
S
=
Equation: y = Al*exp(-x/t1) + yO
R = 0.99966
y0 156.01957  +142.72053 \O
AL 39950.48394 +449.70643 \O
tl 3.36656 +0.06647
1k
T T T v T v T v T
0 2 4 10 12

Y.-Y. Lee et al, J. Elec.Spect.Rel.Phen.,144-147,29(2005)

6
Time /ns
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Required Timing control System

Build up the timing control system from ps-ms

1. Trigger and clock delay units
- high precision, 1ps
- ultra-wide range time delay, >us

2. Fast Choppers/Shutters, <300ns, jitter < 5ns, atm.

- X-ray attenuation
avoiding sample over exposure and damage
- encoded and phase lock loop controlled
- small long-term jitter
- single-bunch extraction, kHz

Support users to do time-resolved experiments.

32



Trigger and Clock delay module

RF M"”lﬂ :’ ] Trigger clock delay system
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]
30858 MHz | (I) In-phase signal D/A PC
i () sin{mt)
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| i,
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1 e | }
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I 4 i .o [ C
! | Laser (Oscillator) Amplifier Shutter T ( 1 51
1 ) g 2
T T T T o m oo =350
poTTmmmmm T ™ @
- Repetition rate control system ! <41
7| Counter I : - !
] (1/535920) ! ~dn
i Counter (1/20) || Delay i @ 3
! Generator ' o
| U
! 948.98 Hz 4745Hz VI1H ! S
i X-ray Pulse Rotating N-ray i Diffracted E H I ! ;
n T Selector ™ Chopper [ Shutter Xorays A -dnlo 2xjo 0 _l?_’dm /o 6xla Snle
-rays 1
e bt < Sample (GaAs) ime (£)

FIG. 1. Block diagram of the trigger clock delay system, the femtosecond laser system, the repetition rate control system, and the data acquisition system. The
inset gives the schematic graphs to explain the principle of the continuous phase change at the trigger clock delay system. When the control voltages (a) are
applied from the D/A converters, a rf input signal (b) to the IQ modulator is converted into the output signal (c) with the phase delay of « in (d). The open
circles and the broken lines between them in (b) and (¢) show the certain phases to find the phase shift by larger than 2.

Trigger and Clock delay units/SPring-8
- In phase quardrature modulator and a synchronous counter

- Delay time nearly infinite amount 33

_ . . oy
Precision in +8.4 Ps Y. Fukuyama etal, RSI 79, 45107 (2008)



X-ray Choppers

X-ray choppers can select x-ray pulses from synchrotron pulse train
1. Define temporal resolution

2. Limit heat load ’
3. Reduce noise

1. ESRF/Julich: adjustable time window, white beam
2. APS highspeed: fixed window, mono or pink beam

Mechanically Rotating \
3. Philip Coppens’ rotating chopper(SUNY,Buffalo)

Julich rotating chopper

— In-vacuum triangular Ti rotor with beam tunnel
— maximum radius 96.8 mm, tunnel length 165 mm
— Magnetic bearing running from 10 to 900 Hz

— Mono and white beam compatible to 40 keV

34



Chopper/Shutter

It is based on a directly servomotor-driven triangular rotor with a magnetic bearing and operated in
vacuum. Currently its repetition rate is limited to about 900 Hz with an upgrade option to 2700 Hz.

1.5us

Single Bunch

Eleven Bunch

(c) N

8
6 |
41

e © © ©

Transmission
Qo ~n

o 5 e

-

Tim% [us]
The Jilich chopper. Panel (a) shows a photograph of the chopper with its vacuum flange removed. Panel (b)
shows a schematic of its triangular rotor. The open time function, shown in panel (c), has a trapezoidal shape and
by changing h, the distance of the X-ray beam from the rotor edge, the opening time can be set to transmit only

one (panel d) or several (panel e) X-ray pulses. 35

Faraday Discuss,122, 13—-26 (2002)



Time-resolved X-ray scattering in ID14. APS

Schematic Setup

Laser Beam

Millisecond
Shutter

100m

A 600Lm
High-Heat-Load el

Chopper

Laser

Crystal
Julich

Beamstop Chopper

*Choppers are constantly rotating devices that
are synchronized to the storage ring RF clock
and “chop” the beam. 20pm

*The shutter open and close on demand, like 100um

the shutter on a camera to expose the CCD
36
Time-resolved X-ray scattering in ID14 in Advanced Photon Source, USA.



Semiconductor Lithography



Semiconductor Lithography

“Transitions to EUV is a big jump”

Big jump from 193 to ~13 nm. Before this has about ¥ increase in energy. Now >10x

o Feature size There are only so

many “tricks” to
iIncrease this gap, and
they are very

e— expensive ... we must

nm with

Waveleng <# SR \ go to a shorter
wavelength!

193nm

Mask Maker’s Mask Maker’s
Holiday:
“large” k;

Burden: “small” k
1

13nm (EUVLA, .

10
89 '91 '93 ’95 ’97 99 '01 '03 '06 07 (09 11  [NINEERSE

(Multiple patterning)
eImmersion lithography

In 2004, it is predicted that EUVL will become mass production tool in 2009. Today
it is believed that DUV lithography (A=193nm) with double processing will be used

for 32nm generation production, thus delaying the need for EUV.

38
ECE695 NSPP. Purdue U. 2016



EUV # - = =~ #i-% % 5 --ASML

e PEP k& #iC% —Illumination & Projection
- kR#c2 (Source)
- B k4 %2 (ProjectLens)

o £ ¥ i % --Reticle - Patterning
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Schematic illustration of the EUV-IL set-up where the second-order interference field is

maximized. The grating parameters are illustrated adjacent to the schematics.
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Fiecure 37. The mechanism of mask cleaning using 172 nm excimer lamp.



