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Outline

* Introduction

« 4t generation ring-based light source with full-energy
injector linac

* SPring-8-Il project
« XFEL facility SACLA
 Time-sharing of a linac for both XFEL and injector

 Current beam route and parameter switching system of SACLA
* Parallel operation of two XFEL beamlines.

* On-demand beam route and parameter switching system
* System design
» Test results at a test bench and SACLA

« Summary and outlook



Introduction

« 4t generation ring-based light sources (4GLS)
with multi-bend achromat lattice needs low-
emittance injected beam.

* Due to the narrow dynamic aperture.
« Some of the 4GLSs use full-energy linacs as
Injectors.

* Injector linac can be a driver of X-ray free-
electron laser (XFEL).

« Mainly 3 GeV class facilities.

« MAX IV, Tohoku Japan, Thailand, etc.

* SPring-8-11 is a typical 6 GeV class project
with a full-energy linac (SACLA).
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Beam injection fro
£ = SACLA linac

SPring-8-Il Project “'—%-\@—ﬂ

* Emittance: 2.4 nm rad 2> 140 ]pm rad
(without radiation damping of undulators)

 Lattice: Double-bend Achromat (DBA)
- 5-bend Achromat (5BA)

* Beam Energy: 8 GeV = 6 GeV

* SPring-8-1l Conceptual Design Report, Nov. 2014,
http://rsc.riken.jp/pdf/SPring-8-11.pdf

* Low-emittance beam§< 500 m rad) is
needed for injection InJec ed from SACLA
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X-ray free-electron laser SACLA

—_—
XFEL

In-vacuum Undulators

~10 keV XFEL ’\ Dump
Ay 18 mm

E-Gun
//Chopper 60 Hz rep. rate

BL2

Linac for BL1
8 GeV max.
Acc. cavities BC1 S-band Acc. BC2 C-band Acc. BC3 C-band Accelerators T
(238 MHz, 476 MHz, Kicker

L-band, C-band) .
nt accelerators

500 kV thermionic gun

Norm. emittance > 35 MV/m i‘}@: ! .4-,:
~ 1 mm mrad [+ R
.
; . » e juf
* Beam energy: 4 — 8 GeV « XFEL photon energy: 4 — 20 keV
* Bunch length: ~10 fs « XFEL pulse energy: > 500 uJ (10 keV)
 Peak current: > 10 kA * Rep. rate: 60 Hz max.

* Norm. slice emittance: < 1T mm mrad -« Total length: ~ 700 m
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XFEL v.s. Injection to SPring-8(-Il)
XFEL SPring-8 SPring-8-II
Beam energy 4 -8 GeV 8 GeV 6 GeV
Bunch length <~10fs > 100 fs > 100 fs
Peak current > 10 kA <~ 1kA <~ 1kA
10 Hz (initial) 10 Hz (initial)
Rep. rate 00 Hz max. < 0.1 Hz (top-up) | < 0.1 Hz (top-up)
Beam route BL2, BL3 XSBT XSBT
SR Sync. No Yes Yes

On-demand beam route and parameter switching system is necessary.

Synchronization of SACLA to SPring-8 is also needed.

May, 23rd, 2019




Timeline

2018 2018 2018 2018 2019
1Q 2Q 3Q 4Q 4Q

Parallel operation of BL2
and BL3 (equal rate)

Bench test of on-demand € )

switching system

Beam test of on-demand
switching system at SACLA

Parallel operation of BL2 \/
and BL3 (on-demand) <€ >

Time-sharing operation for —>
both XFEL and SR injection

May, 23rd, 2019




Beam injection from SACLA to SPring-8

« We developed a synchronization system of
SACLA with SPring-8.

» Detect time difference between the

SPring-8 RF bucket and the SACLA
master clock.

* Apply frequency modulation to the
SACLA master oscillator so as to )
synchronize with SPring-8. SACLA

* 3.8 ps rms precision. Seam Trigger

e v " T
* T. Ohshima et al,, “Timing Synchronization System
for Beam InJectlon from the SACLA Linac to the

9~ Q- I

—)) <€ 3.8 psrms

SPring-8 Storage Ring”, THPRB034. z 1% Feb-4%,-2019 - Jz“
» Machine study for the beam injection from 2 -0 il }‘ H I
SACLA to SPring-8 started in October 2018. ¢ ®| -~ j !
 ~ 1 shift/month s °1 14 i‘ , X
O 20 B h 7
* More than 90% injection efficiency A -gé’_““ L ‘
achieved in February 2019.

17:00  18:00 19:00 20:00 21:00  22:00



Current beam route and parameter control system

BL2

[e(j0otoa-">00 "0 D=0 - P A2
c gpy g S g BCT S band Acc. B2 C-band Acc. > C-band Accelerators T In-vacuum Undulators
O &ssvu <U > Dump
o i TR B o T L O <
T SREE 5 .= To SPring-8
VN I o SPring-
232 {TDU]| ~IQ-MOD] = 7
v ; Kicker magnet current
DAC BL3 Beam ﬁ
EMA-PID2 | @ BL2 Beam
ADC IQ-DET Repeat the same current pattern

________________________________________________________________________________________

» Beam route, bunch length and beam energy can be switched in equal-rate one after another.
« BL2 30Hz, BL3 30Hz

» Bunch length is controlled by changing RF phases of accelerator units before BC3.
* We developed software on the VME-CPU to change the rf phase shot-to-shot.

 Shot-to-shot RF parameter control function is implemented to EMA processes.
* EMA-SW: Access to VME modules and sort the data for each beam route.
* EMA-PID1 and -PID2: Calculate set values to DAC by a PID algorithm.

* Kicker magnet just repeats the same current pattern.
May, 23rd, 2019 10
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Current beam energy control scheme

60 Hz Trigger 30 Hz Trigger
JULrre _n nnn

¢ ¢ i LII¢IIl1I¢II¢IBﬂ|ﬁD

C-band Acc. Units X f LAe o T. ,BL2
TOOOOOO‘OOO TO 2 @ =] OBL?)
3 T

* Trigger rate of each accelerator unit can be changed by VME Trigger module.
 No real-time software process is used for beam energy control.

» Acceleration voltage of each C-band unit: ~ 120 MeV

* Although the quadrugole strength in the accelerator is the same for both
high and low energy beams, the beam envelop can be matched by
quadrupoles after the switchyard.

May, 23rd, 2019 T. Hara et al, Phys. Rev. ST Accel. Beams, 16, 080701 (2013). .



Parallel operation of two XFEL beamlines

BL2 (6.85 GeV) BL3 (7.8 GeV)
1000 ! L . 500 I I !
(a) (b)
—~ 800 L .
3 g ot
> - «'"'
o 3 300
2 o
GC) c -
o L O 2004
. . (0] :
i) BL2 K% _ B3
A 2004 Beam energy 6.85 GeV L D::) 100. : Beam energy 7.8 GeV i
o Photon energy 5.5 keV — ' Photon energy 12.7 keV
L Undulator K-paraemter 2.65 o Undulator K-parameter 1.75
= 0 ! ' ' > 0 T T T
0 100 200 300 400 0 100 200 300 400

Time (seconds) Time (seconds)

* Low-energy beams (6.85 GeV) are transported to BL2 and
high-energy beams (7.8 GeV) to BL3.

 Photon energies are more than twice different between
BL2 (5.5 keV) and BL3 (12.7 keV).
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Beam Parameters for Each Beamline

S8R5 Ys
§ 822555
w 0 WO c H
SQ5E S5 CSR bunch length monitor
o= i
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kel - : : = 38004 =
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(Ll 9 600 - -
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Q & «— —_—
Q 11350 ‘ ‘ ‘ < 04 w w w w
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» 60 Hz electron bunches are alternately delivered to BL2 and BL3.
« Beam energy: 7.8 GeV (same for both beamlines)
* Photon energy: 10 keV
* Bunch length: ~10 fs FWHM
RF phase of each accelerator unit is appropriately changed by the shot-to-shot RF parameter

May, 23rd, 201 oSWI chi ng software.



Trig. # Route
0 BL3
1 BL2
2 BL3
3 BL2
4 BL3
5 XSBT
6 BL3
7 BL2

On-demand Switching System

» The beam route should be switched to XSBT only at an injection request.

» Beam injection frequency of SPring-8 is < 0.1 Hz during the top-up operation.

Master Unit (MTCA.4)

v

Reflective Memory Network

ve VME (Accelerator unit)

A

a
CP

CPU Refl. Mem. IQ-MOD
joac
<
»[EMA-Master] gﬁ:u
S ADC
& 1Q-DET

| Sync. Module | [Trigger Module

| Master trigger i

Slave VME (Kicker)

| Digital 1/0 |

] Kicker PS

To reduce cost and work load, we decided to use a software-based system with smallest
hardware modification.

Beam route information is distributed shot-to-shot by using a reflective memory network.

Trigger and RF parameter for each accelerator unit and the current of the kicker magnet etc.
are switched according to the route information.

Route number, RF parameters and the master trigger number are recorded by an event-
synchronized data-acquisition (DAQ) system shot-to-shot.

May, 23rd, 2019
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Equipment for on-demand switching

Master unit (MTCA.4)

Reflective memory Front

RTM for sync.

May, 23rd, 2019



Evaluation at test bench

Setup: 1 Master unit and 1 Slave unit.
60 Hz operation with several beam routes.
More than 100 hours.

EMA-SW process

« EMA-SW starts parameter setting about
7 ms after the previous beam.

« Parameter setting is finished well before
the next beam.
Sync-DAQ process

» Sync-DAQ starts data taking just after the
previous beam.

» Data related to parameter switchin? are
taken first before the parameter sefting.

 If DAQ is delayed, data for the next beam is
taken wrongly.

 DAQ of the other data is finished before
the next beam.

All the tasks are completed in time.
* Failure rate < 1 x 10~7 /shot /unit
May, 23rd, 2019

EMA-SW process

Param. Set Done

Events [ / 0.1 ms]

<+— Beam

-25 0.0 25 sfq 75 10.0 12.5 15.0 17.5
y Time [ms]

Sync-DAQ process
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Test at the BL1 linac

 Setup: 1 Master unit and 4 Slave units.

* 60 Hz operation with several beam
routes.

 More than 40 hours.

* All the EMA-SW processes worked in
time.
* Sync-DAQ process

* One delayed event of data taking
related to parameter switching.

 Data after parameter setting was
recorded.

e Failure rate ~ 1 x 10~7 /shot /unit

« Significantly smaller than the
other faults, such as a trip of the
HV power supply for a klystron.

« EMA-SW itself was confirmed to be
OK by other data.

May, 23rd, 2019
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Beam test at SACLA

e Reflective memorK modules and
on-demand switching software
were installed to 40 accelerator
units out of 76.

* 60 Hz operation
* BL2: 30 Hz, BL3: 30 Hz

» Tested for 5 hours.

« XFEL are stably generated for
both beamlines.

* No error was observed.

e Error rate < 2.5 X 1078 /shot /unit

* On-demand switching system
worked well with a large setup.

May, 23rd, 2019
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Beam Energy Control

» The beam energy of one beamline should be changed without affecting the
other beamlines.

» We changed the beam energy of BL3 without stopping the operation of BL2.

Klystron faults

BL2 /B2 \
p 3 = Beam Energy — 803
<—XFEL Intensity R BT e 1752
e \:M&-"* wmvam% (e m"’"“"" ”““;t‘c «sw«m %m& B -
TN A S~<lL 1 o= r/.0 o
~ 2 | LN AT m2E T T =
<—w.—.-—Beam Charge_ BL2 was not affected 6.5 o
IR - 8
: , h— : : - _ - : 16.0@
16:50 16:55 17:00 17:05 17:10 17:15 17:20 17:25 17:30 17:35
BL3 BL3
ke 18.05
,._.,,42'*:.-5,«. X «M; ,,;{e{ Change BL3 energy >
: 752
«— XFEL Intensrty Turn off BL3 Tu/rn on BL3 Beam Energy —>17.0 5
c
<—— Beam Charge W protgy 6.5 ;
4 i ] o wf N 3
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May, 23rd, 2019

19



Summary and Outlook

« Some of the 4GLS projects have full-energy injector linac, which can
drive XFEL.

* We developed an on-demand beam route and rf parameter
switching system to share the SACLA linac for the XFEL beamlines
and the injection to SPring-8(-Il).

» Reflective memory network for route data distribution.
» Software-based system for parameter setting process.

 This system was tested at the test bench, the BL1 linac, and the
SACLA main linac.

* Error rate was < 2.5 x 1078 /shot /unit at SACLA linac.
 Negligible compared to other failure causes.

* This system will be extended to all the accelerator units in SACLA.

* Beam injection experiments from SACLA to SPring-8 have been
performed since last year.

e The first user operation of SPring-8 injected from SACLA is scheduled
in the next year.
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