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Shanghai Synchrotron Radlatlon FaC|I|ty

A SSRF is an intermediate energy 3rd generation light source
funded by Chinese Academy of Sciences (CAS), Shanghai
local government and central government of China;

A The SSRF project was initiated in 1995, and then its R&D
program was carried out from January 1999 to March 2001.
This project was finally launched in 2004 with the ground
breaking made on Dec.25, 2004,

dThe SSRF linac, booster and storage ring started their
commissioning in May, September and December 2007
respectively. The first stored and accumulated beam in the
ring was achieved on Dec. 24, 2007, the machine now is
operating at 3.5GeV with 200mA beam current and seven
phase-| beamlines are ready for user experiments.
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The First SSRF Beamllnes

dMacromolecular Crystallography (In-Vac Und.)
dHigh-Resolution X-ray Diffraction (Bend)

dX-ray Absorption Fine Structure Spectroscopy ( Wiggler)
dHard X-ray Micro-focus and Application (In-Vac Und.)
X-ray Imaging and Biomedical Application (Wiggler)
dSmall Angel X-ray Scattering (Bend)

[ Soft X-ray Microscopy (EPU)
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The SSRF Constructlon Schedule

dDec. 2004 ~ May 2007: Building construction

dJun. 2005 ~ Jun. 2008: Accelerator equipment and
components manufacture and assembly

dDec. 2005 ~Dec. 2008: Beamline construction and
assembly

dMay. 2007 ~ Jul. 2007: Linac commissioning

0Oct. 2007 ~ Dec. 2007: Booster commissioning
dDec. 2007 ~ Dec. 2008: Storage ring commissioning
dMay 2008 ~ Mar. 2009: Beamline commissioning
dMay 2009: The SSRF pre-user operation begins
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The SSRF Accelerator Complex

dThe SSRF accelerator complex consists of a 150MeV
Linac, a full energy booster and 3.5GeV storage ring

dThe energy selected higher than 3GeV for getting higher
photon energy;

W High brightness and high flux optimized for photon energy
range of 0.1 - 40keV,

dHigh beam position stability requirement @ the long,
medium and short terms:

L Top-up considered as one of the normal operation mode;
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The SSRF Storage Rlng

A 20-cell double bend ring lattice structure with a
circumference of 432 m and a natural emittance of
3.9nm-rad;

14 fold configuration with two types of straight sections
(16x6.5m and 4x12m );

dOne 12m straight for accommodating all injection
elements, another one for SRF cavities and other 18
for various IDs;

(dReasonable beam sizes, beta functions and dispersion
at straight sections;
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Main Parameters of the SSRF Storage Ring

DBA Low-emittance mode | Normal Mode
Energy GeV 3.5 3.5
Circomference m 432 432
Natural Emittance nm- rad 3.9 11. 2
Current: Multi-bunch (Single) mA 200~300(5) 200~300(5)
Number of Cells 20/4 20/4
Straights: LengthxNumber m 12x4. 6.5x16 12x4. 6.5x16
B./B,/m, in middle of 12m straight 10.0/6.0/0.15 10.0/6.0/0.0*
B,/B,/, in middle of 6.5m straight m 3.6/2.5/0.10 3.6/2.5/0.0*
Betatron Tune Q,/Q, 22.22/11.29 22.22/11.29
Chromaticity &xlgy -55/-17 -55/-17
RF Voltage MV 4.0~6.0 4.0~6.0
Energy Loss Per Turn ( Dipole) MeV 1.448 1.448
Bunch Length mm 4.0 4.0
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Lattice Functions for One Super-Period

SSRF Beam Sizes at Source Points

4

Source Point (arm) (urad) (w0 (uri)
Standard Straight (6.5m) 158 33 9.9 3.95
Long Straight (12.0m) 247 20 15 2.55
1°@upstream of SS 70 114 22 1.97
3.1°@upstream of SS 53 94 22 1.97
1°@upstream of LS 77 116 23 1.79
3.1°@upstream of LS 56 96 23 1.79
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Key Dates of the SSRF Commissioning

1stbeam |55/07 3.5GeV | 29110/ 2412 | 200MA@3.5CGeV
W IIIIW llllll*llllllllll)
15/05 | Ready 05/10 | Extraction Stored 30/09/08
Linac Booster Storage Ring
15/05/07 30/9 21/12
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The SSRF Linac and its Commissioning

A dedicated 150MeV Linac for top-up operation and
the working frequency of 2998MHz chosen to have
harmonic relation with the storage ring RF frequency;

(dMain components include two 45MW klystrons, four
2998MHz/3m long accelerating sections, a 500MHz
sub-harmonic buncher and a fundamental buncher;

1 100kV thermionic gun with single bunch (1nC/1ns) and
multi bunch (3nC/200ns) operation modes;

U The linac commissioning started on May 15, 2007 and
beam with energy more than 100MeV was obtained on
the first day. The design specifications were achieved
in July 2007.
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First beam from Linac on May 15, 2007
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The Achieved Performance of the SSRF Linac

Designed Measured
Energy ( MeV ) 150 152 — 162
Single bunch charge (nC) 1.0 1.06
Multi-bunch charge (nC) 5.0 6.0 -6.6
Energy stability 0.5% (rms) 0.1-0.4%
Relative energy spread 0.5% (rms) 0.2-0.4%
Normalized emittance ( x) 50 mm-mrad 37-46 mm-mrad
Normalized emittance (y) 50 mm-mrad 32 — 49 mm-mrad
Linac Frequncey ( MHz ) 2997.924 2997.924
Rep. Rate ( Hz ) 2 2
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The SSRF Booster and its commissioning

A full energy booster optimized for top-up injection;

dTwo fold Lattice configuration to accommodating 28
FODO cells with 8 missing dipole magnets;

 Extraction beam emittance designed at ~100 nm-rad
for getting a clean top-up operation;

A circumference of 180m and a injection energy of
150MeV;

JRepeat rates up to 2Hz;
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Booster Commissioning Mllestones

 Sept. 30: Commissioning started at 20:30, and beam
arrived at the booster entrance at 21:58;

 Oct. 01: First turns of the circulating beam in booster
achieved at 17:00;

1 Oct. 02: First stored beam in the booster obtained at 4:30;

 Oct. 05: Within 60 effective commissioning hours, first
ramped beam (3.5GeV) obtained at 4:25;

1 Oct. 29: First extract beam from the booster achieved;

Zhentang Zhao Commissioning of SSRF May 4, 2009
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Beam passed LTB transport line on Sept 30, 23:00

LTB Profiler 1 & LTBProfiler2 == LTB Profiler3
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First turns (Oct. 1, 17:00)

First stored beam (Oct.2 04:30)
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Tune and COD measurement

Tune: 8.251(h)/ 5.317(v). COD: The maximum COD is less
than 3mm (h)/1Tmm (v) without any correctors, thanks to the
very good magnet alignment.

SGAF, Flat Family Data {online] Eo% | S5RF, Flot Family Data (Online]
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Achieved Performance of the SSRF Booster

Parameter Designed Measured
Energy (GeV) 3.5 3.51
Circumference (m) 180 180
Bunch charge

Single/multi (nC) 1.0/5.0 ~1.2/>6.0
Tunes 8.42/5.39 8.41/5.27
Emittance (nm-rad) 108 90 - 107
Rep. rate (Hz) 2 2

In addition:

The SSRF booster transmission efficiency from the LTB transport line
to the BTS transport line is larger than 85%;
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The SSRF Storage Ring Commlssmnlng

dThe SSRF storage ring commissioning, started on Dec. 21,
2007, four months ahead of its original schedule, has been
carried out in three phases:

@ Phase | (Dec. 2007 to June 2008): Commissioning with
normal conducting cavity at 3GeV@100mA and 2 bend
beamlines;

@ Phase Il (from Aug. to Sept. 2008): Commissioning with
superconducting cavity at 3.5GeV@200-300mA;

@ Phase |l (Oct. 2008 to Apr. 2009): Commissioning with 5
IDs ( 1EPU, 2 In-vac undulators, 2 wigglers) and their
corresponding beamlines;

Zhentang Zhao Commissioning of SSRF May 4, 2009
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Storage Ring Commlssmnmg Mllestones

1 Dec. 21, 2007: commissioning started at 18:20, one turn
beam achieved at 21:08 and multi-turn beam at 21:18;

J Dec.24, 2007: first stored beam obtained at 06:54 (in~60hrs)
1 Jan.03, 2008: 100mA stored beam achieved at 20:20;

J Mar. 16, 2008: Both horizontal and vertical closed orbit
corrected to <50um rms with 80 correctors (137BPMs);

J June 2008: orbit stability at a few of microns level achieved;
1 Sept. 30, 2008: 200mA at 3.5GeV achieved,;
- April 30, 2009: integrated current of 468 Ahrs obtained.

Zhentang Zhao Commissioning of SSRF May 4, 2009
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Machine Calibration and Characterlzatlon
) Achieving first turn, multi-turn, stored and accumulated
beam in storage ring;
1 Orbit correction
@ Correct orbit with the most effective corrector (MICADO);
@ BBA and response matrix measurements;
@ Closed orbit corrections based on BBA and RM;
J Linear optics calibrations
@ Beta function restoration with beatings within +1%;
@ Dispersion restoration with beating within £1%;
@ LOCO and MIA calibration (based turn by turn BPM data);

Zhentang Zhao Commissioning of SSRF May 4, 2009
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sk-sRM-image Circulated, Stored and accumulated beams

First Light
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Residual closed orbit at 3GeV@100mA: <50um rms

+With 137BPMs and 80 correctors for each of the horizontal and vertical planes
+Closed orbit was corrected to (rms): 47um (horizontal) and 47 um (vertical )

+Maximum corrector strengths are: 0.17mrad (horizontal) and 0.18mrad (vertical)
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Bare Orbit in the SSRF Storage Ring (all correctors off)
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Mode | Mode Il Mode I Mode IV
Tune 22.22/11.29 22.22/11.29 23.32/11.23 19.22/7..32
emittance 3.92 11.4 3.36 5.42

LOCO Calibration results for different lattice mode

rms Mode | Mode Il Mode I Mode IV
Beta function 3.9~5.8% 7.8~4.1% 6.1~4.1% 4.4~4.9%
distortion before
LOCO
Beta function 0.50~0.52% 0.52~0.87% 0.48~0.71% 0.81~0.36%
distortion After
LOCO
Calibrated dK/K 0.29% 0.43% 0.33% 0.23%

Zhentang Zhao
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Calibration results of main optical parameters @3.0GeV

Parameters Designed Mode LOCO Model Measurement
Tune Q,/Q, 22.22/11.29 22.2231/11.2916 | ~22.2213/11.2905
B,/B,/Mm,(m) in the 10/6.0/0.15 10.02/6.06/0.15

centers of straight 3.6/2.5/0.10

sections

Natural emittance 2.86 2.86 ~2.8
(nm-rad) @3.0GeV

Natural

chromaticity & /€, -55.70/-17.94 -55.68/-17.93 ~-50/-17
Momentum 4.27%104 4.27%104

compaction factor

RF frequency 499.654 499.674660 499.674640
(MHZz)

Zhentang Zhao Commissioning of SSRF May 4, 2009
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Transverse Beam Feedback and Beam Size

1 Transverse multi-bunch beam feedback
@ Beam size blow up is effectively suppressed;

SSRF multibunch transverse feedback system test @ 2009.01.20

T
110~ 3.5GeV, SC RF .
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Beam Size and Emittance Measurements

1 Beam size measurements with SR interferometer
@ Beam size measurements at different currents and ID gaps);

@ Emittance is determined from the measured beam size and
the beta function from LOCO calibration;

Natural emittance is:

~3.8 nm-rad with ~10%
measurement errors

@ beam current up to
200mA;

Zhentang Zhao Commissioning of SSRF May 4, 2009
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Emittance Coupling of the Storage Ring

- Coupling coefficient measurement
@ Measurement of the tune change vs the RF frequency;
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Beam Lifetime and Bunch Current

] Beam lifetime
@ Beam lifetime at 3.5GeV with 200mA in 600 bunches are:

31.1 hours @ 5 IDs is opened and average vacuum pressure is 0.54 nTorr, &
18.3 hours @ 5 IDs is closed and average vacuum pressure is 0.68 nTorr

@ Beam lifetime of a 5mA single bunch at 3.5GeV is 4.7hours;

@ The measured Touschek lifetime is 51.3hours at 3.5GeV
with 0.3mA per bunch and the theoretical one is 53.5 hours;

@ The measured beam scattering lifetime at 3.5GeV is 51.7h /
nTorr;

Zhentang Zhao Commissioning of SSRF May 4, 2009
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1 High current and top-up operation

@ Beam current of 200mA at 3.5GeV in 600 bunches is often
used in the storage ring operation;

@ Top-up operation has been often performed during machine
studies, the beam current can be controlled with 0.3%

@ Top-up operation can maintain the ring beam at high orbit
stability level because of it avoids the current dependence;

@ Optimizations of kickers have been performance to reduce
the orbit disturbances during injection, and <100um (H) and
<30um (V) have been obtained;

Zhentang Zhao Commissioning of SSRF May 4, 2009
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Impedance of the Storage Ring

J Impedance

@ Impedance was measured before the installation of IDs and
with different in-vacuum undulator gaps;

] Before ID installation Z,=0.34 Q
0.2935 | 7 B 4\/;G|AUJ_E/Q

Leff T
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Resistive Wall Instability and Transverse Feedback
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Bunch Length and Single Bunch Instablllty

J Sawtooth beam blowup occurs at
bunch current above 6mA;

J Bunch lengthening occurs at

L]
bunch current above 0.5mA;
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Beam Orbit Stablllty Sltuatlon

J Reduce disturbances to short term orbit stability
@ Make a solid foundation onto the soft soil ground;
@ Locate utility system far from storage ring;

@ Limit the vehicles with load above 2.5 tons

] Control the middle term effects

@ Tunnel air temperature stability within 0.2 °C;

@ Cooling water temperature stability within 0.1 °C
] Using feedbacks

@ RF frequency feedback in operation

@ Slow orbit feedback in operation

@ Fast orbit feedback in commissioning
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First Measurement of Ground Vibrations

(Bare site)
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Floor and Magnet Vibrations @ Ring tunnel
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Beam Orbit Motion @ Quiet Hours
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Beam vs. Quad PSD
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Orbit stability at 3.5GeV with SOFB

(Top-up operation forl4 hours with SOFB)
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Orbit stability at Straight Section Ends

Top-up operation @204-205mA with SOFB

Al [1.7] wertical BRFR included in S0OFB
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The SSRF Phase-l Insertion Devices

J Commissioning of the first SSRF insertion devices
@ Two wigglers, one EPU and two in-vacuum undulators;
@ The tunes change too small to be corrected,;

@ The orbit perturbations are corrected for each ID, the rms
values of ~5um in horizontal and ~4um in vertical have
been achieved;

@ The maximum orbit perturbation of 0.2mm comes from EPU,
and it is corrected to less than 10 microns;

@ The corrections are performed against the ID gaps;
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The SSRF Phase-l Insertion Devices

Beam Au Nu Kmax €n (keV)
Line | (mm)
w80 | XAFS 80 19 8.9 3.5~50
W140 Xl 140 8 254 8~75
EPU100| STXM | 100 42 5.6 (H.P.) 0.07~2
3.2 (V.P.) 0.2~2
28 (C.P) 0.13~1
IVU25-1 | HXM 25 80 2.2 3.5~22.5
IVU25-2| MC 25 80 2.2 5~20

Zhentang Zhao
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In-vacuum undulator Commissioning results
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Achieved Performance of the Storage Ring

Parameter Designed Measured

Beam energy (GeV) 3.5 3.5008
Circumference (m) 432 432
Beam current (mA)

Multi-bunch 200 - 300 >200

Single bunch 5 6.5
Natural Emittance (nm-rad) 3.9 ~3.8
Natural energy spread 0.098% ~0.1%
Coupling 1% ~0.3%
Betatron tunes 22.22/11.29 22.223/11.293
RF voltage (MV) 4.0 >4.2
Beam lifetime (hours) >10@200-300mA >15@200mA
Coupling 1% <1%
Orbit stability rms x/y(pm) 10/1 top-up @ ~10hrs
@straight section 10/5 (Phase-l) 2/1

# Transport efficiency is larger than 95% ( from the booster DCCT to the ring DCCT)
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Commissioning of Phase-l beanllnes

J Commissioning of the first SSRF beamlines started from the
small angle X-ray scattering beamline on May 9, 2007, and
the macromolecular crystallography beamline is the last one
starting the commissioning on March 7,2009; all of them
have been commissioned to their acceptance specifications;

J Test experiments have been carried out at each beamline
to verify its performance and capabilities for user operation;

- The pre-user experiment will start on May 6, 2009, and all
the phase-| beamlines are over booked;
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dThe SSRF project needs to proceed the acceptance of the
central government, it will take plenty time to go the whole
procedure and do the performance measurements against
the design specifications; from May 6, 2009, there will be

@ 2000~2400 hrs for user operation;
@ 744 hrs for summer shutdown;

@ 2400 hrs for machine and beamline developments and
acceptance tests;

& 336 hrs for maintenance;

Zhentang Zhao Commissioning of SSRF May 4, 2009



AP ERBIELEAD BB EE

SSRF Operation Schedule (2009 )
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Conclusions

1 The commissioning of Shanghai light source was carried
out rapidly, smoothly and successfully;

@ The SSRF injector (linac and booster) commissioning

was completed and it has been operating reliably since
Dec.2007;

@ The storage ring commissioning started at 3GeV using
KEK PF retired copper cavities, and with SRF cavities it
Is quickly commissioned to its design performance;

@ The commissioning of the SSRF phase-l beamlines has
been completed by middle of April 2009;

 The pre-user operation will start on May 6, 2009.
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Thank all of the members of the SSRF team for their
dedications and contributions to the design, construction,
installation and commissioning of the SSRF complex.

Thanks to the experts and colleagues of SLAC, LBL, ANL,
BNL and CLS in America, KEK, Spring-8, PLA, NSRRC,
SSLS, IHEP and NSRL in Asia, ELETTRA, SLS, ESRF,
SOLEIL, DIAMOND, ALBA, ANKA, DESY and BESSY in
Europe, and many others for their great helps and supports
to the SSRF design and construction over passed years.
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Thank you for your attention
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