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Motivation

* Low emittance electron storage ring for higher brightness

such as “Diffraction-limited light source High brightness

* Small beam size Small beam size Orbit
= Orbit fluctuation should be reduced. w_~_ fluctuation

e Short beam lifetime

Low emittance

— Top-up injection is indispensable. siorage ring

_ Top-up
« Small dynamic aperture injection

= Precisely control the injection beam. /
: C L _ Small aperture
« Stable and reliable beam injection scheme was considered
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Off-axis in-vacuum beam injection scheme

Windowless injection PM-based DC septum In-vacuum pulse septum
Conserve high quality beam || Stable, energy saving Small amplitude of injection beam
Injection beam
from LINAC P\ Differential pumping
Cad . .
“\. without window
-
Solid-state
pulse generator
In-vacuum type
Permanggt ma?net-based pulse septum :
Sepium Y N T ' Orbit perturbation
Kicker ! is closed
Stored beam \;
Closer T
—_— - ————fq--======Fq4----7 |- - —p
distance

. 1
! Same amplitude_t 1
Solid-state P:lchdullyepn - Solid-state
pulse generator |l pulse generator

Solid-state pulse generator
Low jitter and precise amplitude control

Linear bump orbit
with identical kicker magnets

(25C
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Strategy for the bump orbit stabilization

Conventional system Residual kick causes

) orbit fluctuation
- Kick angle ~ a few prad Kicker \

- Field amplitude <0.1% :§f .
 Timing <subns

— - --rr-——-" 1~ V? )
Conventional pulser using thyratron F|eld
- Large timing and voltage fluctuation. ditference ﬂ <= a

@ Thyratrons

« Pair of the kickers should be matched

* Solid-state switch New system Bump orbit is closed

« Stable and long lifetime -

g Kmkerf-g_: \'

 Parallel drive H S e =

 Definitely synchronized. \/\// : :

* Fluctuation of the kick is canceled out. Same [FEEEEEAE Sohd-state

field

« Amplitude of the two pulse generators are also © pulser pulser

matched (~0.1%) to reduce the trajectory offset. Parallelly driven
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Prototype kicker magnet for 3 GeV light source

. . . 216 mm
Injection section Kicker  Kicker , Kicker Kicker B=0.25
1 2 3 4 B 2.2 kA

-———’. EREE . Gap e
C At Pulse 23 m
Injection beam
| Septum ‘ Septum ‘ ‘ l\l/" ??rad
145m”|" 1.8m | 145m | '
Total 5.4 m

Kicker parameters (tentative)

« Kicker magnet design _
Bump amplitude 8 mm
« Large kick angle (5.5 mrad) Kick angle 5 5 mrad
= High magnetic field (0.25 T). Pole length 216 mm
« Short pulse width (2.2 pus) Gap width 23 mm
— Frequency response up to 1 MHz Magnetic field 025T
+ C-type, silicon-steel laminated core. Pulse current 2.2 kA
e 2 turn for low inductance (4 uH) Pulse width 2.2 us
—High pulse current (2.2 kA) Inductance 4 uH
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Solid-state pulse generator design

« Capacitor discharge circuit (93 nF, 50 kV) for 2.2 kA, 2.2 us pulse
« High precision HV charger 50 kV, 0.01% accuracy
« Solid-state HV switch 6.5 kV, 14 series

« Fast recovery diode array 1.2 kV, 80 series

20m

 Regeneration circuit for better power efficiency. APRT S

« Variable inductor for current balance correction.

% > i : £
50 kv T- “““““““ —I 2.2 ps ‘ B
. . . 14> Variable ulse curren -
Circuit diagram ‘ / max. 10 Hz Vv oo Juctor ] Ioutput t \*f;;k;:;gzsg?ﬂ) Design parameters
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Solid-state pulse generator design

« Capacitor discharge circuit (93 nF, 50 kV) for 2.2 kA, 2.2 us pulse

« High precision HV charger 50 kV, 0.01% accuracy

« Solid-state HV switch 6.5 kV, 14 series
« Fast recovery diode array 1.2 kV, 80 series

« Regeneration circuit for better power efficiency.

HV transformer

Originally developed for klystron modulator at SACLA

HV charger

: : : » Full-bridge 20 kHz inverter + HV transformer
* Variable inductor for current balance correction. . : :
» Digital PWM regulation of the inverter
. H H Variable ulse curren ) n
Circuit diagram — S, o prer Design parameters
—e « ;

e ——— Snubber g / varvorege | o Peak current (each) 2.2 kKA
nsulation oil tan Reactor Diode_array coafial c;:ble 3 ]

o T | | 14seris soseres | ” Pulse width 2.2 us

521 kQ S BT —| —| icker ma]-]ﬁ-e"-"E o
e | 2 J; ] oo ol y oo Capacitance 93 nF
Max50kv | L 0P é% oo 38 — — Wy A 7/ ( :
L Hﬁcﬁf%g T g —_ﬂ - - 7 g Charging voltage 90 kV
3 g a or | 1682 ” .
I Co— — 1% , Parallel drive
Cﬁ%ﬁm_!%— én(:‘,-h-e;rging voltage B Inve@ “““ LJ . .
N ' bt e rigger Amplitude difference < 0.1%
Graphic panel Pno‘;vrec::ne -. -------- - . . . -
Control unit lestlac:rrentmonitors ; i DS Biffe:ential Tlmlng dlﬁ:erence < 1 nS
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Solid-state pulse generator design

« Capacitor discharge circuit (93 nF, 50 kV) for 2.2 kA, 2.2 us pulse
« High precision HV charger 50 kV, 0.01% accuracy
« Solid-state HV switch 6.5 kV, 14 series

« Fast recovery diode array 1.2 kV, 80 series
« Regeneration circuit for better power efficiency.

« Variable inductor for current balance correction.

. . . Variable Pulse current ) =
Circuit diagram N e, ot :f:;?ﬁig&e:ﬂ) Design parameters

—7 e 7 G
- Snubber ; 7 i voros Peak current (each) 2.2 kKA
Insulation oil tank Reactor WA Diode array cogxia| cag|e a
1k 109 mH | 14series ‘7 'Bosfrifs. e ) Pulse width 2.2 Us
_21kQ s BT l Kickerma;-h-e-t-é-i :
wowser| || 2 P led [P - ™ g oo Capacitance 93 nF
Max50kv | L 0P é% oo 38 — — Wy A 7/ ( ;
1 HVprobe%g T g —_ﬂ g - 4 g Charging voltage 90 kV
| 5| e B S .
I Ca— — +0 Parallel drive
arging : Regeneration; = o : :
current |  current . Charging voltage Inve@ ______ LJ . .
B : e tigger Amplitude difference < 0.1%
Graphic panel P:Z”fgt';‘“e f i ey | — . i
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Solid-state pulse generator design

« Capacitor discharge circuit (93 nF, 50 kV) for 2.2 kA, 2.2 us pulse

« High precision HV charger 50 kV, 0.01% accuracy
« Solid-state HV switch 6.5 kV, 14 series

 Fast recovery diode array 1.2 kV, 80 series, 2 parallel

« Regeneration circuit for better power efficiency.

« Variable inductor for current balance correction.

Circuit diagram

Voltage monitor

Variaple
inddctor
-750 nH

Ultrafast recovey diode
(CKE CKF12P100D1D)
1.2 kV, Trr ~ 135 ns

Pulse current . =
wen” Koker magnet ! Design parameters
4 uH

e O/ G
- Snubber ; 7 i voros Peak current (each) 2.2 kKA
Insulation oil tank Reactor Diode array cogxia| cag|e g
e tem] | | 14seris goseres | ’ o Pulse width 2.2 us
g2k g oL Bl oker magre 3 :
HV charger (050 or ag% % ué'g Gate’vd%ver ______ LﬁFﬁJT // (load i‘rt1c:11|1_|ctor—2); CapaCItance 93 nF
Max50kv | L 0P é% oo 38 — — Wy A 7/ ( ;
1 HVprobe%gv T g —_ﬂ s - 4 g% Jg Charging voltage 90 kV
3 \_L‘ 5 cr | 6%z ” .
Charging | Regeneraton a 19 , | Parallel drive
arging Regeneration: | .----.! = ! : ;
current |  current : Charging voltage ' Inve@ ______ LJ . .
N ' ) s tigger | Amplitude difference < 0.1%
Graphic panel Pnolvregcl)ine -. -------- - . . . |
Control unit leselzc:rrentmonitors ; i DS Biffe:ential Tlmlng dlﬁ:erence < 1 nS
| ulse current monitors - | Oscillosgtope amplifier
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Solid-state pulse generator design

« Capacitor discharge circuit (93 nF, 50 kV) for 2.2 kA, 2.2 us pulse

« High precision HV charger 50 kV, 0.01% accuracy
« Solid-state HV switch 6.5 kV, 14 series

« Fast recovery diode array 1.2 kV, 80 series

- Regeneration circuit for better power efficiency.

« Variable inductor for current balance correction.

Variable
inductor

Circuit diagram

Regeneration reactor
100 mH

Pulse current . =
wen” Koker magnet ! Design parameters
4 uH

450-750 nH
—7 e 7 G
- Snubber ; 7 i voros Peak current (each) 2.2 kKA
Insulation oil tank Reactor Diode array cogxia| cag|e g
m series series ' ~20m ® .
|t 199mH | | 14 series Mot Pulse width 2.2 us
_521 kQ i 5 'GBTGQE L l Kicke'rmaléh-e_t_-i; :
HV charger e 8= o 5§ B % E Y (Ioadl:c:JLIJ_Ttor—Z)i CapaCItance 93 nF
Max50kv | L1O°0PF | g oo 8 — — Wy A 7/ ( :
5 = o .% _T _T 7 .
e Hmebe?Sg T g -J E i i 4 g Charging voltage 90 kV
S | \_F‘ a cT 5%z ) I
B — — 16 Parallel drive
arging | Regeneration: | ,-----: = ;
current | current ! i Charging voltage Inve@ —————— LJ ) .
N ' bt e rigger Amplitude difference < 0.1%
Graphic panel Pnolvregcl)ine -. -------- - . . . |
TR — owtodope || Dletrta Timing difference <1ns
AU oo ampittier (== ———— 0
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Solid-state pulse generator design

« Capacitor discharge circuit (93 nF, 50 kV) for 2.2 kA, 2.2 us pulse ;= ‘... s =
« High precision HV charger 50 kV, 0.01% accuracy |
« Solid-state HV switch 6.5 kV, 14 series

« Fast recovery diode array 1.2 kV, 80 series

» Regeneration circuit for better power efficiency. Variable inductor

« Variable inductor for current balance correction. 450-750 nH

. . H Variable Pulse current ) n
Circuit diagram | st ] " Keer megret Design parameters
Voltage monitor 450-750n ) / / ( 4 uH
N Snubber 7 igriotage | c Peak current (each) 2.2 KA
o T Do TE | Pulse width 2.2 us
= : —---- —— - - —— .
g2 o 5 oL N oker magneis! :
wowser| || 2 P led [P - ™ g g oo Capacitance 93 nF
Max50kv | £ > P é% c% 38 — — Wy A 7/ ( :
e vambe?;g T g —ﬂz - 7 g Charging voltage 90 kV
3 \_L‘ a or | 1682 ” .
I Ca— — +0 Parallel drive
arging . Regeneration: = . o : .
current |  current . Charging voltage Inve@ ______ LJ . .
B : ) e tigger Amplitude difference < 0.1%
Graphic panel P:‘;”f;'j“e ey - — . i
Control unit Ii’:ls;c:rrent monitors Oscilloskope P I;iffel;?ntial Tlmlng dlﬁerence < 1 nS
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Operation test results

» Checked items
« Charging voltage accuracy, regeneration efficiency
« Peak current and pulse width
« Matching of the pulse currents

* Instead of the kicker magnets, two air-core inductors driven in parallel.

T 3 = »

Ll

e
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. . O g
Capacitor charging waveforms
e Charges to 50 kV within 100 ms. OK Capacitor voltage N 20V
? | ’ (0.1%)
» Voltage accuracy: ~ about 0.01% OK 8 shots are '
: el overlaid
* Regeneration: 75% of initial voltage OK
« Power efficiency: 56%. OK
] A ] a Trig'd?
Capacitor voltage 300 us Capacitor voltage
~ ¥
8 s N S Bl L +20 kV
\ )7 R +15 kV
7 4 20kV; | i 7 -15 kV
4 iy
» 60 ms Vs
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Pulse current amplitude and pulse width

 Peak current: 2.2 kA for each coil OK
* Pulse width: 3.3 us wider than design (2.2 us)

« Same current passed to both inductors OK

TekRun S | — — NS

TR I

V" Search coil-1 signal

1.25GS/s 2y 75 19 Apr 2018
10k point 200 A 17:50:33
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Current matching

pulses.

—~

Load indud

Dscilloscope

Differential amplifier

tor-2

We used a differential amplifier to amplify the current residual.

output (I4-1,)

Promising results for a common pulse generator as a parallel driver.

Current difference: within £0.2% of the peak current, (including the measurement accuracy)

We plan to improve the accuracy of the measurements and also the equality of the current

odpooosd

Trig'd?
7/ Load inductor-1

Differential amplifier

|
1.6 A

\;&\‘
m 1
W |
o 1

Inductor-1 current (l,)
Inductor-2 current (l,)
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Improvement for shorter pulse width

Charging voltage = 20 kV

25 T
* Pulse width: measured 3.3 us, design 2.2 us 20 i IGBT — Capacitor
C —|GBT
* Internal inductance of the circuit is larger than 15 + Diode — Diode
o Cable
expected. N — Load
: : = 5k Load inductor
* We measured a transient voltage at several points. g A
£ 0 1 .
« We plan to modify the components and to shorten = |
the pulse length. 10 E
 HV switch (IGBT) 15 4
» Replace to other fast thyristor switches. 20 -
« Diode array
» 80 series, 2 parallel - 4 parallel y—
/ Pulse generator Measurement pOint 2.2 kA Q’\
« HV cable f . - _,
! HV switch | HV cable | 2.2 ps
Diode
 Shorten the cable length. RIi;_N__ ] l
: HY J o = = Variable /. <
» 2 cables in parallel & 3 , inductor 3
charger p 'G/‘-l-Capaator 93 nF S
* Low impedance return path (copper plate) : / - 7’
o/ _/ e
— 1., 5
SPrin S
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Summary

 Off-axis in-vacuum beam injection system is proposed.

 Kicker magnets driven by high-precision solid-state pulse generators to launch a closed
linear bump orbit is the key to suppress the transient oscillation of stored beam.

« A prototype of the solid-state pulse generator for driving two kicker magnets in parallel was
designed, assembled, and tested..

* It generated half-sinusoidal pulse current of 2.2 kA for two dummy load inductors.
* The current waveforms were matched within £0.2%.

* The pulse width was 1 us wider than the design, which was due to the large inductance
in the circuit.

* Promising results are obtained to achieve the identity of the two kicker magnets by using a
common pulse generator as a parallel driver.

Remaining tasks

* Reduction of the inductance and shorten the pulse width.
« Fabrication of the kicker magnet prototype, and the combination test.
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