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History of peak luminosity (e+/e- colliders)
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What is the SuperKEKB

- KEKB: The world's highest luminosity electron-positron collider.

- SuperKEKB: aiming 40 times higher luminosity.

e- (HER)
7 GeV, 2.6 A
e+ (LER)

4 GV, 3.6 A




Final focus superconducting magnets around IP
Completely redesigned for SuperKEKB
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System overview
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System consist of
« SC magnets, quench detection and cooling control system,
« Magnet power supplies,
« AC power distribution board,
« Interlock integration and distribution system,
« Current monitor system and
« Remote control system.
The system is integrated with other systems.



Cabling works
SC magnets and BeIIe II at IP

Under the bridge, te were
connected with power cables.
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To reach the SC magnets,
water cooled hollow conductors
are installed through a concrete
bridge.




To much cabling works was carried out

The power cables come from IP to the D2 power supply bundlng




AC power distribution station

AC power is distributed by newly installed board, where some
breakers or transformer in the primary line were also renewed.




Interlock integration/distribution system
and current monitor system

Yokogawa FA-M3 PLC
Keithley 2002 DMM
with 7001 switch sys.
Espec SU-642




Installed power supplies
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List of SC magnet power supplies
Rated output # of PSs
2 kA, 15V 8

Main quad.

+70 A, £10V (+2i|?>are) correction coil
410 A, 15+15V 1 ESL
455 A, 15430V 1 ESR1
155 A, 15V 1 ESR23

Special power supplies for ---

« Main quadrupole magnet:
2 ppm ultra high stability and 1 ppm low ripple.

« Correction coils:
5 ppm high stability with low cost.

« Anti-solenoid:
ESL and ESR1 has a middle tap. Current for each two sections
divided by the tap should be controlled independently.



Development of main quad. power supply
Aiming spec.
Rated output DC 2 kA, 15V
Current setting resolution S0 Ns]s]sy!
Current stability < 2 ppm/8 hrs.
Current ripple (< 10kHz) < 1 ppm (rms)
Current noise (> 10kHz) < 1 ppm (0-peak)

R&D items

1. High current setting resolution
2. High stability
3. low ripple




R&D item 1: High current setting resolution
- Example of step response: 16-bit KEKB PS (1 kA, 700 V)

Current setting value is changed by 1 bit.

975.14— =

8975.12—

I S |

-_.] ..... Msevadasese L oseedinans I. ..... R Jop— Lossallsenss |
13M40MpS 45™m 5C
10/15/2008

w
~J
o
—

Output current(A)

« Aiming 2 ppm stability, 0.1 ppm of setting resolution is required.

« 24-bit control board is developed using two 20-bit DACs. Analog
Devices AD5791 is suitable due to its monotonicity spec.



R&D item 1: Developed 24-bit board

nalo Devices
AD5791BRUZ

1/220

Setting value _“L.O_ DAC y
in 20-bits (major) . 1/24
1/24 —

Setting value _Jf,o_ DAC -

in 4-bits (minor)




R&D item 1: Test result of 24-bit board

« Increasing DAC input digital value by 1 LSB, DAC output voltage
is measured by Keithley 2002 DMM.
+2

DAC output (pV)
A

0 1 2 3 4 5 % 1000
Time (S)

Monotonic 1 LSB response,
that is corresponds to 0.6 uV/10 V F.S, is obtained.



R&D item 2: High stability

- Example of stability:

Output current (A)

10 ppm
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« Typ. stability is 10 ppm (peak to peak)/week.
« Resulting in 1 ppm/K of temp. coeff., although a temp.
controlled box and low temp. coeff. parts were used.

« In order to suppress such a fluctuation in the output current,
following digital feedback control is developed.



R&D item 2: Digital feedback control

24-bit control board

Major setting + +
value (20 bits) DAC —’@—’Q—’D—’
1/24

Minor setting + N
value (4 bits) DAC Current control
) analog loop

(normal mode)

Error

Digital feedback
loop f
(typ. 60 s rep.) | 8.5-digit DMM

Only for
current
monitor

Output P

1/2
termina| DCCT(D) DCCT(P)

N
DCCT(N) DCCT(mon)



R&D item 2: Test result of the digital feedback loop
« Performed by using a medium-class power supply (15 V, 500 A).

Digital Feedback OFF Digital Feedback ON
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1 ppm / h stability with low 0 = 0.16 ppm



For high precision current measurement

« Low temp. coefficients equipment.
0.3 ppm/K (Keithley 2002), 1.5 ppm/K (TOPACC DCCT)
« Suitable grounding is a key point:
100 GQ input impedance (DMM), 0.1 ppm =10 pV EERIUTEERTS

naet 20 VUDC

This digit

o A
Ml
= |1 .2 - Ground
i - connection
should be
ot of D and D separated

each other.




R&D item 3: Low ripple for low impedance load
- Example of the load impedance (QC1LP)
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Normal-mode impedance < several tens of Q in the low freq.
(<10 kHz) range: Possibility of large current ripple.

Common-mode impedance < several tens of Q in the high freq.
(>10 kHz) range: Possibility of large switching noise.

Symmetrical design of circuit is essential to reduce ripple and noise.



R&D item 3: Symmetric circuit design

v' DCCTs on both output

terminals. " =TT

v’ Symmetric circuit structure
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Full power test: quench protection trip test (QC1LP)

28k el r—  TRIG SINGLE (N)
188kS/s =/ SOURCE CHI
CHS: 28, 88v/Divx 141

Trig. from Q.D.

Output L
current 1.6 kAI | Nk
(1kA/div)

Output
voltage
(20V/div)

Vee '

100 V-

(20ms/div)

TRIG'D TINE 2618/83/@7 17:52:85.83 Hol 160,, @
2018/83/87 17:52

« Good agreement with estimations
Decay time constant : 14.2 ms=0.9 mH / (3.5 mQ + 60 mQ)
magnet  cable + protection R
Induced voltage Vpe-Vye : 96 V=1.6 kKAX60 mQ



Performance test results 1: QC1LP current ripple

« Dividing the measured voltage ripple by the magnitude of the
load impedance, the current ripple is obtained.
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« Less than 1 ppm of normal-mode ripple and noise.

« Common-mode components are also measured: 0.5 ppm@57
kHz in the maximum.



Performance test results 2: QC2RE stability
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Operation of an arc furnace outside of KEK.

Operation of phase advance capacitors/harmonic filters in facility.

~1.5 ppm / 10.5 hrs of current stability is obtained.
The rapid change in AC voltage leads to makes stability worse.



Feedback control of the
DC voltage for chopper

Switched-mode 2 power modules Quench
i llel i
3 phase 420 V Diode bridge used in paralle Protecton  pc
AC input rectifier | j :Sl E{ "| output
| —— §3F o1 K o' &-‘ o
g [l === T WL A 3
gl ) =Sy | 1 LTI
| d 2% | Ny 4
¥ Line filter ,
! Il DCCTs
Passive filters on both
High frequency transformer for normal/ positive/

with shielded windings common-mode negative side



Stability of main bending magnet PSs (860A, 1.1kV)
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B/15/2015

- 24-bit board and digital FB control are employed similar to SC PS.
- 2.0~3.5 ppm/2weeks stability. No spike due to switch mode rectifier.
- Good repeatability after 8 hrs. of power off. and initializing operation.




Another type of 24-bit board assuring monotonicity

24-bit control board: type A

E § 20 bits #1
152 -
24-bit | z 20 bits #.2
setting: |’ .
value' ! [ S :
s :
' & 0
| S :
bl o 6
v |8l 20Dbits  #16
E O
_______ 24-bit control board: type B
24-bit
settin1 Major (20 bits)




Summary

SuperKEKB is an electron-positron collider that aims 40 times
higher peak luminosity than one of the past KEKB.

Final focus superconducting magnets are key devices to
acheve such a high luminosity, and a high stability and a low
ripple specifications for its output current are required.

The developed power supply empeloyed a 24-bits control
board, a digital feedback control scheme, and a symmetric
circuit design.

In the test results, 1.5 ppm / 10.5 hrs of current stability and
less than 1 ppm ripple are obtained.

These power supples were applied to the SuperKEKB collision
operation and worked well. Further improvement is necessity
to reduce spikes due to a rapid change in AC voltage.



Back-up slide



Non linearity and monotonicity LSB: least significant bit
DNL.: differential non linearity

100% F INL: integral non linearity

INL

T N\

Lose monotonicity
|1 LSB — ldeal

— Actual

Analog output value

O%_
000 o001 o010 O11 100 101 110 111

Digital input value

AD7846K (16-bit): DNL +0.5 LSB max
INL +2 LSB
AD5791B (20-bit): DNL +0.75 LSB typ. (test result: <+0.1 LSB)
INL +0.5 LSB typ. (test result: -0.2~+0.6 LSB)




Why sixteen DAC's 24-bit system?

Care must be taken to the monotonicity of two DAC’s 24-bit system

monotonic

Not so bad

/\

|deal

output
. =N W PL~O

_ 2| DAC (major)
3 4 t+DAC (minor) Ty s 1 .
L 3 !
3 o | input
1} DAC (major) Lose monotonicity

1 2 3 4 5
iInput

output
NWPLO




SC corrector power supply

45 of SC corrector power supplies was fabricated.
DCx 70A,10V
<1ppm

<5 ppm/8 hrs.
<5 ppm (rms)

<5 ppm (0-peak)

Test results: Stability 2.1 ppm/24 hrs. with temp. coeff. of 0.6 pp
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FEBREROREFREIN ((THKB)
— 0.125 ppm/K (AD5791 DAC with Buffer amps.)
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DMM (keithley2002) @D/ Xt& (RITESE)
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DCCT - DMMODAIERZE, mEMREN ({LHRME)

DCCT: Hitectt TOPACC (10 VJJLRAS —)L. 15 : 500 kHz)
- JwZF)L: 0.3 ppm (<100 Hz), 1.5 ppm (<10 kHz)
- mEARE : 0.5 ppm/K (TOPACC optionalDiza& : #Z=4£(31.5 ppm/K)

DMM: Keithley 2002 ( 10 VICX19 DB, &4 : 20V L.>>=. 10 PLC)
- J A XMg : 0.06 ppm (rms)
- SREARE : 0.3 ppm/K
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REAZARNE L., IKEXR—SEEZ/NE < U TR 3R Z &
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