Laser 3D-shaping Experiment
~ toward to electron bunch shaping ~

Hiromistu Tomizawa

Accelerator Division,
Japan Synchrotron Radiation Research Institute (SPring-8)

~ Present status of UV-laser source @spPs ~

beam gquality control

. Optimization system of spatial profile
- Automation with DM + Genetic Algorithms

Optimization system of temporal profile

- UV-Pulse Stacker
- Automation with Silica-SLLM + SA

(Appendix)




1. Highly qualified Laser light source

»
1. For generation of the lower emittance beam
== Optimization of laser 3D-profiles (Spatial & Temporal)

r2. For a lower |itter system
=P Stabilization of laser oscillator (seeding)
through environmental control

3. For along-term stabilization of Laser Output
& higher pointing stability

\ = Stabilization of total laser system

through environmental control

In principle,
Environmental control!

Note that, passive stabilization is the most important
for beam quality control !




Ti:Sa Laser System Configuration
~ Femto Second TW-Ti:Sa Laser System ~

263 nm

790 nm 790 nm 100 fs: 2mJ

4nJ 790 nm 2mJ 2 ps: 800 ud
20 fs 300 ps 300 ps

| _ »y . 1 l

'|I\'/|i(-)Sd:r-J|Sr$i$gd h Regeneratio Multipass THG (263nm)
oscillator Stretcher amplifier amplifier Compressor 100 fs ~ 3ps

532 nm 40mJ| 532nm 140 mJ
5W(CW ) Pulse Stacker

: Q-Switched +
Diode-pumped Frequency-doubled DM
Frequency-doubled Nd:YAG Laser
Nd:YVO4 Laser




1-3. Present status of Laser System
i In humidity (55%) -controlled clean room

—— T

"=

Laser System
after passive stabilization
with Temperature-control Plate

: ‘fi’%New Oscillator with auto alignmentj .




Humidification for avoiding charge-up

vwonmefl test cle9n room  charge-up

A

25 % RH

I

Optimum Humidity

>




Laser & RF Synchronization

C 20.00mY? B EE 'i!_ @ :
Time delay between RF S|gnal & Laser pulse measured
with Tektronix TDS8200 Sampling Oscilloscope




1-5. The present status of stability of UV-Laser

oelectric head: PE25-Y2; =/h 1715991

Present stability:

Long Term: ~the most sta Mlne; TW System ~
4 — 5 Weeks continuopsly
limited by lifetime of flashlamp

New Oscillator has been Eontiguously
operated last 4 months.




beam quality control
2-1. Physical background of ideal laser profile

O = VOt Ot O

Space charQe effect consists of:

1. Linear term in radial direction
—p POSSible to compensate with Solenoid Colls
2. Non-linear term in radial direction

- DOSSiIble to suppress non-linear effects
with optimization of ideal Laser Profile

< Note that, in real case ideal

3D-shape can be different!
Ellipsoidal ?




beam quality control
2-2. 3D- Laser Beam Shaping system
~ present status at SPring-8 ~

UV- Laser source (total stability!) Spatial Profile:

Laser Pulse Energy : Distribution: Flattop
Pointing Stability & Reproducible Temporal Profile: Deformable Mirror

Pulse duration: 2.5 ~ 20 ps
UV- Pulse Stacker

Timing Jitter <1 ps Gaussian

Pulse duration: 2.5 ps
. Pulse duration: 10 ps

Diameter:1 mm

N

|
[ 4

Pulse Stacker

Deformable
Mirror

Streak Image of stacked pulses




beam quality control
2-3. Automatic Laser Beam Quality control system

~ Arbitrary Laser Pulse Shaping ~

*
A) Computer-aided SLM (Spatial Light Modulator)

—p Rectangular Pulse shaping (Arbitrary Shape)
B) Computer-aided DM (Deformable mirror)

—p Flattop spatial profile (Arbitrary Shape)

e

Automatic Control Optics
e Spatial shaping (DM)
* Pulse shaping (SLM)
 Wave front Control (DM)

2 ~20 ps Fundamental
2~20ps THG (263 nm)




beam quality control
4. Influence of laser pulse shape and wave front

A) Square Pulse with the optimal width ~ 20 ps

B) Wave front of laser pulse should reach at the
same time to the cathode surface!

Normal or
Backward
Incidence!
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3. Optimization system of spatial profile

~ Microlens array (MLA) and Deformable Mirror (DM) ~

3-1. Spatial profile shaping with Microlens Array

Homogenigs

,. Single (pitch:250um)

Double (pitch:500um)
. Intensity Uniformity <5

H. Tomizawa et al. EPAC’'02, 1819, Paris, June 2002.

3-2. Spatial profile shaping with Deformable Mirror

L] R T 'Ir.,!.‘ 4

Genetic
Algorithms




3-1. Spatial profile shaping with MLA
3-1-1. Microlens Array : effective & simple!!
combination with combination with Lens

Merit: Ho‘ngmsf e
| . | .-y |
* relatively easy to ad|USWsingie pitch:250um)

e available in UV Intensity Uniformity 4
=10~15%

e possible to homogeni
asymmetrical beam

Demerit:
* Impossible to get rot
Image ~ hexagonal at t
e long working distang
to get higher adjustability

Note that: pitch >20 um, pulse width >500 fs




3-1. Spatial profile shaping with MLA

1-2. Results of laser profiles with shaping

UV-Laser Profile Homogenized
UV-1Laser Profile

Charge of Laser energy: 20ult
Diameter of Electron Beam: 0.2nC
Laser Spot: 1.2mm Diameier of
FLaser ot: 1.7mm .

Laser energy: 20u¥

Emittance: 3.3 tnm mrad

Homogenizing -~ ... .,

ﬁ foatn feom: 0.2nC

Emitiance: 2.3 mm mrad

jﬂ' 100-shot averaged

Pulse width: 5 ps
(90-cm Fused Silica)




3-1. Spatial profile shaping with MLA
3-1-3. Results of emittance measurement
( 3.1-MeV E-Beam; direct after Single-cell Gun; Double-Slit )
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3-2. Spatial profile shaping with DM
3-2-1. Deformable Mirror

~ Deformation Steps: 256 (0~255V) ~
Merit: adjustable and actively controllable!!

Demerit: too many Possibility: 256°°

+> Necessity of special algorithm to optimize

Genetic + Neuron model Algorithm

e Al-coated SIN-Membrane
(R>70% in UV after 1 week)

* Hexagonal elements
(59 channels)

Note that: Membrane is very delicate !
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We build dry N2-Housing for DM.




3-2. Spatial profile shaping with DM
3-2-2. Deformable Mirror Actuator (ex. 37ch)

Actuator: 99 4) 95 78

2210 11 12 27
21 9 3 4 13 28
208 2 1 5 14 29

197 (61530 i |
36 18 17 16 31 Initial State All: 125V

35343332 (All: OV)

¥

All: 255V Random Voltage
(Max. Voltage)




3-2. Spatial profile shaping with DM
3-2-3. Automation of optimization
Genetic Algorithm (GA) ~ Idea of Evolution ~

Genetic Algorithm

<{Basic Process>

1) Coding : Digitize control parameters

gene| 1|0/ 1]1[1]0/0]0
2) Initialization : prepare a sets of gene

3) Basic Process

initilal sonc B Selction B Crossovor BB Mutation

Change gene sets —m




3-2. Spatial profile shaping with DM
3-2-4. Example of Automation of optimization
i ~ Searching maximum point of Fitting Function ~

Example: | near by max.
Search the Maximum Value!! | | survive.

Note that many local maximum points!!!

/\

, ﬁ
_@/\ / \ 7
Wj N{iraﬂons

corresponds [ A /é y
to individual life. Y o \ @

The survivors make




Procedure (1 step): MGG (Minimal Generation Gap)

Chromosomes Group

(1) Random select Parents and generate Children (Family)
Parents ( Selected randomly from G) Create 2 Children from the Parents

G(1) G2 Father . ehild 1

| ]
M\other | ' ‘ ARRNARRRERRRERRRRNARENY Chi|d2/

N L
Family
(2) Drive Deformable mirror by Family and get results
from Laser Profiler

Resulted new order of priority

N: default E hild2 > Father 3 Mother > Child1

1 Selected!

(4) The best two Chromosomes (Next Parents (i),(j) )




How to create gene of child? (Crossover)

(1) 1 point Cross Random length
Father | , Child 1

Mother | ‘ >< ‘ , Child 2

(2) 2 point Cross

Random length
Father | —r—— Child 1

Mother ‘ >é< ‘ —r—— Child 2

[(3) Random Cross Random Selection for 59 \
elements of parents

Father | oo Child 1

MOtherl OO T T Ch||d2

Create random value(O 1),
Over 0.5? Or Under 0.5?

The reason to chose: simple to program

(Child 2= Childl)




Fitting Function to evaluate Flattop profiles

Laser profile during optimization
{ (Laser beam profiler :LBA-PC)  127e:02  Ejtting function: weight (a, b, ¢, d, e, f, g, h, i)

(2 Effective Diameter :
, a0z f( profiles ) = a® + b@ + c@ +d@ + e®
@ Set circle(}\perture Fraction) gsgoge+n + @) + g® +h® +i©

_l

|

I 8.000e+01
&

‘i‘.

7.200e+01
1.Top Hat Factor: Maximize the Top Hat Factor (0 ~ 1)

4 800e+01 2 Effective Diameter: Minimize the difference between
4.000e-+01 the diameters of set circle and measured

3.Flatness (Std Dev /mean): Minimize the standard

deviation divided by the average in a flattop area
Beam Center _ o _
er 4.Aperture Fraction: Maximize the integrated energy

within the set circle area

5.Peak-to-peak: Minimize the difference between the
max. and min. in a flattop area

6.Hot Spot(max.): Minimize the max. in a flattop area
@ Flatness ( ln)/v ® Hot spot 7.Dark Spot(min.): Maximize the min. in a flattop area

= b B ey i T

-~
-

‘/\}@ Peak to Peak 8.Beam Center: Minimize the difference from the initial

p center position (X, y)
@ Dark spot

9.Beam Diameter: Minimize the difference from the set

S dictriEat . diamet
Intensity distribution (cross section) 1ameter




Top Hat Factor (Evaluation of fllattop profiles)

(Top Hat means Flattop)

Max. fluence is normalized

Flattop profiles is normalized

Gaussian profile BEREE Flattop profile

fluence 1.0 ..--- fluence 1.0

\

[ . it )

\ ’
.

fluence 0.8

energy fraction

fluence 0.6

energy fraction

fluence 0.4

fluence 0.2

energy fraction

fluence 0.0

The energy fraction is defined as the fraction of total energy above a fluence fraction.




Energy
Fraction Ja

0 — : ‘
I 3 - | = ] I
Fluence Fraction

A Gaussian bea, ts the at beams
curve labeled ewhere
uch as

Gaussian profile Real-world Flattop beams

at has a
lue that
preent of
5 curve A.

Perfect Flattop beams




o

Weight of each term of fitting function for Elatto]
~ decided by comparing convergence status ~

Fitting function: System weight (a, b, c,d, e, f, g, h, 1),

f(profiles) =a* = *Ry+b=" =Rgy+c* =Ri+d-" =R, +e-

.|.f. .Rhs+g. .Rds+h. .Rbc+i. .Rb

: Result of THF

: Result of Effective diameter
: Result of Flattness

: Result of Aperture Fraction
: Result of Peak to Peak

. Result of Hot spot

. Result of Dark spot

:

- Result of Beam diameter 1000 2000 3000 4000 5000




Weight of each term of fitting function for Elattop
~ decided by comparing convergence status ~

Meaning Absolute
convergence yg|ye
with 500step

Top Hat Factor Maximize the Top Hat Factor (0 - 1)
(Flattop: THF = 1.0)

Effective Minimize the difference from the
Diameter diameter of set circle

Flatness Minimize the standard deviation 0.2
(SD/mean) divided by the average in a flattop area

Aperture Maximize the integrated energy within 0.8
Fraction the set circle area

Peak-to-peak  Minimize the difference between the 60
max. and min in a flattop area

Hot Spot Minimize the max. in a flattop area (60) same as Peak-
(max.) to-peak

Dark Spot Maximize the min. in a flattop area (60) same as Peak-
(min.) to-peak
Beam Center Minimize the difference from the initial 5
center position (x, y)

Beam Minimize the difference from the set 25
Diameter diameter




Closed Control System for experiment

Profile Data

<
<

PC for control Deformable mirror

Deformable mirror

ol

Vol ]

CCD sensor| (LBA-PC)

[| Steering mirror

Laser Light source
(THG: 263nm)







3-2. Spatial profile shaping with DM

3-2-4. Results of the combination

¢ This shaping with computer-aided DM was done @THG

> Flattop shaping OK!

¢ Computer-aided DM for UV (THG)

> NO problem for FHG (

u\ H\ \\l |

WM { MM

Auto-Shaping (1000 steps)




3-3. Spatial profile shaping with AL

Aspheric Lens: not adjustable (M2~ 1.0)
~ If laser spatial profile is

Merit:
e perfect Flattop
e keep shape in 100mm T——em et

Just behind a After 100mm propagation
Beam homogenizer from a beam homogenizer

I-O N S——

* need perfect Gaussian

* need exact 1/e? diameter

e Impossible optical |
polishing T Y S

Intensity(a.u.)

Fig.12 Calculated intensity of the beam homogenized

) I ess C h O | ce Of m ate” al by the designed aspheric homogenizer

T. Hiral et al. SPIE, Conf. 4443,
29 July to August 2001.




4. Optimization system of temporal profile
4-1-1.

2~3p A2 plate

A

.
Jl

P

> Entrance window should be double AR-coated !

> Not utilize Brewster Window !

¢ The polarization of the input UV-laser is rotated
45 degrees by the half lambda waveplate.

¢ UV-laser is split into two equal portions by the each s P s p s P s P

cubic polarizer. But, consider QE deference between ! ! 16~24 ps
S and P!!




4. Optimization system of temporal profile
4-1-2. Chirped pulse with deferent compressor length
Optimal THG crystal thickness to keep its broad bandwidth ~

)
-fi
=
=
S—
)
-

Compressor length (micrometor) [mm]

Positive >  Negative



4. Optimization system of temporal profile
1-3. Developed

UV pulse stacker (0 ~ 3 stages) |GG

RF Gun

|deal Pulse Shape! ':
& n i i . ; !F}:‘%- |




Two 6.5-ps stacked
Pulses
(14 ps between them)

»
Shiftihg -

optical de

12 FWHM

All stacked togeth
(15.5 ps FWHM)

150000




Two stacked puls
overlapped each ¢
(10 ps FWHM)

¢ 3-stage UV- Pulse Stacker was successful !

¥ Polarizing Beamsplitter cube (Optical Cement) Optical Cement was damaged!

was damaged with high intensity of UV-Laser !
Preparing

Also, because of nonlinear effect, efficiency is lower.
The efficiency at the first stages is lower than following
stages!

Ex.) Initial Pulse: ;
Efficiency @ 1st: 65%(
Efficiency @ 2nd : 79%((
Efficiency @ 3rd : 84%(




. d€ with enerc anal zer
as a streak camera ;
i F

Temporal shift ~ Spatial misalignment \ 4_ &
between S & P on the photocathode |45 2 <&

S




' 15ps between P-pol & S-pol (in Measurements)
38 I T I T | | |

—o—P wave (MeV)
—eo -S wave (MeV)

3.6
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RF phase (degree)

Shifted optical delay

with a length of 4.5 mm

Energy (MeV)

3(I8n caliculation, shifted with phase of +15 degrees!)

3.6

3.4

3.2

3

2.8

2.6

2.4

S-Pol was shifted to P-Pol!

—o— P wave (MeV)
—=eo -Swave (MeV) oL

30 40 50 60 70 80

RF phase (degree) 4



P-Pol was overlapped with S-Pol!
(In Measurement, shifted with Pulse Stacker micrometer

3.8 : ,
” g B uave (ev) Measured time deference
| = R between two beamlets
3.4 / .
s - (After shifted): 2ps
s 3 o
2 3 Z
T/ .
2.8 S-Pol was shifted to P-Pol!
(// 3 8(In caliculation, shifted with phase of -2 degrees!)
250 | —e—llgwave g;lt/l/le://))
36 —® -Swave e . oo b
50 60 y/%
3.4 /
S
: o &
: /
2.8 /
26 4
2.4

10 20 30 40 50 60

RF phase (degree) 4

-10




4. Optimization system of temporal profile
4-2. Candidates of SLM for UV-Laser pulse shaping

4-P-1. DAZZLER (Acousto-optics) B

simultaneously and independently performing both SMH e -
phase & amplitude of ultrafast laser pulses. (FASTEITE)

4-2-2. Fused-silica based SLM

Bimorph
Piezo actuator

Utilizing silica plates

Silica plate

® Directly shaping for
Higher

~ Computer-controllable silica plates complex ~

Simulated Annealing aA|gorisms (SA) T lica plats




Pulse shape control with SiO:-SLM

1 Short laser pulse

Grating breaks a light pulse into a spectrum
‘ (Transform time distribution to spatial distribution)

SLM modulates phase distribution in spectrum

\ 4

Grating transforms the spectrum into a light pulse
1 Shaped laser pulse

*— Focal length of Concave mirror

Grating -

“\x 17 Utilizing silica plate

modulator

e Directly shaping for Laser

oopootnoon :|

e Higher Laser power threshold
< 100 mJ/cm2

Concave mirror Reflector




4. Optimization system of temporal profile
4-2-3. Results of Pulse Shaping with SLM

A) First test for computer-aided SLM was done in IR
—p Rectangular Pulse (width range: 2-12 ps)
(rising-time: 800fs)
B) Computer-aided SLM in UV

—p Slze will be bigger (=5 times)
Incident Pulse: Fourrier Transform | imit
Calculate Phase Spectra! o

— 3. 141lce4000

MWW

4. 7E059e-003
5. 748E=+001 M

. [y
- Il_.,.,_ - 1l |'_' Lvﬁqﬁﬁrﬂwfﬂ"lir' FJ"' n
o A




4. Optimization system of temporal profile
4-2-4. FHG(197nm), THG(263nm), SHG- System
»

After shaping with SLM,
Optimized UV-Laser pulse is available !

Feedback system with streak camera &
Beam transport are under construction.

263nm




| ~ Spatial Shaping ~
~ A. Characterics of Methods of shaping Spatial profile

Limit of Wave Length : MLA - DM
perfect Ideal Profile : DM ~ MLA
Pointing Adjustability: DM -~ MLA
Cost ($102 < $10°) : MLA < DM

. When Spatial Profile was improved, Emittance was

reduced down to 2.0 t mm mrad. (Microlens Array)
~ Before installation of Homogenizer, 6.0 1 mm mrad. ~

. Automatically shaping Spatial Profile with DM + GA
was successful! (Gaussian or Flattop)

ﬂgb,_nh%:ul‘p;.ll

p IREL )

~ However, it takes 1 hour to optimize.

. In our future plan, compensating inhomogeneous
QE-distribution with DM (Spatial) & e-profile monitor




‘ ~ Temporal Pulse Shaping ~

~_E. Characterics of Methods of shaping Temporal profile

Limit of Wave Length : DAZZLER - Silica -~ UV-PS
Perfect Rectenglar Pulse : DAZZLER UV-PS  Silica
Comactness (10cm ~ 2~5m): DAZZLER - Silica
Cost ($10* < $10°) : UV-PS < Silica - DAZZLER

F. Square pulse generation with UV-pulse stacker
(UV-PS) was successful at THG (263 nm)!

Square Pulse: ~2 - 20 ps; Rising-time: ~ 700 fs

~ It is possible to generate VUV-pulse| «-
(197nm) for diamond cathode !! ~ o

~ Now, optical-contact-type polarized splittercube materia
available in UV! Our kit of UV-PS Is commercially available. ~




~ Temporal Pulse Shaping ~

. Automatically shaping Temporal Profile with fused-
silica based SLM was successful in [R after MP-Amp!

Square Pulse: 2-12 ps; Rising-time: 800 fs
~ It Is possible to shape UV-pulse, however size is larger. ~
~ If the crystal material available in UV region, DAZZLER is the
most reliable. ~

. In our future plan, compensating any kind of distortion with SLM
(Temporal) & e-bunch monitor (or Energy analyzer)

~ Need collaboration with other fields ~
l. In our future plan, compensating any kind of distortion &
Inhomogenities on 3D- electron bunch with DM (Spatial)

& SLM (Temporal) & e-bunch monitor !!!

However, do not forget to investigate interesting physics
on phenomena of generating electron bunch just after




A. Both profiles shaping with Fiber Bundle

~ FB can 3D-shape the UV-pulse & make easy to transport ~

Cable Strand Microlens Array Silica Fiber Bundle




A. Both profiles shaping with Fiber Bundle

~ Transparent Cathode with =
Pulse Stacking with 2,000 different Optical Passes

RN

Transparent Cathode
for backward illumination

Length: 2.0 m
Bundle size : 12 mm
No. of Fibers : 1967




A. Both profiles shaping with Fiber Bundle

1. Results of spatial profiles with shaping

*
¢ Spatially homogenizing is very strong with FB
> Any kind of bad profile can be corrected!
¢ Pulse shaping & stretching with FB is pulse-stacking
> Depend on th

e length and mapping of FB

Fiber-Shaping (1m long)
|




A. Both profiles shaping with Fiber Bundle

2. Results of temporal profiles with shaping

~ Pulse shaping result due to mainly Pulse Staking effect ~

icez  Display  Help

s r
File Devi
A1 mm| | Jitter :u:“l]

Curl=20.613 ps : 581 Counts FUUHM: 16972 ps
Cu@=75.572 ps : 523 Counts Peak: 44.308 ps
Cu2-1=55.058 ps (frea 1431385)
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Cur1=0.000 ch : 56 Counts FyyHR: 771728 ch
Cur2=511.000 ch : 1673 Counts Pealk: 486.000 ch
Cur2-1=511.000 ch (Area:483347)

1000 1200
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A. Both profiles shaping with Fiber Bundle

3. Eliminating interference of laser pulse

~ The neighbor beamlets have orthogonal polarizations (S &P ) ~




Closed Control System for Fiber Bundle
ith computer-aided Deformable mirror

Electron Beam Profile

C] ) Profile Data @@_-

PC for control Deformable mirror Video Signal

PC

and Evaluate resulting Laser Profile

CCD sensor| (LBA-PC)

Fiber Bundle (0.5~1m)

“ Laser Light source e

(THG: 263nm)

Deformable mirror




AlSummary of Fiber Bundle Shaping

Shaping with computer-aided deformable mirror could
generate . It i1s very flexible to optimize the
spatial profile (electron bunch) with genetic algorithm.

Fiber Bundle is ideal as a 3D-shaper
 Itis very simple to shape :

Bundle
« 3D-laser profile: It can generate ellipsoidal from any profile.
. . It needs to develop back illumination.
* Laser fluence limit:

for shaping complex system with

might have a lot of possibilities with fine tuning.




