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Aerial View of TPS, March 2015

1.5 GeV TLS 3GeV TPS
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TPS Timeline

2004 June TPS feasibility study started

2007 Mar. Funding approval

2010 Feb. Ground-breaking

2013 Oct. Accelerator installation started

2014 Aug. System test and commissioning started

2015 Mar. Phase | commissioning completed

2015 Sep. SRF, ID and Beamline commissioning
2016 Open to public users

TPS commissioning C.C. Kuo, IPAC’15
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Linac: 150MeV, 3Hz,

Booster: 496.8m,10nm-rad at 3
GeV, 3Hz,

Storage ring: 3GeV, 518.4m,

24 DBA, 1.6 nm-rad '

TPS commissioning C.C. Kuo, IPAC’15
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Storage Ring Parameters

— ittt — | Creumference[m] | 518.4
= l ' B — ﬁ}, ....... T0M, e ' ' Beam energy E [GeV] 3.0
h Natural emittance 1.6
E ;r n .| .l T g, [nm-rad]
= . ‘ h Betatron tune 26.18/
e I‘*. A A A 5] A ViV, 13.28
0 15 HiA [ ) SN
5 | E il F Natural chromaticity -75/
3 e | EJE, -26
= 1 } RF frequency [MHz] 499.654
0 i VoY
E_ ‘ Y Harmonic number 864
T Momentum compaction | 2.4x10%4/
o,/a, 2.1x103
Energy spread o/E 8.86x10*
Energy loss/turn 0.8527
(dipole) [MeV]
Periodicity 6
Straight sections [m] 12(x6)+ 7(x18)
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Optical Functions (m)
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Booster Parameters
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Circumference [m] 496.8
Beam energy E [GeV] 0.15> 3.0
Natural emittance @3GeV 10.3

g, [nm-rad]

Betatron tune 14.380/
v,/ 9.302
Natural chromaticity -16.82/
/€, -13.24

RF frequency [MHz] 499.654
Harmonic number 828
Momentum compaction o, 2.474x103
Energy spread@3GeV c/E 0.095%
Rep. rate 3
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Photo In TPS Tunnel
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TPS Commissioning Phase

5 stages:Linac, LTB, Booster, BTS, Storage Ring

Two phases in the storage ring commissioning

v Phase I: up to 100 mA beam current with room-
temperature PETRA cavities =2 Optimization of basic
machine parameters (finished)

 Phase Il: up to 500 mA beam current with
Superconducting RF

Insertion Device Commissioning
Photon Beamline Commissioning

Open to User Operations = Beam quality control, high
beam intensity issues

TPS commissioning C.C. Kuo, IPAC’15
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The linac in TPS ite

TPS 150 MeV Linac

The linac rf stations

electron 500MHz 3GHz accelerating accelerating accelerating
source  SPB Bunchers section 1 section 2 section 3

screent screend

screend screend

Diagnostics tools of linac
TPS commissioning C.C. Kuo, IPAC’15
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TPS Linac Commissioning

* Linac (from Research Instruments Ltd) pre-test at test-site in 2011
 Moved to TPS site between March and June, 2014
* Permission to test with beam by the AEC on August 1, 2014

Parameter Specification Measured
Bunch train length 0.2to 1 us 0.2to 1 us
FWHM <1 ns* FWHM < 0.8 ns*
Energy (MeV) > 150 > 150
Pulse to pulse energy variation (%) < 0.25 (rms) < 0.05
Relative energy spread (%) < 0.5 (rms) 0.35
0.11*

Normalized emittance (1) (tmm
mrad)

< 50 (both planes) | (x,y)=(36, 49)

(x, y) = (48, 35)*

Single bunch purity (%) <1 <1
Pulse to pulse time jitter (ps) < 100 56
49*

*:SBM

TPS commissioning C.C. Kuo, IPAC’15
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Booster Ring



& Reducing Permeability of Stainless-steel 304 Pipes

 We struggled to get a stored beam without
success for about 2 months.

 We found on 2014-11-12 that it was caused by
high permeability of SS304 vacuum pipes due
to cold-draw process during manufacture.

* The permeability was about 1.2 to 2.0 and this
induced magnetic field errors larger than the (pjen-Te chen (TPS project director)
design tolerance specs. by an order of standingby the vacuum furnace
maghnitude for the elliptical chamber of 30x20
mm and 0.7 mm thick.

* Reducing permeability of booster beam pipes
by heat treatment up to 1050°C

* Relative permeability reduced to less than 1.01
after heat treatment

* Finished in three weeks

* Heat treatment also improved the vacuum
conditioning

WEPHAO049
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Booster Beam Stored and Ramped

 Dec. 11, beam survived more than 50 ms

« Dec. 12, stored beam

« Dec. 16, ramped to 3 GeV

« DC mode orbit <+/-1 mm. Corrector <0.7 A

« No ramp in all correctors while ramping to 3 GeV

 Orbit kept < +/-1 mm during ramp except in H at low energy

TPS BR Orbit Correction ( DC Mode)

—— X =130 mm r.ms.

haoy

X_=0.84 mmrms. l
af -

X Orbit [mm]

i i
1] 100 200 300 400 500
Pos [m]

¥_=0.031 mmrms.| |
ar -

— Ybr=l:|.l:|47 mm r.m.s.

N

Y Orbit [mm]

i i i i
1] 100 200 300 400 500
Pos [m]

COD before (red) and after (blue)

stored beam at 150 MeV ramped to 3 GeV Correction at 150 MeV,
Max. corrector strength: 1.1 mrad

TUPJEOQOS3
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AC Mode

1 Beam Current Wavetom and Energy 3
energy
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Energy Ramping and Tune Tracking

Tune shift during ramping
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Quadrupole tracking modification
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16



E

E

£ ¢ £ 8 £ & &

E

am
n
am
N
am
=i
an

E

£ ¢ £ B £ & %

TH RS T PN ET

Beam Profile during Energy Ramping

Beam profile during ramp

TF5 Booster SAM - Eneray Scan Report
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Beamsize [mm)]

Beamsize [mm]

Linac normalized emittance:
36/30 # mm mrad in x/y
Energy spread: 0.35%

Full coupling assumed at 3 GeV
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Orbit During Energy Ramp-Up

Horizontal orbit during mmp up (60 BPMs)

rrbit during ramp up (0-166m g}
4

E
E
=
I . r . ) . 4 1 H H M 1 1 1 H
0 10 20 &1 40 50 60 0 20 40 60 80 100 120 140 160 180
BPFM Index Ti
150Me 'me [m]
Orbit during ramp up (0-166ms) ) Vertical orbit during ramp up (60 BPMs) 3GeV
3 r T T r r r T T r r r
E
E
3 1 [ 1 I 1 2 X i i i X X X i
0 10 20 30 40 50 60 0 20 40 60 80 100 120 140 160 180
Time [mg]

BPFM Index

CODs are within 1 mm during energy ramping up except in x at low energy.
No corrector ramp

TPS commissioning C.C. Kuo, IPAC’15
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Booster Optics from Turn-by-Turn Data
150 MeV

B, Function (from turn-by-turn data) Ny Function (from turn-by-turn data)
20
- Model —— Model *  Measured
15 M
—_ k, X
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. |
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0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450
Posm] Pos[m]
B, Function (from turn-by-turn data) n, Function (from turn-by-turn data)
30 10
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* 1\ x
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Measured tune: v,=14.381, v,=9.268
Model tune:  v,=14.380, v,=9.302
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SR-DI-SM-01

Dec. 26,2014

(=3

& Injected 1.5 GeV beam after §
septum

26-Dec-2014 11:27:40, Counter: 70698, FPS: 1.0

Dec. 26, 2014

1.5 GeV multi-turns

o —

injected 1.5 GeV
~beam at cell 20

100 200 300 400
26-Dec-2014 14:35:34, Counter: 3295, FPS: 1.0

Dec. 27, 2014

1.5 GeV stored beam

soo GNENTEN I 376wy
B i3t
-

Storage Ring Commissioning at 1.5 GeV

Dec. 24, extracted 3 GeV beam but DC septum leakage field affected booster
Dec. 26, 1.5 GeV beam injected, multi-turn with one H corrector

Dec. 27, stored beam with sextupoles and RF on. RF, sextupole, and quad scan
Dec. 29, accumulated beam with kicker scan

Dec. 26, 2014

1.5 GeV first turns

Dec. 29, 2014

1.5 GeV beam!accumulation

B sy

TPS commissioning C.C. Kuo, IPAC’15
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Storage Ring Commissioning at 3 GeV

e 12:20, Dec. 31, 2014, 3 GeV beam circulated in storage ring over 80 turns
without activating RF, no sextupole magnets, and no correctors
 12:39, Dec. 31, 2014, 3 GeV electron beam was stored in storage ring

without activating correctors

 13:58, Dec. 31, 2014, 3 GeV beam current was accumulated to 1 mA, the
first synchrotron light was observed

3 GeV electron beam was accumulated up to 5 mA in storage ring before
shutdown

un

TPS SR T-by-T Data(red line:10000 turns average)

3 GeV beam accumulated to 5 mA
31 Dec. 2014

- o
Ln wn
e
Orbit [mm]
dn o en
T T
L L

50 100 150 200 250 300 350 400 450 500
Pos [m]
TPS SR T-by-T Data(red line:10000 tuns average)

SR-DI-DCCT :BeamCurrent
l.ﬂ

NMMI\JWU\J
w

YOrbit [mm]
S > o r -

AT i

0 50 100 150 200 250 300 350 400 450 500
2'D14 12 31 14: Uﬂ 14 30 15 oo 15 30 15 00 16: 30 2014-12-31 Pos [m]
13:00:00 17:30:00 .
Time Stored beam orbit=> X: +/-8 mm, Y: +/- 4 mm,

[—SR-DI-DCCT: BeamCurrent |

without using any corrector

TPS commissioning C.C. Kuo, IPAC’15



The first synchrotron light from TPS storage ring at 3GeV, 1mA
December 31, 2014 3 GeV electron beam was stored

in the storage ring by the end
of 2014

The project is on schedule,
within budget

TPS commissioning C.C. Kuo, IPAC’15
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SR-DI-DCCT:BeamLifetime

100

3920 ] ‘

Beam Current

Beam current reached 100 mA in multi-bunch mode
Single-bunch recorded 12 mA
~ 0.4 mA/s accumulation rate in multi-bunch mode

AL L L L LT sy ey ey ey ey
2015-03-28 03-28 03-29 03-29 03-29 03-29

07:47:43 20:00 02:00 08:00 14:00 20:00
Time

[—~»-SR-Dl-DCC’l’:BeamCurrent]4L SR-DI-DCCT:BeamLifetime

Beam current and lifetime

2015-03-30
07:47:43

Count

10° 3 T T T

] Beam Current: ~8.6 mA
10° 4
10" 4

10° 5

102—;

]

130 132 134 136 138 140 142 144 146 148
Time (ns)

Single bunch impurity (TCSPC)
near 10> with rf knock-out in
storage ring

MOPTYO074

TPS commissioning C.C. Kuo, IPAC’15
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High Level Applications
High level MATLAB applications and MATLAB Middle Layer (ALS-SSRL)

for beam commissioning. (G. Portman, J. Safranek, et al.)

High Level MATLAB Applications
(scripts and functions)

MATLAB Middle Layer

MATLAB to EPICS Accelerator Toolbox (AT)
(LabCA) ( Simulator)

Offline Mode

Virtual Accelerator

Accelerator
( Tracy 3, NSLS-II)

Hardware

VA Mode

Online Mode

Offline Mode : application programs for some simulations
access the data from the real machine by EPICS channel access

Online Mode :
VA Mode : use “Tracy 3” to build the virtual accelerator to test the channel
access function between MML and the virtual accelerator

TPS commissioning C.C. Kuo, IPAC’15
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Beam Based Alignment (BBA)

* Applying BBA to obtain BPM-Quad center offset

166

1
f(Bem) = 1—66;(x1-(+mo — x;(~Ak))?

6. . the strength of the corrector magnet
Xi(Ak) : orbit after changing the quadrupole by Ak
' : BPM index

A BPMy [mm]
(LS fit)

A BPMy [mm)]
(LS fit)

0.3 -02 -01 0 0.1 02 03 04 05 0.6
BPMy(6,2), raw values [mm]

0 0.2 0.4 0.6 0.8 1
BPMy(20,5), raw values [mm]

Haorizontal [mm]

“ertical [mm]

P

[}
T

P

[}
T

'
Fa

BBA
T T T T T L
2015/03/10
| | | | | | | | | |
0 &0 100 150 200 250 300 350 400 450 500
| | | | | | | | | |
0 &0 100 150 200 250 300 350 400 450 500

BPM Position [meters]

X:0.344 mm (rms)
Y:0.346 mm (rms)

TPS commissioning C.C. Kuo, IPAC’15
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LOCO (Linear Optics from Closed Orbits)

(J. Safranek)

LOCO application adopted for optics calibration
and optimization.

Skew gradients, steering gain and tilt, BPM gain
and coupling, as well as quad gradients are
Included.

Total data points:
166(BPM)*168(HC)+166(BPM)*168(VC)=55776

Fitted parameters: 1744

TPS commissioning C.C. Kuo, IPAC’15
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Quadrupole Strength Variation with LOCO

|
iteration 1 ( 1.1137% ms )

iteration 2 ( 1.3194% ms ) | |
iteration 3 ( 1.5305% mMms )

Quadrupole Variation [%)]

Qs Qst . Qs2 | Qs3 ,

I S B ! L L L
0 90 100 150 200
Quadrupole Number

TPS commissioning C.C. Kuo, IPAC’15 28
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Beta Beat (%)

Beta Beating after LOCO Iteration

4 iterations H: from 8.91to 1.44% rms, V: from 10.94 to 0.68% rms

Horizontal Beta Beat Vertical Beta Beat
30 L L 40
— Iteration 0 (8.91% rms) — Iteration 0 ( 10.94% rms)
25+ — Iteration 1 (4.96% rms) — Iteration 1 (2.49% rms)
— Iteration 2 ( 1.55% rms) 30 lteration 2 (0.83% rms)
20F — Iteration 3 (1.44% rms) — Iteration 3 (0.68% rms)
15 L 20 [ r 1
- S
o g 10 ‘ ‘
o . \
5 0 i 1 ‘ l m
( | ‘ l
9 1;“ N t i) ‘\.\A',‘llku'.‘ ?;‘f B A0SR | \ i "
0 g ° i‘f»s"“,"y \'l;r'f"‘"i" ‘t Ve
Sr -10 J
_10 -
20+
-15+
20 r r r r r -30 : : : : :
0 100 200 300 400 500 0 100 200 300 400 500
BPM Position [meters] BPM Position [meters]

TPS commissioning C.C. Kuo, IPAC’15
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Optics Measurement after LOCO

Em ............................................. ...............................................
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Blue line is LOCO fitting result
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E F Ay [

E F kAz: [mim]

Measured COD with all Correctors OFF
(After LOCO and BBA applied )

| e~ PYS S S I PP IO S SR O O S SR o T

T e 0 1 B O .

i -

DFF A e Ao A LT 0] R S Y -
i 1

r If
Pt b L L -
1] SR WO U, VRSN SUUPUOR AU SN FUURY SO VRN VTN OO 1000 TR (P00 WY U FRURON NS AU DU VOSPRS00 VOOF OO0 O -
S AUV UUUUOUR U VNI VRt UUSUOR NU0Y SURVRR VOV NUTINN ¥ VRN OO SOUUIY | SUVRUOND VY SOOI A 1 R PP PP -
Ab . -
I | | | | ] | | | |

|
0 il 10 150 200 20 il =0 400 40 200

Horizontal:
1.78 mm rms

Vertical:
1.04 mm rms

Close to model
simulation from
alignment and dipole
field data

—>excellent work on
alignment and magnets

Talk: TUAD1 & THYB2

TPS commissioning C.C. Kuo, IPAC’'15 31



EF M= [nm]
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—
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T

—
T

Measured COD after Correction
( After LOCO and BBA applied )

0 a0 100 130 200 20 il 0 400 430 300

TPS commissioning C.C. Kuo, IPAC’15

Residual orbit
X: 103 um (rms)
Y: 69 um (rms)

Moderate Corrector strength
X: 0.038 mrad rms

0.25 mrad max
Y: 0.018 mrad rms

0.10 mrad max

Could reduce COD further
with stronger corrector
strengths
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Tung

Linear Betatron Coupling
( before and after coupling correction )

0.5 T T T ) 0% (V] T T T
. o O 0 .
before correction o ° after correction
025 o o ° . 025 0
o o 0 o 0 o
° o © 0 0 0
D4t 0 og 0 . 024} o s , 5 o
— ¢ 0
- AV, =0.0065 1l Avpgin =0.0005 5
0 o
0o ¢ L o ° o
053k o © 0 . 023} o 0
0 ° 4 ¢ 0
¢ 4] © ° ° 0
DE' ﬂ 1 02?5' o o °>
0 0
0 0
uﬂ 1 1 0 I]ﬂ ] 1 1
kS 0 5 5 5 % 40 I El &5
change step change step

A=26.1831-13.2945-13=-0.1114
/A

= ~ =0.17% before correction
2+ AV /Al

-

A, /Al

mm

K= ~ =10.001% after correction
2+ AV /Al

TPS commissioning C.C. Kuo, IPAC’15 33



Coupling Ratio and Emittance

Skew Q OFF Line profile Skew Q ON

ox =38.21 0.6 um ox =38.5 um ox =39.12 0.6 um

MOPTYO74 o i oy =20.16 £1.5um oy =20.0 um oy =15.67 £1.5um
Visible Optics 0 =~7° -
T Pinhole : @\ E:i
Source point in T o
Dipole # 2 ” \"/’328 Hm ' | S.
. um ; Q
e R l-# :

[ e
X optics CdWO04 0.2mm
Converter :
X — Visible Horizontal Projection Horizontal Projection
Pinhole camera without skew quad with skew quad
H. Emittance (nm.rad) 1.55 1.64
V. Emittance (pm.rad) 25.613 15.713 Discrepancy:
Emittance ratio (%) 1.65 0.96 Orbit noise,
_ ; instabilities,
stimate . i . .
Emittance ratio (%) without skew quad with skew quad _resolutlon N
Betatron Coupling 0.170 0.001 Instrument
Vertical Dispersion 0.156 0.038

Design Natural Emittance ¢€,,=1.6 nm.rad

TPS commissioning C.C. Kuo, IPAC’15
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0.23

0.22

0.21

0.2

0.19

Tune

0.18

0.17

0.16

0.15

RF Frequency Centering

Center RF frequency: (nominal +1.228kHz)
Circumference shrinkage: (design -1.27 mm)

T

T T 0.35

— Cx =0

horizontal |—«-:

0.34 vertical

0.33
0.32

0.31

— Cy =0
—Cy =2
—Cy=4'

Tune

0.3

0.29

0.28

0.27

-0.5

0 05 1 0.26; 05 0
A RF [kHz] A RF [kHz]

TPS commissioning

0.5 1

C.C. Kuo, IPAC’15
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Natural Chromaticity

fractional tune

0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

Natural Chromaticity
Ex=-72.5,Ey=-24.8

L'l
n

AN

e

-0.4

-0.2 4] 0.2

Energy Deviation dp/p (%)

0.4

Nat. &, Nat. &,
model -75 -26

measured -72.5 -24.8

Change dipole strength and
measure tune shift. Dipole
field well calibrated

TPS commissioning C.C. Kuo, IPAC’15
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Tune Shift with Energy

fractional tune

Tune shift vs energy

0.50 ‘
O Nu_xmeasured -+ Nu_y measured
0.45 — —
Nu_x model =—Nu_y model
0.40 B
0.35 : '
0.30 / f
0.25 g &
0.20 /j M
+
015 | 4% D"}‘f-@@
9&5 000
0.10 +
/
0.05
0.00
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Energy deviation dp/p

£ =25
£, =34

Change rf frequency and
measure tune shift

Momentum compaction

a,=2.4x10*

a,= 2.1x1073

¥+a15+a252 =0

s=—q- h-2aA,
2a, a f

TPS commissioning C.C. Kuo, IPAC’15
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|

Impedance

Dual-sweep streak camera (C10910
Hamamatsu Photonics) wused to
measure bunch length.

bunch length vs bunch current

|Z/n|=0.12 ©

bunch length =z {ps)

S N ) I
no@ o=

# measured =——fitted

4 & 8 10
bunch current (mA)

o, 3 o, 1 ael | c 3 (Z
- e f— - 5 Im —
Oig Oy N2 Egvi \ @0y n

From Zotter’s potential-well bunch
lengthening eqn:

)

0.306 -
0.304 -
0.302 -

0.3
0.298 -
0.296 -
0.294 -
0.292 -
0.29 -
0.288 -
0.286

bunch current[mA]

A - ¢ Im(Z )
. .
Al[mA] Wr(Eleyw, a0, =

IM(Zy) o =-0.175 MQ/m

IM(ZX)¢ =-0.154 MQ/m

1Z/n|#=0.12Q === Smooth chamber

TPS commissioning C.C. Kuo, IPAC’15
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Displacement P30 [um2.sz)

Dizplacement PSD (quIHz)

Beam and BPM noise

« Water turbulence in vacuum chambers and
mechanical pumps are major sources of noise

« At high beam current, instabilities contributed a
significant amount

Harizontal Displacement P3D Integrated Horizontal Motion
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100 mA, vertical feedback off

1 pixel = 1.202 um SR-DI-XPC-40 W Marker

0.24 048 0.72 0.96 1.20 144 mm

200 400 600 800 1000 1200
Rinhole: HSOum x Y50um

pixel
1292%x964

MOPTYO74

Beam Current: 98,130 mA Fitti

Instability

 Need high chromaticity and vertical feedback system to damp the

vertical instability at high current, e.g., 100 mA
* Longitudinal instability showed up around 85 mA. (PETRA cavities)

Beam profile image

100 mA, vertical feedback on
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Streak camera image
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Vacuum Conditioning

Dynamic pressure reached 1.17 107 Pa at 100 mA
after 35 A.h beam dose
Lifetime at 100 mA reached more than 6 hours

Beam Current | 913 ma  Bcam lifetime
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Summary

High permeability vacuum chambers caused a delay in the booster
commissioning and was recognized on 2014-11-12.

Heat treatment solved the problem within a month and booster ramped to 3
GeV on 2014-12-16.

3 GeV stored and accumulated beam in storage ring on 2014-12-31.
100 mA reached in March 2015 (limited by RF cavities).

Storage ring lattice optics was well calibrated and measured in agreement
with model values.

Measured horizontal emittance is 1.6 nm-rad consistent with design value.
Emittance coupling is less than design goal of 1%.

Measured lattice energy acceptance is large, same as design.

Storage ring impedances were measured and indicate a smooth chamber.
Beam and BPM noise were measured and identified.

Vacuum conditioning was in good progress.
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Next Step

SRF and ID commissioning in September, 2015
Beamline commissioning after SRF and ID commissioning
Improvement of beam transmission efficiency

Reduction of beam and BPM noise by eliminating noise
sources and using feedbacks

Study of instabilities and cures
Nonlinear beam dynamics study
And others

TPS commissioning C.C. Kuo, IPAC’15
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Thank you for your attention
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TPS Beamline Plan
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Radiation Safety

< 2 uSv per 4 hours

Radiation Monitoring System:
Ver. 20140026 s, s s . 2015103130 15:03:27
Radiation Monitoring System
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