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ATF2 final focus test beamline

Nanorpeter beam development Advanced Beam Instruments R&D
* Final focus System R&D Application of Low-emittance beam
» Intra-train ultra-fast beam feedback
MMM

Focal point (IP) P .
Small beam of 37 nm in vertical (goal) o7

Damping Ring (~140m)

Low emittance beam generation
* 10 pm for ATF2 studies (4pm achieved)
« Accumulate up to 3 trains

* Injection-extraction: 3.125 Hz

Photocathode RF Gun
Electron bunch generation

* 1~20 bunches/train
« ~1x10"° e-/bunch
* Repetition: 3.125 Hz

40 m

1.3 GeV S-band Electron LINAC

110 m
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* Beam Energy 1.3 GeV
 Upto4E10 e-/bunch (usually 1E10)

* Up to 10 bunches/pulse
* Rep.rate ~6.25 Hz (usually 3.125 or 1.5625 Hz)

* Acceleration system
* RFfrequency 2.856 MHz (S- band, same as SLAC)
* 19 accelerating structures + 2 energy compensation structures,
* 3 mlongeach
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E=1.3GeV, C=140 m
Ne=0~2x1019 e-/bunch

1 ~ 10 bunches/train -
1~3 trains/ring

Y& .= 2.3E-6 ( at 0 intensity)
}/5 < 2 5E 8 ( atOmtenSItv

S North Siraighy  ectn Kier s ;1 Low vertical emittance beam production was
vl one of the main goal of ATF.
:. ATF Damping Ring Much effort has been done for emittance
5, ~ tuning( including monitor R&D ).
'1,.,. BT *
Quick tuning( = 1 shift ) with
f\, e vertical dispersion correction
wiire x-y coupling correction

SN LEE
SR Monitor

—> = 10 pm vertical emittance

©

Electoron Linac
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GLC besign :
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Scale model of Linear Collider Raimondi-Seryi final-focus system (for ILC)

* Almost the same configuration of the beam line.

* Magnets have the same names so0 (a) Beam optics of ILC final focus system
— Horizontal
. “:H 200/ Vertical I
« Same tuning method E : |
= 100} |
I E— v ol
. 0.1
e _ "
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. ] ) — Vertical SF6 SF5| | SDa sF1 || sbo
Final Focus Llne gy 700 -600 -500 -400 -300 -200 -100 0
ﬁ and n functions 5o (b) Beam optics of ATF2 beamline
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» Original design

« Similar chromaticity (~L*/p%) in both x and y directions as ILC

» Tighter tolerances of multipole field error, due to larger ATF beam physical emittance
* 10x1 optics (10 times larger p* x, same p* vy)

« Smaller chromaticity in x direction

« Similar multi-pole field error tolerances as ILC

Chromaticity of ATF and ILC Final Focus

ATF Original | ATF 10x1 ILC
L*/B* x 250 25 320
L*/B* y 10,000 10,000 10,000

(L*: distance from final Q to IP)
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L — I Smali beam
I"s-’-!. i Gamma Deteclor = — Large }VI
igt i p :"E:__:—):\:": _
Vil “’}ﬁ Lﬁ,@_f = = Large beam
Electron Beam \‘\ er Interderance Fringe . \L
/_/ \ - B Small M

E

22m
2000 £

= ]
1600 F— '
1400 £ '
1200 !
1000

= L|

— »

W L
— LN
*
1

Example

ANA
/X / \\

; Fringe thase
Kubo 10

Scan interference fringe phase.
Fit modulation M:

G(¢) = Go(1+ M cos(p+¢y))

600 E
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a S =

Gamma-ray signal G
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500 T T T T T

450 - .
E 400 - -
—
8 350 |
& 300 - . E
£ 250 | . Orbit Stabilization
8 1 Skew Sextupole Installed P ‘,
m extupoles
— 200 - » e 7
8 150 ’ 4 Skew Sextupoles Installed T Sanpsre Masywaton
g e ‘ 4 FF Sextupoles ‘ Focus on
> 100 - > ‘ Intensity Dependence Study-

——\ 43nm details in Sec.4.2.2
50 — Oeg SO o ( )
1 1 1 ‘:4 "m 1 ‘41 b 1
2010 2011 2012 2013 2014 2015 2016 2017 2018
Sextupole Swapped FONT FB ON

Smallest heam size achieved ~41 nm €=> 7nm @ ILC
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IP beam size [
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limitation John Adams Insiute

Small beam size can be observed only at low bunch intensity.

0.7 ——r———————————————
: . 1 | Figure 18
Example of 06 [ l u
Measured f 2{"“"négn ]
IPBSM Modulation 05 | ~ e w=212nm/E9 | | Fitting:
vs. bunch population o | I | | o=0 7w N?
- | - Fit ! } 1 Beam size growth
03 | 1 ~21nm/ 1x107%
1% R EPU R ——
0 2 + 6 ] 10

Bunch Population (E9)

Transverse wakefield is dominant cause of the dependence.
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i 11®] Wakefield sources /

S

ICF70 flange
e

[Vocoum por
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Remove from beamline

Example: Around SD4FF

OLD Chamber  qpape SOAFE QDABFF
Bellows and Flanges ] o + Remove some BPMs, bellows, flanges.
Reduced =0 ESHEEE - = + Shield bellows
1 « Shield flange gaps, etc.
—— QDAAFF si . QD4BFF . EtC A
| Trm=T_ H=
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Wakefield sources (Cavities or Bellows) on movers are installed in beam line.

Present setup Experiments

* Downstream orbit change as function of mover position.
* Good agreement with calculations

» Beam size at IP
* Cancellation of wakefield in beam line
« Estimation of wakefield strength in beam line

Movers
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Change e Measure ,
Orbit . Figure 25
ol | | beam size
(steering) - / optimum mover position vs.
orbit change
- — 5 T T T T T T
£ 4 (2016 October) 15.1 4/~ 1.1 e
| | | I ‘U | | | | | | | | g's - (2016 November) 4.9 +/- 2.2 x//,-‘
=2+ . S
w0 L ':E/
e 1 o= //‘
Find optimum | Measure gor % < i
s e =1+ ~ u
mover position | beam position E_Q I x"'/ 1
o
e ~N e |
-4+ o _
. L = = / I L 1 1 L
(optimum mover position change) 5,
(orbit cha.nge) MQD10AFF Vertical Position [mm]

(wakefield strength in the beam line) Change of slope:

S 15.1+-1.1 ->4.9+-2.2
\ (wakefield strength of moved structure) y Showed wakefield reduction.

Consistent with calculated
reduction factor about 2.0.

- Total wakefield strength can be estimated
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Beam orbit 4

Orbit jitter 2 Beam shape changing pulse by pulse

Our monitor measures beam size of sum of many pulses.

Observed orbit jitter 1s about 0.1-0.3 &
“angle at [P” phase jitter causes significant beam size growth due to wakefield.
Direct effect of “position at IP” phase orbit jitter 1s very small.

Kubo 17



FONT FB installation at ATF

D 42
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IP FB system Upstream FB system
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Upstream y-y’ FB system

Bea m
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In-loop BPMSs

Bunch 1
30 : : .
25 - P2 —FBoff -
?20 I FB on i

-8 -6 -4 -2 0 2
Position [um]

15 16 17

18 19
Position [um]

20 21

Bunch 2
. P2
40 42 44 46
Position [um]
. P3 _I_’—
20 -19 -18 -17 -16 -15 -14
Position [pm]

Jitter reduced by factor ~ 4, to BPM resolution (~200nm) limit
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Downstream witness BPMs

Position jitter reduced by factor ~4 at IP

. MFB1FF i

-600 -500 -400
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30 I T T T T
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Results In terms of beam angle

Frequen

[5]

Frequency

Bunch 1

o5 | P3 —FBoff

11 -10 9 -8 -7 -6 5 -4

Angle [prad]

-400 -200 0 200 400
Angle [urad]

22

Angle jitter reduced by factor ~4

Frequency
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Application of upstream y-y’ feedback to
reduction of beam-size growth due to wakefields

300 | I I I I | |
(a) FB off
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FB on

Vertical Beam Size [nm]
n
o

Significant reduction in -
dependence on beam intensity
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Extrapolation to IP

Track beam data from upstream , roum . >

A

region to IP using MADX model — e

—FBon

—_
o
T

- beam stabilised to ~1nm at IP

—> correction limited by
upstream FB BPM resolution

Bunch 2 jitter [nm]
)

- not possible to measure ) ——
directly with 1nm resolution!

128.85 1289 128.95 129
Longitudinal distance from IPB [mm]

Bunch 1 Bunch 2

30 . 30 .

o5 - }‘25
820 2 20 |
% 15 + 3',' 15
210 ¢ L 101

5 ¢ 5L

0 0 ' :

-90 -85 -80 -75 -70 145 150 155 160 165 170

Position [nm] Position [nm]




ATF2 ‘IP’ FB system

Beam direction —

QFLFF  QDOFF

[P IPA IPC  pupy

N

SDOFF SFIFF

[PK

Siwon Jang et al (KNU)

Beam
Dipnle dulnp
B Ref y
[P vacuum
chamber
BPM cavity Design  Measured § Decay

frequency frequency

(GHz) (GHz)
Dipole [PA (z-port) 5.712 5.705
Dipole IPB (z-port) 5.712 5.706
Dipole IPC (x-port) 5.712 5.704
Dipole TPA (y-port) 6.426 6.428
Dipole IPB (y-port) 6.426 6.427
Dipole IPC (y-port) 6.426 6.428
Reference (z-cavity) 5.711 5.705
Reference (y-cavity) 6.415 6.428




ATF2 ‘IP’ FB system

FONT
IP kicker

FONT
amplifier

FONT5A
digital

FB

"| IPBPM(s)

KNU

KEK IPBPM
electronics

26

Trains of 2 bunches

Bunch separation c. 280 ns



ATF2 ‘IP’ FB system




Real-time position resolution

IP

Ba“iStiC beam fe— BOLE —>le— §7.] — | §7.] —>=
Use geometry of 3-BPM system to ol | s -
predict beam position at 3" BPM |
- L = — —
using position measured at other Sy [ R T momolog) @3 e f
two BPMs: — — 7
yfmd ZAijy;“ms—IrAmyﬂm’S
70 - ¢ Geometric
¢+ IPA ﬁttilng

Resolution determined from ol | } ottt

distribution of residuals:

g meas Pl'Cd
o= st.d{ (v: vi ) }
L+ A7 + A3,/ adk

a0

w0h 1
30 ;

. . i ;
Best real-time resolution ~ 19 nm ol PRy g

( < 25nm routine, depends on beam) 0 5 10 15

Number of samples in integration window

Resolution (nm)




ATF2 ‘IP’ FB results

Nanobeam vertical focus placed at one BPM
Two FB modes used to correct bunch 2:

1. Only IPC used

IP Beam

i *m%

105S320.d

FONT 5A Board

Position jitter (nm)

Bunch Feedback off Feedback on

1 109 = 11 118 = 8
2 119 = 12 o0 £+ 4

2. IPA and IPC used to correct at IPB

P Beam

g

Jayjidwe
105s320.d
10Ss320.d

FONT 5A Board

Position jitter (nm)

Bunch Feedback off Feedback on

1 106 &+ 16 106 4+ 16
2 96 = 10 41 + 4
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ATF2 ‘IP’ FB results

Nanobeam vertical focus placed at one BPM
Two FB modes used to correct bunch 2:

1. Only IPC used 2. IPA and IPC used to correct at IPB

IP Beam

g

IP Beam

i *m%

J0ss370.4d
Jayjidwe
105s320.d
10Ss320.d

FONT 5A Board FONT 5A Board
Position jitter (nm) Position jitter (nm)
Bunch Feedback off Feedback on Bunch Feedback off Feedback on
1 109 + 11 2 2 1 106 + 16 i :

2 119 = 12 o0 £+ 4 2 96 = 10 41 + 4
30
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Beam size;:

« Local chromaticity correction final-focus scheme demonstrated
« Linear optics tuning procedure established
« Tuning performed including 2"9 order knobs

41nm beam size demonstrated, limited by wakefield effects
« Wakefield dependence reduced by removing sources from beamline
* Impact of static wakefield sources reduced by using source on mover
« Dynamic wakefield effects partly reduced by FONT orbit feedback

Beam stability:

« Using FONT orbit FB system, beam stabilisation to 1nm is implied by model
« Direct IP beam stabilisation to 40nm measured using IPFB system

32
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Systematic study of 2"d order aberrations

- Confirm effectiveness of 2"d order tuning knobs
Accurate measurement of energy bandwidth
Further wakefield studies: ‘unknown’ sources?
Unknown strong non-linear aberrations?

Reproducibility and long-term stability

- more stable beam and IPBSM system would facilitate measurements

33
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* Overhaul beamline to replicate ILC more accurately:
replace magnets with poor field quality
remove/replace wakefield sources
relocate cavity BPMs to ILC-like locations

 Upgrade IPBSM laser for stable, long-term operations

« Ultra-low beta* studies with octupoles (CLIC)

- test-bed for LC luminosity optimisation studies
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Improvements completed, in progress or planned:

Replace QDOFF (2023) and QF1FF (2025)

Upgrade skew sextupoles and put on movers

Upgrade mover controls on sextupoles

Upgrade IPBSM system (laser table, optical transport, vertical table ...)
Replace IPBSM laser (2025) - better laser spot profile

Upgrade timing system

Upgrade LLRF system / FB

New beam chamber for wakefield studies

Linac BPM readout upgrade

Consolidation to reduce risks of failures

Development of ML/AI techniques for faster/better tuning

35
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« Superconducting device test bench:
Final doublet
Crab cavity
Helical undulator for polarised positron source

« Permanent magnet test bench

 Polarised electron source test bench

36
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Final Focus Scheme of ILC Validated

Confirmed smallest beam size ~41 nm (2016)

Local Chromaticity Correction Demonstrated
Without chromaticity correction,
expected beam size ~ 300 nm

Beam size without chromaticity correction
- Chromaticity: & ~ L*/3* ~ 10*

J—Ug\/l O’af

- Energy spread: o5 ~ 1073

Kubo 39
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Implications for ILC
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Wakefield at ILC Final Focus will not be significant

Comparison of wakefield effect to IP beam size at ILC and ATF from simple scaling (Table 4)

ILC ATF Ratio of effect (ILC/ATF)
misalignment | orbit jitter
Beam Energy | 125 GeV | 1.3 GeV 0.01 0.01
Bunch Length | 0.3 mm | 7.0 mm 0.5 0.5
Emittance 0.16 pm 12 pm 8.7 |
Sum of 3, 390 km 61 km 2.5 6.7
Total 0.11 0.032

Wakefield effect at ILC design bunch population (2x10'%) corresponds to
bunch population at ATF

0.2x10"%e for misalignment

0.06x10'% for orbit jitter

More detailed simulation showed wakefield effect at ILC Final Focus very small.
Reported in LCWS2019
https://agenda.linearcollider.org/event/8217/contributions/44505/attachments/34913/53944/LCWS_intensity_dependence_oct2019.pdf
However, further experimental studies at ATF will

* Improve the reliability of our calculations of wakefields and their effects

« Give important information for the design of the ILC beamline
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